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ABSTRACT

A series of hybrid inorganic-organic composites were fabricated from a

functionalized fluorinated polyimide and tetraethoxysilane (TEOS),

tetramethoxysilane, methyltrimethoxysilane (MTMOS), and phenyltrimethoxy-

silane (PTMOS) employing the sol-gel process.  Polyimides were synthesized from

4,4'-hexafluoroisopropylidene dianiline (6FpDA) and 4,4'-hexafluoroisopropyl-

idenediphthalic anhydride (6FDA) utilizing a solution imidization technique.  The

hybrid materials were synthesized by in-situ sol-gel processing of the

aforementioned alkoxides and a fully imidized polyimide that was functionalized

with 3-aminopropyltriethoxysilane.  The gas permeability, diffusivity, and

selectivity were evaluated for He, O2, N2, CH4, and CO2, while the physical

properties of these hybrid materials were evaluated using several analytical

techniques.  The results from this study revealed that gas transport and physical

properties were dependent on the type of alkoxide employed in the hybrid

inorganic-organic material.  Gas permeability was observed to increase with

increasing gas penetrant size for MTMOS and PTMOS based hybrids, while TEOS

based hybrids decreased gas permeability at all compositions.  In general, MTMOS

based hybrid materials had the largest increases in permeability, which was

attributed to an increase in free volume.  The TEOS based hybrid materials had the

largest decreases in permeability, while PTMOS based hybrid materials had

performance in between these alkoxides.  Decreased permeability for the TEOS



iii

based hybrids was attributed to the formation of lower permeable material at a

particle interface and coupled with increasing tortuosity.  Results of PALS studies

suggested that there was an increase in free volume and pore size for MTMOS

based hybrids, while both TEOS and PTMOS based hybrids had decreases in both

average pore size and free volume.  The temperature dependence of permeation,

diffusivity, and sorption were evaluated from 35oC to 125oC.  These results

suggested that there was a decrease in solubility for all hybrids employed in this

study.  Furthermore, increases in permeability for the MTMOS based hybrids were

created by increased penetrant diffusion.  Physical property studies revealed that the

type of inorganic material incorporated into the hybrid influences the degree of

swelling, bulk density, Tg, and thermal stability.  Hybrid materials were also created

employing 3,5-diaminobenzoic acid (DABA) in the synthesis of modified 6FDA-

6FpDA polyimides in order to evaluate how improvements in inorganic and

polymer compatibility influenced the gas transport properties.  From this separate

study, it was found that increases in both permeability and selectivity were possible.

The mechanism attributed to this simultaneous increase in permeability and

selectivity was the formation of a more permeable and selective interphase at the

interface of an inorganic particle and the polymer matrix.  In addition to these

studies, 6FDA-6FpDA polyimide molecular weights were changed from 19.3K nM

to 35.3K nM  to probe its role on gas transport and physical properties.  These

studies revealed that permeability, diffusivity, and solubility increased with

increasing molecular weight, while density decreased with increasing molecular

weight.  These results suggest that there is an increase in free volume with

increasing 6FDA-6FpDA polyimide molecular weight.
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400cm-1.
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FIGURE 7.3.1-2 FTIR SPECTRA OF HYBRID MATERIALS BASED ON A 63K
6FDA-6FPDA POLYIMIDE AND TEOS SHOWING SI-OH AND
SI-O-SI STRETCHING ASSOCIATED WITH TEOS DERIVED
SILICA FROM 1470cm-1 TO 730cm-1 .
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FIGURE 7.3.1-3 FTIR SPECTRA OF HYBRID MATERIALS BASED ON A 63K
6FDA-6FPDA POLYIMIDE AND MTMOS FROM 2000cm-1 TO
400cm-1.
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FIGURE 7.3.1-4 FTIR SPECTRA OF HYBRID MATERIALS BASED ON A 63K
6FDA-6FPDA POLYIMIDE AND MTMOS SHOWING SI-OH,
SI-O-SI, SI-C, AND SI-CH3 SILICA DOMAIN STRETCHING.
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FIGURE 7.3.1-5 FTIR SPECTRA OF HYBRID MATERIALS BASED ON A 63K
6FDA-6FPDA POLYIMIDE AND PTMOS FROM 2000 cm-1 TO
400 cm-1.
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FIGURE 7.3.1-6 FTIR SPECTRA OF 63K 6FDA-6FPDA PTMOS HYBRID
SYSTEMS.
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FIGURE 7.3.1-7 FTIR 63K 6FDA-6FPDA SPECTRA FOR A 22.5WT% TEOS,
MTMOS, AND PTMOS HYBRID SYSTEMS.  HIGHLIGHTED
AREAS INDICATE ABSORBANCES ASSOCIATED WITH
SILICA AND THE SPECIFIC ALKOXIDE.
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FIGURE 7.3.2-1 HYBRID MORPHOLOGY OF A 63K  6FDA-6FPDA
POLYIMIDE AND TEOS SYSTEM.  A1 AND B1 ARE 2�m X
2�m AND 1�m X 1�m AFM-TM PHASE IMAGES AND A2
AND B2 ARE TEM IMAGES TAKEN AT A MAGNIFICATION
OF 63,500X WITH A 100nm REFERENCE MARKER.  THE
DESIGNATIONS A AND B ARE USED TO REPRESENT
2.0VOL% AND 6.8VOL% SILICA.  ALL IMAGES ARE FROM
CROSS SECTIONAL CUT SAMPLES.
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FIGURE 7.3.2-2 HYBRID MORPHOLOGY OF A 63K  6FDA-6FPDA
POLYIMIDE AND MTMOS SYSTEM.  A1, B1, AND C1 ARE
5�m X 5�m AFM-TM PHASE IMAGES.  A2, B2, AND C2 ARE
TEM IMAGES TAKEN AT A MAGNIFICATION OF 63,500X
WITH A 100nm A REFERENCE MARKER.  THE
DESIGNATIONS A, B, AND C ARE USED TO REPRESENT
6.2VOL%, 12.5VOL% AND 19.1VOL% SILICA.  ALL IMAGES
ARE FROM CROSS SECTIONAL CUT SAMPLES.
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FIGURE 7.3.2-3 HYBRID MORPHOLOGY OF A 63K  6FDA-6FPDA
POLYIMIDE AND PTMOS SYSTEM.  A1, B1, AND C1 ARE
5�m X 5�m AFM-TM PHASE IMAGES.  A2, B2, AND C2 ARE
TEM IMAGES TAKEN AT A MAGNIFICATION OF 18,400X
WITH A 1�m REFERENCE MARKER.  THE DESIGNATIONS
A, B, AND C ARE USED TO REPRESENT 6.4VOL%,
13.0VOL% AND 19.7VOL% SILICA.  ALL IMAGES ARE
FROM CROSS SECTIONAL CUT SAMPLES.
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FIGURE 7.3.2-4 HYBRID MORPHOLOGY OF A 63K 6FDA-6FPDA
POLYIMIDE AND TEOS, MTMOS, AND PTMOS SYSTEM.  A,
B, AND C ARE TEM IMAGES TAKEN AT A
MAGNIFICATION OF 18,400X WITH A 1�m REFERENCE
MARKER.  THE DESIGNATIONS A, B, AND C ARE USED TO
REPRESENT THE INITIAL 22.5WT% ALKOXIDE USED TO
MAKE TEOS (A), MTMOS (B), AND PTMOS (C).  ALL
IMAGES ARE FROM CROSS SECTIONAL CUT SAMPLES.
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FIGURE 7.3.3-1 DYNAMIC TGA RESPONSE FOR A 63K 6FDA-6FPDA TEOS
HYBRID.  7.5WT%, 15WT%, AND 22.5WT% TEOS
REPRESENT 2.0VOL%, 4.2VOL%, AND 6.8VOL% SILICA
AFTER HEAT TREATMENTS. DATA COLLECTED WITH A
HEATING RATE OF 20oC/MIN WITH A N2 PURGE.
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FIGURE 7.3.3-2 DYNAMIC TGA RESPONSE FOR A 63K 6FDA-6FPDA
MTMOS HYBRID.  7.5WT%, 15WT%, AND 22.5WT% TEOS
REPRESENT 6.2VOL%, 12.5VOL%, AND 19.1VOL% SILICA
AFTER HEAT TREATMENTS.  DATA COLLECTED WITH A
HEATING RATE OF 20oC/MIN WITH A N2 PURGE.
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FIGURE 7.3.3-3 DYNAMIC TGA RESPONSE FOR A 63K 6FDA-6FPDA PTMOS
HYBRID.  7.5WT%, 15WT%, AND 22.5WT% TEOS
REPRESENT 6.4VOL%, 13.0VOL%, AND 19.7VOL% SILICA
AFTER HEAT TREATMENTS. DATA COLLECTED WITH A
HEATING RATE OF 20oC/MIN WITH A N2 PURGE..
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FIGURE 7.3.4-1 WATER ABSORPTION CHARACTERISTICS FOR A SERIES
OF 63K 6FDA-6FPDA POLYIMIDE HYBRID MATERIALS.
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FIGURE 7.3.5-1 NMP SOLVENT ABSORPTION CHARACTERISTICS FOR A
SERIES OF 63K 6FDA-6FPDA POLYIMIDE HYBRID
MATERIALS.
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FIGURE 7.3.5-2 EXTRACTABLE FRACTION FOR A SERIES OF 63K  6FDA-
6FPDA HYBRID MATERIALS EMPLOYING TEOS, MTMOS
AND PTMOS.
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FIGURE 7.3.6-1 PREDICTED HYBRID COMPOSITE DENSITIES FOR A
SERIES OF 63K 6FDA-6FPDA BASED HYBRIDS EMPLOYING
TEOS, MTMOS AND PTMOS.
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FIGURE 7.3.6-2 PREDICTED POLYMER DENSITY WITHIN A HYBRID
MATERIAL BASED ON 63K 6FDA-6FPDA AND TEOS,
MTMOS AND PTMOS.
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FIGURE 7.3.7-1 A TYPICAL PAL SPECTROSCOPY DECAY SPECTRUM
SHOWING THE RELEVANT PARAMETERS.  DATA IS
ADAPTED FROM D.M. BIGG.44
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FIGURE 7.3.7-2 AVERAGE FREE VOLUME PORE RADIUS OF A SERIES OF
HYBRID MATERIALS BASED ON 63K 6FDA-6FPDA AND
TEOS, MTMOS AND PTMOS PREDICTED WITH PALS
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FIGURE 7.3.7-3 TOTAL FFV PERCENTAGE OF HYBRID MATERIALS BASED
ON 63K 6FDA-6FPDA AND TEOS, MTMOS AND PTMOS
PREDICTED WITH PALS.
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FIGURE 7.3.8-1 TG OF A SERIES OF HYBRID MATERIALS BASED ON 63K
6FDA-6FPDA AND TEOS, MTMOS AND PTMOS.  THE
VALUE OF Tg IS REPORTED FROM THE SECOND SCAN OF
A DSC RUN AT 10oC/MIN WITH A N2 PURGE.
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FIGURE 7.3.8-2 (CP OF A SERIES OF HYBRID MATERIALS BASED ON 63K
6FDA-6FPDA AND TEOS, MTMOS AND PTMOS.  THE
VALUE OF (CP IS REPORTED FROM THE SECOND SCAN OF
A DSC RUN AT 10oC/MIN WITH A N2 PURGE.

301

FIGURE 7.3.8-3 DSC SCAN FOR A 63K 6FDA-6FPDA TEOS HYBRID.
7.5WT%, 15WT%, AND 22.5WT% TEOS REPRESENTS
2.7WT%, 5.8WT%, AND 9.2WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
SECOND SCAN WITH A HEATING RATE OF 10oC/MIN AND
A N2 PURGE.
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FIGURE 7.3.8-4 DSC SCAN FOR A 63K 6FDA-6FPDA MTMOS HYBRID.
7.5WT%, 15WT%, AND 22.5WT% MTMOS REPRESENTS
4.3WT%, 9.0WT%, AND 14.0WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
SECOND SCAN WITH A HEATING RATE OF 10oC/MIN AND
A N2 PURGE.
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FIGURE 7.3.8-5 DSC SCAN FOR A 63K 6FDA-6FPDA PTMOS HYBRID.
7.5WT%, 15WT%, AND 22.5WT% PTMOS REPRESENTS
5.7WT%, 11.6WT%, AND 17.7WT% SILICA AFTER HEAT
TREATMENTS. DATA WERE COLLECTED FROM THE
SECOND SCAN WITH A HEATING RATE OF 10oC/MIN AND
A N2 PURGE.
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FIGURE 7.3.9.1-1 E' AS A FUNCTION OF TEMPERATURE FOR PURE 63K
6FDA-6FPDA POLYIMIDE AND 7.5WT% TEOS,
7.5WT%MTMOS, 7.5WT% PTMOS WHICH REPRESENTS
2.7WT%, 4.3WT%, AND 5.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.1-2 E' AS A FUNCTION OF TEMPERATURE FOR PURE 63K
6FDA-6FPDA POLYIMIDE AND 15WT% TEOS,
15WT%MTMOS, 15WT% PTMOS WHICH REPRESENTS
5.8WT%, 9.0WT%, AND 11.6WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.1-3 E' AS A FUNCTION OF TEMPERATURE FOR PURE 63K
6FDA-6FPDA POLYIMIDE AND 22.5WT% TEOS,
22.5WT%MTMOS, 22.5WT% PTMOS WHICH REPRESENTS
9.2WT%, 14.0WT%, AND 17.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.1-4 %CHANGE IN E' AS A FUNCTION OF ALKOXIDE TYPE AND
CONTENT FOR A PURE 63K  6FDA-6FPDA POLYIMIDE
BASED ON TEOS, MTMOS, AND PTMOS.  REFERENCE FOR
COMPARISONS WAS E' FOR PURE MATERIAL AT 200oC.
DATA WERE COLLECTED FROM THE FIRST SCAN AT
2oC/MIN, 0.01% STRAIN, CONSTANT STATIC FORCE OF
0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.2-1 TG AS A FUNCTION OF TEMPERATURE FOR PURE 63K
6FDA-6FPDA POLYIMIDE AND 7.5WT% TEOS,
7.5WT%MTMOS, 7.5WT% PTMOS WHICH REPRESENTS
2.7WT%, 4.3WT%, AND 5.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2OC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.

318



xvii

FIGURE 7.3.9.2-2 Tg AS A FUNCTION OF TEMPERATURE FOR PURE 63K
6FDA-6FPDA POLYIMIDE AND 15WT% TEOS,
15WT%MTMOS, 15WT% PTMOS WHICH REPRESENTS
5.8WT%, 9.0WT%, AND 11.6WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2OC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.2-3 Tg AS A FUNCTION OF TEMPERATURE FOR PURE 63K
6FDA-6FPDA POLYIMIDE AND 22.5WT% TEOS,
22.5WT%MTMOS, 22.5WT% PTMOS WHICH REPRESENTS
9.2WT%, 14.0WT%, AND 17.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.2-4 TG AS A FUNCTION OF ALKOXIDE TYPE AND CONTENT
FOR A PURE 63K 6FDA-6FPDA POLYIMIDE BASED ON
TEOS, MTMOS, AND PTMOS.  DATA WERE COLLECTED
FROM THE FIRST SCAN AT 2oC/MIN, 0.01% STRAIN,
CONSTANT STATIC FORCE OF 0.015N, AND AN AIR
PURGE.
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FIGURE 7.3.9.2-5 TAN � AT TG AS A FUNCTION OF ALKOXIDE TYPE AND
CONTENT FOR A PURE 63K 6FDA-6FPDA POLYIMIDE
BASED ON TEOS, MTMOS, AND PTMOS.  DATA WERE
COLLECTED FROM THE FIRST SCAN AT 2OC/MIN, 0.01%
STRAIN, CONSTANT STATIC FORCE OF 0.015N, AND AN
AIR PURGE.
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FIGURE 7.3.9.3-1 TAN� AT � AS A FUNCTION OF TEMPERATURE FOR
PURE 63K 6FDA-6FPDA POLYIMIDE AND 7.5WT% TEOS,
7.5WT% MTMOS, 7.5WT% PTMOS WHICH REPRESENTS
2.7WT%, 4.3WT%, AND 5.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-2 TAN� AT � AS A FUNCTION OF TEMPERATURE FOR
PURE 63K 6FDA-6FPDA POLYIMIDE AND 15WT% TEOS,
15WT% MTMOS, 15WT% PTMOS WHICH REPRESENTS
5.8WT%, 9.0WT%, AND 11.6WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2OC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-3 TAN� AT � AS A FUNCTION OF TEMPERATURE FOR
PURE 63K 6FDA-6FPDA POLYIMIDE AND 22.5WT% TEOS,
22.5WT% MTMOS, 22.5WT% PTMOS WHICH REPRESENTS
9.2WT%, 14.0WT%, AND 17.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-4 � AS A FUNCTION OF ALKOXIDE TYPE AND CONTENT
FOR A PURE 63K 6FDA-6FPDA POLYIMIDE BASED ON
TEOS, MTMOS, AND PTMOS.  DATA WERE COLLECTED
FROM THE FIRST SCAN AT 2oC/MIN, 0.01% STRAIN,
CONSTANT STATIC FORCE OF 0.015N, AND AN AIR
PURGE.
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FIGURE 7.3.9.3-5 MAGNITUDE OF TAN� AT � AS A FUNCTION OF
ALKOXIDE TYPE AND CONTENT FOR A PURE 63K 6FDA-
6FPDA POLYIMIDE BASED ON TEOS, MTMOS, AND
PTMOS.  DATA WERE COLLECTED FROM THE FIRST SCAN
AT 2oC/MIN, 0.01% STRAIN, CONSTANT STATIC FORCE OF
0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-6 E' FOR A PURE AND CROSS-LINKED (XL) 63K 6FDA-6FPDA
POLYIMIDE.  DATA WERE COLLECTED FROM THE FIRST
SCAN AT 2OC/MIN, 0.01% STRAIN, CONSTANT STATIC
FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-7 TAN� FOR A PURE AND CROSS-LINKED (XL) 63K 6FDA-
6FPDA POLYIMIDE.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.

332

FIGURE 7.3.9.3-8 E' FOR A 63K 6FDA-6FPDA TEOS HYBRID. 7.5WT%, 15WT%,
AND 22.5WT% TEOS REPRESENTS 2.7WT%, 5.8WT%, AND
9.2WT% SILICA AFTER HEAT TREATMENTS.  DATA WERE
COLLECTED FROM THE FIRST SCAN AT 2oC/MIN, 0.01%
STRAIN, CONSTANT STATIC FORCE OF 0.015N, AND AN
AIR PURGE.
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FIGURE 7.3.9.3-9 TAN? FOR A 63K 6FDA-6FPDA TEOS HYBRID. 7.5WT%,
15WT%, AND 22.5WT% TEOS REPRESENTS 2.7WT%,
5.8WT%, AND 9.2WT% SILICA AFTER HEAT TREATMENTS.
DATA WERE COLLECTED FROM THE FIRST SCAN AT
2oC/MIN, 0.01% STRAIN, CONSTANT STATIC FORCE OF
0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-10 E' FOR A 63K 6FDA-6FPDA MTMOS HYBRID. 7.5WT%,
15WT%, AND 22.5WT% MTMOS REPRESENTS 4.3WT%,
9.0WT%, AND 14.0WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-11 TAN� FOR A 63K 6FDA-6FPDA MTMOS HYBRID. 7.5WT%,
15WT%, AND 22.5WT% MTMOS REPRESENTS 4.3WT%,
9.0WT%, AND 14.0WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-12 E' FOR A 63K 6FDA-6FPDA PTMOS HYBRID.  7.5WT%,
15WT%, AND 22.5WT% PTMOS REPRESENTS 5.7WT%,
11.6WT%, AND 17.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.9.3-13 E' FOR A 63K 6FDA-6FPDA PTMOS HYBRID.  7.5WT%,
15WT%, AND 22.5WT% PTMOS REPRESENTS 5.7WT%,
11.6WT%, AND 17.7WT% SILICA AFTER HEAT
TREATMENTS.  DATA WERE COLLECTED FROM THE
FIRST SCAN AT 2oC/MIN, 0.01% STRAIN, CONSTANT
STATIC FORCE OF 0.015N, AND AN AIR PURGE.
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FIGURE 7.3.10.1-1 %CHANGE IN PERMEABILITY P AS A FUNCTION OF
KINETIC DIAMETER FOR PURE 63K 6FDA-6FPDA
POLYIMIDE AND 7.5WT% TEOS, 7.5WT% MTMOS, 7.5WT%
PTMOS WHICH REPRESENTS 2.7WT%, 4.3WT%, AND
5.7WT% SILICA AFTER HEAT TREATMENTS.  DATA WERE
COLLECTED AT 4ATM ABSOLUTE AND 35oC.
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FIGURE 7.3.10.1-2 %CHANGE IN PERMEABILITY P AS A FUNCTION OF
KINETIC DIAMETER FOR PURE 63K 6FDA-6FPDA
POLYIMIDE AND 15WT% TEOS, 15WT% MTMOS, 15WT%
PTMOS WHICH REPRESENTS 5.8WT%, 9.0WT%, AND
11.6WT% SILICA AFTER HEAT TREATMENTS. DATA WERE
COLLECTED AT 4ATM ABSOLUTE AND 35oC.
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FIGURE 7.3.10.1-3 %CHANGE IN PERMEABILITY P AS A FUNCTION OF
KINETIC DIAMETER FOR PURE 63K 6FDA-6FPDA
POLYIMIDE AND 22.5WT% TEOS, 22.5WT% MTMOS,
22.5WT% PTMOS WHICH REPRESENTS 9.2WT%, 14.0WT%,
AND 17.7WT% SILICA AFTER HEAT TREATMENTS.  DATA
WERE COLLECTED AT 4ATM ABSOLUTE AND 35oC.
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FIGURE 7.3.10.1-4 %CHANGE IN DIFFUSIVITY D AS A FUNCTION OF KINETIC
DIAMETER FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND
7.5WT% TEOS, 7.5WT% MTMOS, 7.5WT% PTMOS WHICH
REPRESENTS 2.7WT%, 4.3WT%, AND 5.7WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND 35oC.

351

FIGURE 7.3.10.1-5 %CHANGE IN SOLUBILITY S AS A FUNCTION OF KINETIC
DIAMETER FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND
7.5WT% TEOS, 7.5WT% MTMOS, 7.5WT% PTMOS WHICH
REPRESENTS 2.7WT%, 4.3WT%, AND 5.7WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND 35OC.
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FIGURE 7.3.10.1-6 %CHANGE IN DIFFUSIVITY D AS A FUNCTION OF KINETIC
DIAMETER FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND
15WT% TEOS, 15WT% MTMOS, 15WT% PTMOS WHICH
REPRESENTS 5.8WT%, 9.0WT%, AND 11.6WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND 35oC.
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FIGURE 7.3.10.1-7 %CHANGE IN SOLUBILITY S AS A FUNCTION OF KINETIC
DIAMETER FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND
15WT% TEOS, 15WT% MTMOS, 15WT% PTMOS WHICH
REPRESENTS 5.8WT%, 9.0WT%, AND 11.6WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND 35oC.
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FIGURE 7.3.10.1-8 %CHANGE IN DIFFUSIVITY D AS A FUNCTION OF KINETIC
DIAMETER FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND
22.5WT% TEOS, 22.5WT% MTMOS, 22.5WT% PTMOS
WHICH REPRESENTS 9.2WT%, 14.0WT%, AND 17.7WT%
SILICA AFTER HEAT TREATMENTS.  DATA WERE
COLLECTED AT 4ATM ABSOLUTE AND 35oC.
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FIGURE 7.3.10.1-9 %CHANGE IN SOLUBILITY S AS A FUNCTION OF KINETIC
DIAMETER FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND
22.5WT% TEOS, 22.5WT% MTMOS, 22.5WT% PTMOS
WHICH REPRESENTS 9.2WT%, 14.0WT%, AND 17.7WT%
SILICA AFTER HEAT TREATMENTS.  DATA WAS
COLLECTED AT 4ATM ABSOLUTE AND 35oC.
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FIGURE 7.3.10.2-1 %CHANGE IN EP AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND 7.5WT%
TEOS, 7.5WT%MTMOS, 7.5WT% PTMOS WHICH
REPRESENTS 2.7WT%, 4.3WT%, AND 5.7WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND AT TEMPERATURE INTERVALS OF
35OC, 50OC, 75OC, 100OC, AND 125oC.
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FIGURE 7.3.10.2-2 %CHANGE IN EP AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND 15WT%
TEOS, 15WT%MTMOS, 15WT% PTMOS WHICH
REPRESENTS 5.8WT%, 9.0WT%, AND 11.6WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND AT TEMPERATURE INTERVALS OF
35oC, 50oC, 75oC, 100oC, AND 125oC.
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FIGURE 7.3.10.2-3 %CHANGE IN EP AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND 22.5WT%
TEOS, 22.5WT%MTMOS, 22.5WT% PTMOS WHICH
REPRESENTS 9.2WT%, 14.0WT%, AND 17.7WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND AT TEMPERATURE INTERVALS OF
35oC, 50oC, 75oC, 100oC, AND 125oC.
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FIGURE 7.3.10.2-4 %CHANGE IN ED AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND 7.5WT%
TEOS, 7.5WT%MTMOS, 7.5WT% PTMOS WHICH
REPRESENTS 2.7WT%, 4.3WT%, AND 5.7WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND AT TEMPERATURE INTERVALS OF
35oC, 50oC, 75oC, 100oC, AND 125oC.
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FIGURE 7.3.10.2-5 %CHANGE IN ED AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND 15WT%
TEOS, 15WT%MTMOS, 15WT% PTMOS WHICH
REPRESENTS 5.8WT%, 9.0WT%, AND 11.6WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND AT TEMPERATURE INTERVALS OF
35oC, 50oC, 75oC, 100oC, AND 125oC.
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FIGURE 7.3.10.2-6 %CHANGE IN ED AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K 6FDA-6FPDA POLYIMIDE AND 22.5WT%
TEOS, 22.5WT%MTMOS, 22.5WT% PTMOS WHICH
REPRESENTS 9.2WT%, 14.0WT%, AND 17.7WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND AT TEMPERATURE INTERVALS OF
35oC, 50oC, 75oC, 100oC, AND 125oC.
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FIGURE 7.3.10.2-7 MEAN INTERCHAIN DISTANCE D PREDICTIONS FOR A
SERIES OF 63K 6FDA-6FPDA POLYIMIDE HYBRIDS BASED
ON TEOS, MTMOS AND PTMOS.  WT% INORGANIC
REPRESENTS FINAL SILICA CONTENT AFTER FILM HEAT
TREATMENTS.
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FIGURE 7.3.10.2-8 %CHANGE IN ?HS AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K  6FDA-6FPDA POLYIMIDE AND 7.5WT%
TEOS, 7.5WT% MTMOS, 7.5WT% PTMOS WHICH
REPRESENTS 2.7WT%, 4.3WT%, AND 5.7WT% SILICA
AFTER HEAT TREATMENTS.  DATA WERE COLLECTED AT
4ATM ABSOLUTE AND AT TEMPERATURE INTERVALS OF
35oC, 50oC, 75oC, 100oC, AND 125oC.
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FIGURE 7.3.10.2-9 %CHANGE IN ?HS AS A FUNCTION OF KINETIC DIAMETER
FOR PURE 63K  6FDA-6FPDA POLYIMIDE AND 15WT%
TEOS, 15WT% MTMOS, 15WT% PTMOS WHICH
REPRESENTS 5.8WT%, 9.0WT%, AND 11.6WT% SILICA
AFTER HEAT TREATMENTS. DATA WERE COLLECTED AT
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Chapter 1 Introduction

Membrane development and use has grown into a wide range of

applications such as reverse osmosis, filtration, dialysis, pervaporation, and gas

permeation.1-6  Membranes based on organic and inorganic materials have

dominated membrane research and development.  This is evident from the

abundance of literature associated with the exploration of these materials.1-6  The

driving force for membrane development in the gas separation business is the

potential of lowering capital and operating costs.2  Table 1 lists several of the

industrially important gas separations that a membrane might be used to fulfill.

Today’s traditional gas separation processes include absorption, cryogenic

distillation, and pressure swing adsorption.3  Membranes used in the gas

separation areas listed in Table 1 are dependent on the materials properties.

However, organic materials currently available hinder membrane expansion into

new separation processes, because of their physical property and gas separation

limitations.  Table 2 lists the criteria used to evaluate a potential material as a

membrane.  While the most important criterion is the material’s selectivity, other

criteria must be met for a given material to succeed, and become commercially

viable.  Finding materials that meet these criteria is a continuing goal of

membrane research.  The main objective of this research is to explore the
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potentials of hybrid inorganic-organic materials as an alternate material source for

membranes.  Hybrid inorganic-organic materials provide a whole new category of

materials that can be explored for their potential as gas separation membranes.

Indeed, this novel approach for creating gas separation membranes is only now

being explored.7-13

Since their inception, hybrid materials have found many uses such as

abrasive resistant coatings, contact lenses, sensors, optically active films, and

absorbents.14-20  Presently there are only a few research examples of hybrid

inorganic-organic materials being evaluated for gas separation applications.7-13

For example, Okui and Saito created an organically modified silicate (ORMSIL)

by concurrent hydrolysis and condensation of phenyltrimethoxysilane and

tetramethoxysilane (TMOS).11  The results of this research showed that creating

this hybrid modified silicate material modified its gas separation properties

enough to change the separation mechanism from Knudsen diffusion to a surface

flow mechanism.11  Indeed, being able to change the separation mechanism is a

very significant accomplishment, which supports the potential advantages of

using hybrid materials for gas separations.  In another example, Joly et al.

synthesized a polyimide-silica hybrid material into a dense membrane by

polymerizing TMOS within a polyamic acid solution of pyromellitic dianhydride

(PMDA), 4,4’-diaminophenylether (ODA), and dimethylacetamide (DMAc).10

When these hybrid membranes were evaluated it was found that they had H2/CO2

separation factors above the “upper-bound”.10,23  These results suggest that hybrid

materials not only offer the potential for overcoming the “trade-off curve” that

exists between gas permeability and permselectivity as proposed by Robeson,23

but also provides a method for modifying the separation mechanism.  This implies

that hybrid materials can be exploited for their ability to alter the intrinsic

properties of material such that new and potentially advantageous materials can

be created.
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Sol-gel chemistry and examples of hybrid inorganic-organic materials are

discussed in the Chapter 3.  From this literature review there are seemingly

endless possibilities associated with fabricating a hybrid material.  In order to

narrow the field of possibilities to a manageable study, only silicate chemistry

was considered as a variable in the present study.  Specifically, this research is

interested in probing the role of interfacial interactions between the polymer

matrix, and the type of alkoxide employed by using TEOS, MTMOS, and

PTMOS.  Each of these alkoxides lead to different morphologies, gelation

kinetics, porosity, density, and surface energies.  For example, TEOS derived

silica is the most hydrophilic, while silica derived from MTMOS has an aliphatic

character, and PTMOS derived silica has an aromatic character.  It is these

characteristics that are theorized to alter the level and type of interactions between

the organic and inorganic domains.  These interactions are theorized to be the

main contributors to improvements in gas permeability and selectivity by

simultaneously restricting polymer chain motions and increasing free volume.

Furthermore, changes in polymer chain motions and free volume are expected to

result in measurable changes in the hybrid materials’ physical properties.  The

ultimate goal of this study is to provide a better understanding of the gas

transport, and physical properties of these hybrid materials.

This dissertation is essentially divided into three sections.  The first few

chapters of this dissertation are literature reviews of polyimide synthesis, sol-gel

chemistry, and gas permeation theory.  Chapter 5 provides a detailed explanation

of the experimental techniques and reagents used in this research.  Finally,

Chapters 6 and 7 provide information regarding the polyimides and hybrid

materials synthesized in this study.  The conclusion and future recommendations

for this research study are addressed in Chapter 8 of this dissertation.
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Table 1 Gas Membrane Application2

Gas Separation Application

O2/N2
Oxygen enrichment, inert gas
generation

H2/Hydrocarbons Refinery H2 recovery

H2/CO Syngas ratio adjustment

H2/N2 Ammonia purge gas

CO2/Hydrocarbons
Acid gas treatment, landfill gas
upgrading

H2O/Hydrocarbons Natural gas dehydration

H2S/Hydrocarbons Sour gas treating

He/Hydrocarbons Helium separation

He/N2 Helium recovery

Hydrocarbons/Air
Hydrocarbon recovery, pollution
control

H2O/Air Air dehumidification

Table 2 Membrane Selection Criteria3

High selectivity

High permeability

Mechanical stability

Temperature stability

Chemical resistance

Formability/Processibility
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Chapter 2 Literature Review:
Polyimide Synthesis

2.1 Introduction

Polyimides are categorized as step-growth polymers,1-4 which are formed

from a stoichiometric amounts of a dianhydride and diamine that can be either

aromatic or aliphatic.  Since the only requirement for polyimide synthesis is a

dianhydride and diamine, it can be quickly surmised that this creates a seemly

endless possibility for the creation of new polyimides.  Polyimides have many

unique physical properties, which make them industrially important.  A few of

these properties include excellent thermal stability, low dielectric constant, low

thermal expansion coefficients, and excellent gas separation materials.5-10

Academically, polyimides offer an excellent way in which to systematically study

how the structure relates to a given set of properties.  This chapter is very specific

to this dissertation because the basic unit employed in the synthesis of these

hybrid materials is a fluorinated polyimide.  Hence, the emphasis of this chapter is

to provide some fundamental information regarding the synthesis of polyimides,

the reactivity of reactants, and evaluating the degree of imidization.
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2.2 Polyimide Synthesis Methods

The following sections provide a brief overview of three commonly

employed synthetic techniques used to create polyimides.  These synthetic

techniques are Thermal Imidization, Solution Imidization, and Chemical

Imidization.  It should be noted that many other synthesis methods exist that will

not be presented in this review.  A few of these synthetic methods include the

formation of an ester and acid from the dianhydride, which creates a better

leaving group during polyimide formation.11  Polyimides have also been

successfully synthesized from diisocyanates , where the byproduct is CO2 instead

of water, and polyimides formed using metal catalysts.12-13  The success of

creating a high molecular weight polyimide is dependent on the initial reaction

conditions, and the initial molecular weight of the polyamic acid.  Therefore, a

brief introduction will be given regarding the synthesis of a polyamic acid, and

the reaction variables that control this nucleophilic reaction.

2.2.1 Polyamic Acid Reaction Variables

The generalized mechanism for the formation of a polyamic acid is shown in

Figure 2.2.2-1, where the success of creating a high molecular weight polyamic

acid is dependent on the reaction conditions.  The most fundamental requirement

for successful polyamic acid synthesis is the purity of the reactants, and the

absence of water in both the solvent and reactants.  In order to achieve this

fundamental requirement, great efforts are made to dehydrate the solvent, which

is used in the synthesis of the polyamic acid and the polyimide.  The solvent is

usually dried by using an anhydrous reagent such as P2O5, which scavenges the

water in the solvent by reacting with it.  At the end of this step, the anhydrous
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solvent is distilled in order to separate it from the excess dehydrating reagent, and

residual byproducts.  The anhydrous solvent is then temporarily stored until it is

used in the subsequent synthesis steps.  Reactants can be purified by

recrystallization, sublimation, or used as received when they have a high purity

level.  Drying the reactants usually entails several days in a vacuum oven at a

moderate temperature, which is dictated by the sublimation temperature of the

reactant.  The reason for these rigorous water removal steps of water is because

water will react with the dianhydride.  Thus, any water introduced by the solvent

or the reactants will hydrolyze the dianhydride, and the carboxylic acids that form

are significantly less reactive than the original dianhydride.  Consequently, the

lower reactivity makes it virtually impossible to synthesis a high molecular

weight polyamic acid, which impacts the final molecular weight of the polyimide.

Water is also generated during the conversion of the polyamic acid to the

polyimide, which can lead to incomplete imidization and molecular weight

degradation via the hydrolysis of the polyamic acid.  In the Solution Imidization

technique, water generated during the conversion of the polyamic acid to the

polyimide is removed by an azeotroping cosolvent, which is then distilled out of

the reaction solution.14  The Chemical Imidization technique employs an in-situ

dehydrating reagent to remove the water formed during the conversion of the

polyamic acid to the polyimide.  The role of the dehydrating agent is to react with

the formed water and form an acid, which is then removed in later steps.

However, in case of Thermal Imidization, only diffusion is used to remove the

water generated during the conversion of the polyamic acid.  The reaction

mechanism depicted in Figure 2.2.1-1 shows how a polyamic acid is formed from

a nucleophilic substitution reaction between an arbitrary diamine and pyromellitic

dianhydride.  However, the role of the solvent, and the reactivity of the diamine

and dianhydride in this reaction has not been discussed yet.
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Synthesis of polyamic acids are typically performed in polar aprotic

solvents such as 1-methyl-2-pyrrolidinone, NMP, or N,N-dimethyl-acetamide,

DMAc.  However, the solvent is more than just a medium for the reaction

between the dianhydride and diamine.  Brekner et al.,15 suggested that NMP

forms a complex with the polyamic acid, which not only stabilizes it, but

promotes the formation of high molecular weight polyamic acids.  The complex

enhances polyamic acid formation because electron density is withdrawn from the

carbonyls of the unreacted dianhydride.  Thus, the carbonyls become more

electrophilic, which enhances the overall nucleophilic substitution reaction.  The

importance of this complex can be inferred from a study by Koton et al.16  In this

study, it was shown that the reactivity of the diamine decreased when it reacted

with a dianhydride.  Thus, subsequent reactions of a partially reacted diamine are

reduced, which can impact the overall molecular weight of the polyamic acid.

Therefore, it can be inferred from this separate study, that the complex formed

between the polyamic acid and a polar protic solvent, such as NMP is important

to the overall reaction.  In fact, it has been observed that the more basic the

solvent, the greater enhancement in the formation of a polyamic acid.17
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The reaction between an anhydride and a diamine is essentially an acid-

base reaction, where the overall reactivity is dependent on the relative strength of

the acid and base.  In this acid-base system, the Lewis base would be the diamine,

while the dianhydride would be the Lewis acid.  When this concept of acid and

base is applied, it becomes intuitive why the reactivity of a dianhydride correlates

with its electron affinity, EA, and the reactivity of a diamine correlates with its

pKa, or basicity.  The reactivity of a series of dianhydrides with 4,4’-

diaminodiphenyl ether were evaluated based on their reactivity constant k.16

Table 2.2.1-1 is a summary of EA and log(k) for this reaction, while Figure 2.2.1-

3 is a plot showing the correlation between EA and log(k).  This figure shows that

the most reactive dianhydride has the highest EA, while decreasing reactivity is

associated with decreasing EA.  Decreases in the reactivity among these

dianhydrides can be explained in terms of the electron-donating or electron-

withdrawing character of the attached groups.  The carbonyl group, C=O, and

sulfone group, O=S=O, are both electron-withdrawing groups, while the ether

group, -O-, and aliphatic groups can donate electron density.  Since the reactivity

of a dianhydride is dependent on EA, then any electron-withdrawing groups

would enhance the electrophilicity of the carbonyls in the dianhydride, therefore,

making it more reactive.  While electron-withdrawing groups enhance the

reactivity of a dianhydride, electron density donated into this conjugated aromatic

system leads to a decrease in EA, which corresponds to a decrease in dianhydride

reactivity.  Based on the explanations of electron-withdrawing and electron-

donating groups, it becomes evident why there are differences in reactivity among

the dianhydride listed in Table 2.2.1-1.



14

Table 2.2.1-1 Reactivity of aromatic dianhydrides.  Electron Affinity,
EA, and reaction rate constant, k.  Data adapted from Koton et al.16

A OH2N NH2    

Dianhydride k
(dm3/s)

EA
(eV)

1 O

O

O

O

O

O

9.0 1.85

2 O

O

O

S

O

O

O

O

O 11.1 1.52

3 O

O

O

O

O

O

O

4.6 1.48

4 O

O

O

O

O
O

O

O

O

O
    2.12 1.43

5 O

O

O

O

O

O

    1.34 1.21

6 O

O

O

O

O

O

O

    0.88 1.18

7 O

O

O

O

O

O

O

O

0.48 1.14

8 O

O

O

OS

O

O

O

O

O

O
  

    0.91 1.07

9
O

O

O

O

O

O

O

O
    0.16 1.02
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Figure 2.2.1-3 Relationship between of the logarithmic rate of acylation of
a dianhydrides, Log(k, dm3/s), versus its electron affinity EA.  Numeration of
dianhydrides is consistent with Table 2.2.4.1.
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The reactivity of a series of diamines with pyromellitic dianhydride were

evaluated based on their reactivity constant k.18  Table 2.2.1-2 is a summary of

pKa and log(k) for this reaction, while Figure 2.2.1-4 is a plot showing the

correlation between pKa and log(k).  This figure shows an excellent relationship

between pKa and its reactivity based on k.  In general, decreases in the reactivity

can be attributed to the basicity or electron donating properties.  Changes in

reactivity can also be related to the electron-donating or electron-withdrawing

character of the attached groups.  Stated earlier, was that carbonyl groups, C=O

and sulfone group, O=S=O, are both electron-withdrawing groups, while the ether

groups, -O- and aliphatic groups can donate electron density.  However, unlike

the dianhydride system, additional electron density enhances the reactivity of the

diamine.  Enhancement in diamine reactivity occurs by additional electron density

being donated to the nucleophile, which in this system are the amine groups.

When additional electron density is present, the basicity, or pKa value increases

resulting in a more reactive diamine, and a higher rate constant.  Therefore, the

changes in diamine reactivity plotted in Figure 2.2.1-4, and listed in Table 2.2.1-2,

can be rationalized based on the electron-withdrawing and electron-donating

groups.  However, it should be noted that for both diamines and dianhydrides, the

position of these electron-withdrawing and electron-donating groups on the

aromatic phenyl group is important.  In general, the electron-withdrawing and

electron-donating character is greatest at the para- position, followed by ortho-,

and very little electron-withdrawing or electron-donating character in the meta-

position.19
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Table 2.2.1-2 The pKa value of a series of aromatic diamines, and their
reactivity with pyromellitic dianhydride, PMDA.18

A O

O

O

O

O

O

Diamine Log( k, (dm3/s)) pKa

1 NH2H2N 2.12 6.08

2 OH2N NH2        0.78 5.20

3
H2N NH2    

0.0 4.80

4 NH2H2N 0.37 4.60

5 H2N NH2

O

    
-2.15 3.10
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with Table 2.2.4.2.
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2.2.2 Solid State Imidization

Solid state imidization is the technique used convert a polyamic acid

solution into a polyimide by a series of heat treatment steps.20  The main reason

for employing this technique is for the formation of films such as the Kapton

polyimides made by DuPont.  A typical solid state imidization technique would

be performed in a vacuum or N2 atmosphere, where a solution of polyamic acid

would be coated onto a substrate.  The heating strategy used to convert the

polyamic acid to the polyimide is significant for two reasons.  Firstly, trapped air

and water evolved during the cyclodehydration reaction need time to diffuse out

of the film.  Finally, the most important reason for a good heating cycle is because

the degree of imidization is very dependent on the mobility of the chains during

this heat treatment, which is dependent on the concentration of residual solvent,

and the type of diamine and dianhydride moiety.  The mobility of the chains is

believed to be necessary for the nucleophilic substitution reaction between the

nitrogen and carbonyl acid.21  However, because the viscosity of these polyamic

solutions increases with decreasing solvent, residual solvent is necessary for the

plasticization of a forming film, which gives the necessary chain mobility needed

for high degrees of imidization.  It is interesting to note that this seemly simple

reaction is still not fully understood, and for completeness the proposed reaction

for solid state imidization is shown in Figure 2.2.2-1.
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2.2.3 Solution Imidization

Solution imidization involves the synthesis of a polyamic acid in a solvent,

followed by cyclodehydration of polyamic to yield the final polyimide.22-24  Water

that is formed during cyclodehydration is removed by azeotroping it with an

appropriate solvent, then distilling it away from the reaction solution.  Typically,

the azeotroping solvent employed is o-dichlorobenzene, toluene, or xylene, while

the main solvents used are 1-methyl-2-pyrrolidinone, NMP, or N,N-dimethyl-

acetamide, DMAc, or m-cresol.22  The main requirement for polyimides

synthesized by this technique is that the final polyimide is soluble in the reaction

solvent.  The formation of the polyamic acids using the solution imidization

technique are usually performed at room temperature, where stoichiometric

reactants are mixed in anhydrous solvents, and in an inert and dry atmosphere

such as N2.  These reactants are usually allowed to mix for a minimum of 24

hours before proceeding to the cyclodehydration step.  This time frame has been

established because the molecular weight of the polyamic acid needs sufficient

time to equilibrate.  Temperatures ranging from 0oC to 50oC have also been

employed in the solution imidization technique for the initial synthesis of

polyamic acids.22-24  The varies temperatures used in these different studies may

have been the result of the variation in reactivity of the diamines and

dianhydrides, however, no comments were made regarding the choice of reaction

temperatures in these studies.  The temperature required to convert the polyamic

acid to the polyimide is in the range of 170oC to 180oC.22  As with the

temperature for synthesis of the polyamic acid, there appears to be a wide range

of reaction times used to convert the polyamic acid to the polyimide.22-24  These

varying reaction times must be a consequence of the reactivity of the reactants. In

this study, 24 hours was used as the standard to ensure proper conversion of the

polyamic acid to the polyimide.  A reaction mechanism proposed for the solution

imidization technique is shown in Figure 2.2.3-1.25



22

NH

O

OH
HO

O

O H

O

N
H

O

OH

O
N
H

N

O

O

O

O

O

N
H

O

HO

O

N
H

O

O

O

N
H

N

O

OH
HO

H

NH

O

OH
HO

NH

O

OH
O

H

- H2O

+

+

Fast

Rate Determing Step

Figure 2.2.3-1 Solution imidization mechanism showing rate determining
step.  Adapted from Kim et al.25
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2.2.4 Chemical Imidization

Chemical imidization is a mechanistic pathway, which lowers the

activation energy associated with the synthesis of a polyimide.  When the

activation is lowered, cyclodehydration of the polyamic acid can occur at

temperatures lower than 100oC.22,26  The mechanistic pathway is facilitated with a

dehydrating agent and a catalyst, where typical dehydrating agents include acetic

anhydride, or other anhydride based acid, while typical catalysts include

triethylamine and pyridine.  A stoichiometric molar ratio of 4 is typically used for

the acid to catalyst ratio, while a stoichiometric molar ratio of 7 is used for the

acid to dianhydride ratio.  The mechanism for the conversion of a polyamic acid

to a polyimide is shown in Figure 2.2.4-1.28  This figure shows that an isoimide,

III-B, and an imide, III-A, will form from the chemical imidization technique.  In

this mechanism, it has been stated by others, that the reaction intermediates lead

to the formation of iminolactone, II-A, because it is thermodynamically favored.27

However, the formation of each product is very dependent on the catalyst and acid

employed, and the stoichiometric ratio of acid to catalyst.  In general, use of

triethylamine as a catalyst almost exclusively forms the imide, while use of

pyridine as the catalyst leads to higher concentrations of isoimide.  Furthermore,

as seen in the figure, when the isoimide is heated the isoimide is converted into

the polyimide.  A major advantage of the low reaction temperatures employed in

the chemical imidization technique is a more soluble polyimide.  This fact has

been attributed to the absence of branching and cross-linking, which occurs in

other polyimide synthesis techniques.22
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2.2.5 Polyimide Characterization

Characterization of a synthesized polyimide includes its thermal stability,

glass transition temperature, Tg, verification of crystallinity, density, mechanical

properties, and molecular weight.  Equally important to this barrage of tests is the

determination of its degree of imidization.  Fourier transform infrared, FTIR, is a

popular method for following the structural changes in the polyamic acid as it is

converted into the polyimide.  Its popularity stems from the simplicity of the

technique, however, it is only capable of semi-quantitative determination of the

degree of imidization.29-30  The primary reasons for semi-quantitative analysis is

its low sensitivity, and the fact that absorption peaks used to determine the degree

of imidization are convoluted into the main imide carbonyl peak.  Therefore, as

the reaction proceeds, the intensity of the amic acid peak decreases to the point

that it is underneath the imide absorption peak.  Several of the absorption peaks

associated with the conversion of a typical polyamic acid to a polyimide are listed

in Table 2.2.5-1.29  Determination of the degree of imidization can be followed

with nuclear magnetic resonance, NMR, spectroscopy.  The conversion of the

polyamic acid can be followed with 1H NMR, where the main structural change

that is being probed is the disappearance of COOH proton.31  13C NMR can also

be used to follow the conversion of the polyamic acid to the polyimide by

observing the chemical shift intensity associated with COOH diminish with

increasing conversion.32
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Table 2.2.5-1 Typical FTIR absorption band spectra of a polyamic acid.
Before Curing and After Curing, based on the Thermal Imidization Technique.29

Structure
Absorption Band

(cm-1)
Before
Curing

After
Curing

Imide

C=O 1780 No Yes

C=O 1720 No Yes

C-N 1370 Strong Weak

C=O 720 No Yes

Amic Acid

O-H (COOH) 2400-3200 Strong Very Weak

N-H (CONH) 3200-3400 Strong Very Weak

C=O (COOH) 1669 Strong Very Weak

C=O (CONH) 1640 Strong Very Weak

C-NH 1540 Strong Very Weak

2.3 Summary

An overview of the synthesis of polyimides, although brief, has shown the

importance of the initial reaction conditions on the formation of a high molecular

weight polyamic acid.  In addition to this, it was shown that the solvent is not an

inert medium for the reactants, but actually forms a complex with the polyamic

acid that enhances its formation.  Finally, the reactivity of the diamine and

dianhydride were found to be dependent on Ea and pKa, which are also effected

by the type of group attached and its isomeric conformation.  In general, all these

variables contribute to the successful synthesis of a high molecular weight

polyimide.  By understanding how these variables are interrelated, controlled

architecture of new and novel polyimides is possible.
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Chapter 3 Literature Review:
Sol-Gel Chemistry

3.1 Introduction

In order to discuss hybrid inorganic-organic membranes a brief review of

sol-gel chemistry and hybrid materials is necessary.  Since this research focuses

on silicate chemistry, the review of sol-gel chemistry will be limited to detailing

some of the nuances associated with silicate alkoxides.  After the brief review of

sol-gel chemistry, a short review of hybrid inorganic-organic materials and hybrid

materials being used as gas separation membranes will be presented.  Finally, a

brief discussion of polymers containing inorganic fillers and their effect on gas

permeation will be addressed.

3.2 Sol-Gel Chemistry

A sol is a colloidal dispersion of 1-100 nm solid particles within a liquid

medium and a gel is defined as a colloidal system that is more like a solid than a
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sol.1-2  Sol-gel chemistry is the process in which a sol agglomerates to form a gel.

In this study, sols were created by acid hydrolysis of silicate inorganic alkoxides

and gelation of these sols occurs by condensation reactions.  These condensation

reactions produce large molecular weight molecules that continually combine to

form an infinite molecular weight network that is characterized by a gel-point.3-5

The gel-point occurs when an infinite molecular weight molecule is formed

throughout a reaction medium.  When inorganic alkoxides are used for sol-gel

chemistry, the sol of interest is a partially hydrolyzed inorganic alkoxide

generated from acid catalyzed reactions that later condenses to from a gel.

Depending on the sol reaction conditions, polymer-like chains or colloidal

particles will form prior to gelation.  The morphology formed during the

condensation of the sol has a direct relationship to the final physical properties of

the gel.6-10  It should be noted that hydrolysis and condensation reactions occur

concurrently, but one reaction can be favored over the other depending on the

reaction conditions.  This simple definition of sol-gel chemistry underestimates its

complexity and the many variables controlling the final morphology and physical

properties.  Table 3.2-1 lists several of the important variables that affect the final

structure and physical properties.  These variables have been categorized into two

areas, one related to the synthesis variables and the second related to structural

factors.  Because of the extensive complexity associated with the sol-gel

technique, these are the only variables that will be considered.  Brinker and

Scherer provide an excellent review detailing many of these variables in their

book titled Sol-Gel Science The Physics and Chemistry of Sol-Gel Processing.6
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Table 3.2-1 Sol-Gel Chemistry Variables

Synthesis Variables Structural Factors

Catalyst (Acid or Base) Metal or Metalloid

pH Steric Effect

Stoichiometry Alkyl Group

Concentration Inductive Effective

Solvent Alkoxide

Temperature

Pressure

Figure 3.2-1 illustrates hydrolysis and condensation reactions for the sol-

gel process of an arbitrary silicon alkoxide.  Although these reactions demonstrate

the use of an acid or base, temperature and pressure are also driving forces for

these reactions.  Hydrolysis and condensation reactions for an alkoxide are

governed by a SN2 (substitution, nucleophilic, bimolecular) mechanism, but the

actual nucleophile in these reactions is dependent on the catalysis method.6-9,11-13

The sol to gel transition for an arbitrary silicon alkoxide shown Figure 3.2-1 can

be divided into three reversible reactions.  The first reaction step involves the

reversible hydrolysis and esterification of the alkoxide and the rate of hydrolysis

and condensation are a function of the variables listed in Table 3.2-1 which occur

concurrently.  As soon as the alkoxide becomes hydrolyzed, two reversible

condensation reactions can occur, the first condensation reaction forms an alcohol

and the second condensation reaction forms water.  Complete hydrolysis of the

alkoxide is not necessary for condensation reactions to occur, that was

demonstrated in many different studies.6,14-29  The reverse reactions of
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condensation are known as alcoholysis and hydrolysis.  These reactions result in

the cleavage of a SiO2 bond from a nucleophilic attack of alcohol or water.6

The chemistry of sol-gel processing is of interest to both academia and

industry.  It has led to the creation of specialized piezoelectric, pyroelectric, and

superconducting ceramics, and major advances in contact lenses, filters, catalyst

supports, membranes, and novel glasses.30-41  With this brief introduction to sol-

gel chemistry, the rest of this section is devoted to providing further details

regarding this unique chemistry.

Alcohol Condensation & Alcoholysis

Hydrolysis & Esterification

Water Condensation & Hydrolysis
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Figure 3.2-1 Hydrolysis and Condensation for an arbitrary silicon
alkoxide.
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3.2.1 Synthesis Variables

Many of the synthesis variables that affect the final properties are

interrelated and it is difficult to discuss one variable without addressing another

variable at the same time.  For example, when the stoichiometry of water to

alkoxide ratio is changed the concentration and pH of the reaction medium also

changes, affecting the sol reaction conditions.  If an alcohol is used to create a

miscible solution between the alkoxide and water, this results in an overall change

in the solution concentration, again affecting reaction conditions.  These simple

examples illustrate how the synthesis variables are interrelated and why

discussion of them must reflect their interdependence.  The following sections are

divided into what is believed to be the best approach to logically discuss the

synthesis variables of sol-gel chemistry, and their influence on the hydrolysis and

condensation reactions.

3.2.1.1 Catalyst and pH

Catalyst type and pH of the reaction determines the resulting morphology

and growth model in sol-gel chemistry.  Slow hydrolysis, fast condensation rates,

and colloidal structures are characteristic of base catalyzed systems, which is

described by a Monomer-Cluster growth model.6,42  Fast hydrolysis, and slow

condensation rates characterize an acid catalyzed system, which produces linear-

like polymer structures that is described by a Cluster-Cluster growth model.6,42

The Monomer-Cluster and Cluster-Cluster growth models are shown in Figure

3.2.1.1-1.  Cluster-Cluster and Monomer-Cluster growth models have variations

in their overall structure, which is dependent on the reaction conditions employed.
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These reaction conditions determine if the condensation process is Reaction-

Limited, Ballistic, or a Diffusion-Limited process.
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Figure 3.2.1.1-1 Simulated structures resulting from the various kinetic
growth models.6,42

These limitations in the condensation reaction result in a variety of structures for

acid and base catalyzed systems.  Because the reaction conditions control the final

gel morphology, final densification and mechanical properties are dependent on

whether the skeletal structure is produced from linear-like polymer structures, or
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colloidal particles.6  The final microstructure that evolves after densification of an

acid or base catalyzed sol-gel reaction is schematically represented in Figure

3.2.1.1-2.  From these figures, it is apparent that the synthesis variables are

extremely important when tailoring a system for the production of a monolithic

glass, film, or fiber.  In order to gain additional insight on the affect of pH and

catalyst type on sol-gel processing, the following examples are provided.

Acid Catalyzed

Base Catalyzed

Figure 3.2.1.1-2 Schematic representation of an arbitrary gel densification
from an acid or base catalyzed system.43
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In a review paper by James,13 the chemical and microstructural evolution

of the gel to glass formation was examined.  Differential thermal analysis (DTA),

thermogravimetric analysis (TGA), dilatometry, density, gas adsorption

experiments measurements, and Fourier transform infrared (FTIR) results were

collected from the literature in order to elucidate the processes involved in the gel

to glass transition.  The conclusion from this study was that the final

microstructure of the xerogel, and the gel to glass transition was a direct

consequence of the initial sol-gel chemistry.  By definition, a xerogel is formed

during the evaporation and drying of a wet gel.6,44  A study of the changes in

density and densification temperatures of sol-gel materials concluded that

differences in density and densification temperatures were due to the base and

acid catalysis employed.7.  In this work, Nogami and Moriya created monolithic

glasses using tetraethylorthosilicate (TEOS).  This work began by carefully

controlling the sol-gel process to arrive at gels, which were subsequently dried

and monitored for changes in density as a function of temperature.  To study the

dynamics of the sol to gel transformation, two different methods were employed.

The first method involved the polymerization of an inorganic alkoxide initiated by

an acid catalyst, and the second method involved the polymerization of inorganic

alkoxide with a base catalyst.  Each method produced different xerogels that were

distinguishable by their differences in bulk density and gel to glass transformation

temperature.  Xerogel bulk densities for acid and base catalyzed systems will vary

depending on the initial reaction conditions, but it can be generalized that base

catalyzed systems are always lower in density than their acid catalyzed

counterparts.  These differences in density and densification behavior as a

function of temperature are illustrated in Figure 3.2.1.1-3.  This figure clearly

demonstrates that acid catalyzed systems have higher densities, and undergo the

gel to glass formation at lower temperatures than base catalyzed systems.7

Densification temperatures of approximately 1050oC were required to densify

base catalyzed systems, while temperatures of approximately 700oC were needed
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to densify acid catalyzed systems.  Additionally, it was found that acid catalyzed

gels had a significantly higher porosity and dimensional shrinkage.7  Other studies

determined qualitatively that dimensional shrinkage during densification of an

acid catalyzed system was about two times higher than a base catalyzed system.13

Finally, in a study by Maniar et. al.,20 differences in the metastability of

TEOS xerogels derived by acid and base catalysis was compared using high

temperature differential scanning calorimetry, DSC.  Characterizing the change in

enthalpy, ∆H, occurring during the xerogel to glass transition, the metastability of

each system was evaluated and compared.  The results from this study revealed

that acid catalyzed systems had a ∆H of 7.3 kJ/mol and base catalyzed systems

had a ∆H of 66.8 kJ/mol.  Based on these results, the metastability of base

catalyzed systems was concluded to be more stable than acid catalyzed systems.

These differences in ∆H assisted in confirming that acid catalyzed systems did not

densify by a sintering process like base catalyzed systems.  Enhanced thermal

stability and larger ∆H of base catalyzed systems was attributed to the formation

of stable ring structures that add additional modes of structural rearrangements

not present in acid catalyzed systems.7  These examples are only intended to

provide a brief overview of the complexity introduced by the catalyst and pH

during sol-gel processing.
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Figure 3.2.1.1-3 Densification behavior of a TEOS derived Xerogel as a
function of temperature for an acid and base catalyzed process.  Data was adapted
after Nogami and Moriya.12

The main purpose of a catalyst in a chemical reaction is to lower the

activation energy of a reaction so that it can occur at a lower temperature, or to

accelerate the reaction.45-46  However, in this short survey it has been shown that

the use of a catalyst in a sol-gel reaction does more than accelerate or lower an

activation barrier.  In these short examples, it has been demonstrated that the

catalyst and pH actually control the final xerogel properties by influencing

microstructure of the gel.  It is important to note that gelation times are also

affected by catalyst type, which will now be discussed.
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Pope and Mackenzie,11 studied the effect of different catalysts on sol-gel

processing.  This was completed in order to elucidate how these different catalysts

affected the rate of gelation, gel morphology, and the overall reaction mechanism.

When different catalysts were employed in sol-gel processing at identical molar

ratios of TEOS to acid, it was demonstrated that the gelation rates were dependent

on catalyst type.  Table 3.2.1.1-1 clearly shows the dependence of gelation rate on

catalyst type and the relationship of pH to catalyst type.  Differences in pH among

the catalysts employed are easily rationalized by considering simple acid-base

chemistry and recalling that pH is a measure of hydrogen ion concentration.

Hydrogen ion concentration is the percent ionization occurring with an acid or

base at equilibrium and the degree of ionization is dependent on the relative bond

strengths between the ionizable species and the molecule.47  The relative

difference in bond strengths between the ionizable species and molecule

determines whether a weak or strong conjugate acid or base is formed.  Using

these facts about pH and conjugate acids and bases it is immediately evident from

Table 3.2.1.1-2 that HF is the strongest conjugate base of all the acids listed.

Conjugate acids and bases have a role in sol-gel processing but their role was not

considered in this work even though it may explain why using HF as a catalyst

produced sol-gel materials with properties very similar to base catalyzed systems.

For example, in other studies where sol-gel processing was done with a two step

acid and base method, the gelation times were significantly reduced, but the final

xerogel had properties similar to base catalysis.6-8,11-12,27-29  In the case for HF

catalysis, the participation of the conjugate base in the reaction may be

contributing to the shorter gelation times.  This means that HF could

simultaneously serve as both an acid and base because of the strong conjugate

base that forms during dissociation.  This would help explain why HF catalysis

results in gel microstructures normally associated with base catalysis.
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Table 3.2.1.1-1 Gelation Times of TEOS as a Function of Catalyst Type,
Initial pH, and Acid and Base Content.11

Catalyst
mol Acid or Base
per mol of TEOS

Initial pH
Gelation Time

(Hours)

HF 0.05 1.9 12

HCl 0.05 < 0.05 92

HNO3 0.05 < 0.05 100

H2SO4 0.05 < 0.05 106

CH3OOH 0.05 3.70 72

NH4OH 0.05 9.95 107

No catalyst - 5.00 1000

Rates for hydrolysis, condensation, depolymerization, and gelation for an

arbitrary sol-gel process are schematically represented by Figure 3.2.1.1-4.  This

figure demonstrates several important sol-gel features associated with pH

dependence.  Firstly, the hydrolysis rate has a minimum near a pH of 7, and fast

hydrolysis rates are associated with both high and low pH values.  Secondly, the

condensation rate has a maximum near a pH of 7, and low condensation rates are

associated with both high and low pH values.  Thirdly, the depolymerization rate

increases with increasing pH until a pH of 7 reached.  Further increases in pH

decrease the rate of depolymerization.  Finally, as stated earlier in this work,

Figure 3.2.1.1-4 schematically illustrates that hydrolysis is favored in the low pH

region and condensation is favored at a higher pH.  This contradicts the results of

Pope and Mackenzie,11 who found that HF catalysis had the fastest gelation rate,

but had the high pH.  Based on Figure 3.2.1.1-4 and on the pH of HF, this acid

should have a very slow gelation rate.  This only supports the assertion that the
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conjugate base formed from HF must be contributing to the gelation mechanism,

which also explains why materials catalyzed from HF have properties similar to a

base catalyzed system.11  What may be gleaned from this figure is that pH can be

used to control the relative rates of hydrolysis and condensation reactions.  These

changes in the rates of reaction could be intentionally used to obtain a particular

type of gel structure and physical properties.6,16  Additionally, the type of catalyst

has a decisive role on the type of mechanism involved in the sol-gel process, and

the final microstructure of the gel.6-13  Clearly, the type of catalyst and pH cannot

be chosen indiscriminately because of their role on the final gel morphology,

densification and physical properties.
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Figure 3.2.1.1-4 Schematic representation of the pH dependency on
hydrolysis, condensation, and depolymerization rates for an arbitrary alkoxide
system.  Data has been adapted from Brinker.16

Brinker et al. studied the relationship between the gelation process, the

structure and properties of xerogels, and the gel to glass transition of a TEOS

alkoxide.16  It was demonstrated in this study, that pH and water can control the

gelation process by modifying the rates of hydrolysis and condensation.  A two

step acid or base method was employed in order to minimize solution phase

separation.  The reactants employed in this study were TEOS, water, and ethanol

with either HCl or NH4OH being used as the catalyst.  Small angle x-ray

scattering (SAXS) was used to study the radius of gyration (Rg) for both the acid

and base catalyzed systems.  Acid catalyzed systems had a Rg that was constant
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once they gelled with sizes averaging between 15Å to 17Å.  Base catalyzed

systems had Rg that increased with time from 20Å, at 1.2 hours, to 44Å after 3.8

hours.  Differences in acid and base catalysis were attributed to the relative rates

of hydrolysis and condensation of silanol groups and the cross-linking which lead

to the formation of the gel.  The physical properties of the xerogels were the same

as other studies; base catalyzed materials had low densities and high sintering

temperatures while acid catalyzed materials had high densities and low

densification temperatures.  The stoichiometry, concentration, and solvent affects

on the sol-gel process are addressed below.

3.2.1.2 Stoichiometry, Concentration, and Solvent

Stoichiometry, concentration, and solvent all have profound effects on the

sol-gel process.  For example, the rate of gelation, type of sol and gel formed, and

final densification properties are dependent on these variables.  Several studies

were aimed at elucidating the role of water and ethanol, on the rates of hydrolysis

and condensation in a sol-gel process.6,23,27-28  In a review by Klein,14 the role of

hydrolysis, condensation, and densification of a TEOS system were studied as a

function of water and ethanol under acidic conditions.  One of the goals of this

research was to define the compositions that gave rise to spinable, castable, and

coatable sols.  What was noted is that all the variables in the sol-gel process are

interrelated, and changing one variable independently is not possible, a fact which

has been stated at the beginning of this work.  These interrelated variables make it

possible for only qualitative statements to be made regarding their affect on the

hydrolysis and condensation reactions.  Table 3.2.1.2-1 lists several different

formulations of water, ethanol, and TEOS examined in this study.
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Table 3.2.1.2-1 List of molar quantities for TEOS, Water, and Ethanol.
Experimental conditions are designated from 1 to 9.14

No. TEOS Water Ethanol

1 1 1 1
2 1 1 6
3 1 2 4
4 1 4 4
5 1 8 4
6 1 11 8
7 1 10 3
8 1 16 4
9 1 20 1

Schematically Figure 3.2.1.2-1 illustrates the existence of three different

zones where a sol is spinable, coatable, or castable.  These different zones for sol

solution properties were found to be mainly a function of water content.  Sol

solutions were spinable when the water content was less than 40 mol%, coatable in

the range of 40 to 70 mol%, and castable at water contents higher than 70 mol%.

Other research groups have studied the spinable, coatable, and castable traits of sols

as a function of water content and have found similar results.6,14-15,27-29  What was

universally found in other studies was that acid catalysis was necessary for the

formation of spinable sol solutions.  However, castable and coatable sol solutions

can be formed from acid or base catalysis, while thin coatable films require the

same reaction conditions employed for spinable sols.  The low water contents for

acid catalyzed TEOS systems were found to lead to linear-like polymers, which

explains why these sol solutions are spinable.6,14-15,27-29
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Figure 3.2.1.2-1 Schematic representation of spinable, castable, and coatable
zones using ethanol, water, and TEOS.  Numbers 1 through 9 are the experimental
conditions found in Table 5.  Diagram adapted from Klein.14

Sakka et. al.27 studied the rheology TEOS based sols that could be drawn

into fibers based on low water content and acid catalysis.  In this study, a detailed

experiment was performed to separate the variables contributing to spinable and

non-spinable sols.  Initial water content was found to be the deciding factor for a

sol solution to show spinable behavior.  Spinable sols were produced from water

to TEOS molar ratios of two to four.  The hydrolysis and condensation reactions

of a sol were followed as a function of viscosity, and these sols became spinable

Newtonian solutions from 10 to 100 poise.  Water contents that were greater than

four moles of water per mole of TEOS lead to non-spinable solutions, which

displayed non-Newtonian solution behavior.  When the sols’ intrinsic viscosity

was measured it was discovered that spinable sols had a linear-like polymer
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character.  The non-spinable sols complex molecular structure is believed to cause

the non-Newtonian solution behavior.27

In another study by Sakka et al., the sol-gel reaction conditions required to

form sheets and films were probed.  It was found that sheets and films were

successfully formed when the sol-gel reaction conditions for a spinable sol were

employed.28  Finally, the sol-gel reaction conditions for a monolithic glass were

studied by Kawaguchi et al.  In this study, acid and base catalysis was compared,

and it was found that successful monolithic glasses were formed when a base

catalyst was used, while acid catalysis did not produce monolithic glasses.  Base

catalysis was successful in the formation of monolithic glasses because the degree

of shrinkage was small in comparison to acid catalyzed systems.  This excess gel

shrinkage associated with acid catalysis is detrimental to the formation of a

monolithic structure.  Successful materials were formed from water to TEOS

molar ratios of 4 to 6.5 employing NH4OH as the catalyst.29

Klein et. al. investigated how concentration and viscosity affect the initial

casting conditions and the final xerogel properties.15  In this study, a series of TEOS

created xerogel systems were probed by changing the sol-gel solution

concentration, while the initial molar ratio of water to TEOS was kept at 3.5.

Removing ethanol and the ethanol azeotrope via vacuum distillation changed the

sol-gel concentration.  Changes in the initial HCl concentration were accounted for

by measuring the amount of water and ethanol that was removed.  Overall xerogel

property changes, caused by the changing solution concentrations, were evaluated

by measuring changes in the percent shrinkage, xerogel density, total weight loss

during densification, and total number of fragments formed at the end of drying

cycle.  These measurements were made with the objective of finding the conditions

that minimized shrinkage, produced the most stable monolithic xerogel, and had the

greatest reproducibility.  Results from this study, demonstrated that the greatest

weight losses were associated with low viscosity and low acid content solutions.

These sol-gel reaction conditions were also found to create very hydrophilic
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materials, because of the high concentration of hydroxyl groups in the structure.15

This work illustrates the importance of concentration and its impact on gelation

times, and final xerogel properties.

Solvent type and concentration in a sol-gel reaction has an active role

during gelation, and influences the sol-gel reaction mechanism.  In the same study

by Klein, the rate of gelation was followed as a function of water and ethanol for

an acid catalyzed TEOS system.14  Figure 3.2.1.2-2 summarizes these results and

it is clearly seen that both ethanol and water share an important role in controlling

the rate of gelation.  At low water to TEOS contents, gel times were low and these

slow gelation rates increased with increasing water content.  Also, each sol-gel

system has a maximum gelation time, which decreases with decreasing ethanol

content.  Differences in the gelation times are a result of ethanol participating in

the sol-gel reaction, a process that will be discussed in the next section.
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Figure 3.2.1.2-2 Role of Ethanol and Water in a TEOS system and its
influence on the rate of gelation.14

The effect of solvent on the condensation rates of a sol-gel process was

investigated by Artaki et al.23  In this study, uncatalyzed TMOS gelation rates

were followed using Raman spectroscopy and the corresponding xerogel

morphology was evaluated with scanning electron microscopy, SEM, and

transmission electron microscopy, TEM.  The sol-gel systems investigated were

created from a 1:10 molar ratio of TMOS to water and 1:1 molar ratio of solvent

to methanol with pH ranging from 6 to 7.  These sol-gel samples were then aged

at room temperature in sealed vials, followed by careful evaporation of the

solvent by elevating the temperature from 40oC to 230oC until the sample was
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dry.  Table 3.2.1.2-1 lists the different solvents used in this study and their

solvating character.  The table also demonstrates how these solvents affect the

gelation time, and the xerogel bulk density.  Clearly, the solvent not only effects

the gelation time, but also alters the xerogel microstructure that causes variations

in density.  Solvent type was separated into three categories in this study.  The

first category of solvent was designated as being polar-protic, such as methanol

and formamide.  The second category was listed as polar-aprotic, and the third

category was nonpolar-aprotic.

Table 3.2.1.2-1 Gelation Time and Density for TMOS xerogel as a function
of solvent.  Data was adapted from Artaki et. al.23

Solvent
Density
(g/cm3)

Gelation Time
(Hours) Type

Methanol 1.3 8 Polar - Protic
Formamide 0.8 6 Polar - Protic
Dimethyl-Formamide 1.5 28 Polar - Aprotic
Acetonitrile 1.7 23 Polar - Aprotic
Dioxane 1.6 41 Nonpolar - Aprotic

Variations in the gelation times of these sol-gel systems were attributed to

the degree the solvent could stabilize reaction intermediates through hydrogen-

bonding and electrostatic interactions.  This study showed that the nonpolar-

aprotic dioxane had the longest gelation time because the dioxane was unable to

hydrogen bond with the SiO- reaction intermediate, which caused a reduction in

its stabilization.  The polar-aprotic solvent dimethyl-formamide and acetonitrile

were capable of some degree of reaction intermediate stabilization through
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hydrogen bonding, which resulted in shorter gelation times.  However, the

interactions of dimethyl-formamide and acetonitrile with the nucleophile were

strong enough to cause some degree of deactivation in the nucleophile.  The

fastest gelation times were associated with the polar-protic solvents methanol and

formamide, which resulted from the high degree of hydrogen bonding, and lack of

electrostatic interactions.  Hydrogen bonding provided the greatest stabilization of

reaction intermediate charges and this stabilization facilitated higher condensation

rates and overall faster gelation times.23  Alluded to earlier, different xerogel

morphology form as a consequence of the solvent modulation of the nucleophilic

mechanism, which will be discussed next.

Xerogel morphology of these TMOS systems were different depending on

the type of solvent employed, and differences in morphology were evaluated with

TEM and SEM.  Size and general particle shape of the microstructure of the

xerogel were also examined using SEM and TEM.  Raman spectroscopy was used

to follow relative changes in the sol to gel transition, which was associated with the

type of solvent employed.  Raman spectroscopy revealed that the rate of particle

growth was greatest for dioxane and acetonitrile, while the slowest particle

growth rate was associated with the methanol system.  Since the only differences

in reaction conditions were the solvents, the effect of solvent on the final xerogel

morphology could be qualitatively evaluated.  When the solvent medium was

methanol, spherical particles formed in this polar-protic solvent.  These spherical

particles were not densely packed, and had a nominal diameter of 3nm.  Although,

formamide is also a polar-protic solvent, it differs from methanol based on its larger

size, which creates a steric hindrance with the nucleophile.  The steric hindrance of

formamide decreases its interactions with nucleophile, which results in a smaller

deactivation in the condensation rate, and a shorter gelation time than methanol.

Steric hindrances associated with the formamide solvent also explains why

branched particles are formed, which is why particles formed in formamide have

the lowest bulk density.23  Dioxane is both nonpolar and aprotic, and when it was
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used as the solvent medium, it did not contribute to the stabilization of the reaction

intermediate.  This caused an enhancement in the condensation rate, which resulted

in the formation of compact spherical particles that had a diameter of 4.8nm.

Acetonitrile and dimethylformamide are aprotic-polar solvents, which helped to

produce particles that had morphologies and sizes, which were in between those

formed by methanol and dioxane.  Although, acetonitrile and dimethylformamide

were similar in interactions with the reaction intermediate, they differed in size.

Because dimethylformamide is a larger molecule than acetonitrile, it sterically

hindered reaction intermediate site more than acetonitrile.  Therefore, the difference

in solvent size caused the larger dimethylformamide to have less tightly packed

particles and a lower density in comparison to acetonitrile.23

Solvents used in sol-gel processing contribute to the gelation rate, gel

microstructure, and final xerogel properties.  This is a direct consequence of their

polar-protic, nonpolar-aprotic, and polar-aprotic nature, and solvent size.  These

solvent characteristics determine how they will participate in a sol-gel reaction, and

how they will affect the final microstructure by altering the hydrolysis and

condensation rates.  Figure 3.2.1.2-2 and Table 3.2.1.2-1 summarizes some of these

important features associated with solvent concentration and solvent type.  This

table and figure illustrates the importance of solvent to gelation time, gel

microstructure, and final xerogel morphology and properties.  Polar-protic solvents

give rise to faster gelation times, because the solvent assists in stabilizing the

reaction-intermediate charges through hydrogen bonding.  Polar-aprotic solvents

help stabilize sol reaction intermediates, but deactivate the nucleophile through

strong electrostatic interactions with the nucleophile, which causes a reduction in

gelation time.  Because nonpolar-aprotic solvents do not contribute to the

stabilization of reaction intermediates, gelation times are longer when they are

employed.  These longer gelation times are associated with a reduction in the

hydrolysis reaction, caused by a lack of solvent stabilization of sol reaction

intermediates associated with hydrolysis.  Finally, because solvent influences the
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behavior of the sol reaction intermediates, it also has an affect on the size and shape

of the particles.  During gelation, these particles combine to give rise to certain gel

microstructures, which effect the final xerogels’ morphology and properties.  What

is very apparent from this section is that the selection of the solvent and the

concentrations of water and acid in a sol-gel process are just as important as picking

the type of catalyst.

3.2.1.3 Temperature and Pressure

Temperature and pressure also have a direct affect on the gelation rate in

the sol-gel process.  Gelation times can be accelerated in an Arrhenius fashion

with temperature.  The activation energy for these systems is very dependent on

the type of catalyst used, solvent-nucleophile interactions, water content, alkoxide

type, steric hindrances, solvent reaction medium concentration, and the viscosity

of the reaction.21-22  Because these variables are all interrelated with the

hydrolysis, condensation, and redistribution reactions, it has been found that an

absolute assignment of an activation energy, Ea, for each of these reactions is not

possible.21  Table 3.2.1.3-1 illustrates how the Ea varies with temperature range at

which it was evaluated, and the type of catalyst used to promote gelation.  Colby,

Osaka, and Mackenzie21 investigated the influence of temperature on the physical

properties of the xerogels.  The observed trends in the xerogel physical properties

are summarized Table 3.2.1.3-2.  These particular properties were measured from

xerogels produced from a HCl catalyzed TEOS system, which were gelled at

different temperatures, and then fired at 150oC before any physical properties

were measured.  What became apparent from this study was that increasing the

temperature resulted in an overall decrease in porosity, surface area, and average
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pore diameter.  Increasing the temperature during gelation resulted in a finer

microstructure of the gel, and in higher bulk densities of the xerogel.

Table 3.2.1.3-1 Activation Energies for TEOS and TMOS systems using
HCl and HF as a catalyst.  Data adapted from Colby et. al.21

System Catalyst
Ea

kcal/mol
Temperature

Range oC

1 TMOS: 4 MeOH : 4 H2O - 14.6 25 – 70
1 TMOS: 4 MeOH : 4 H2O 0.05 HCl 10.5 4 – 65
1 TMOS: 4 MeOH : 4 H2O 0.05 HF 9.10 0 – 54
1 TEOS: 4 EtOH : 4 H2O - 4.6 40 – 70
1 TEOS: 4 EtOH : 4 H2O 0.05 HCl 13.2 25 – 70
1 TEOS: 4 EtOH : 4 H2O 0.05 HF 14.6 4 – 70

Table 3.2.1.3-2 HCl catalyzed TEOS as a function of gelation temperature.
Gels were fired at 150oC before testing.  Data Adapted from Colby et al.21

Gelation
Temp. oC

Bulk
Density
g/cm3

Percent
Porosity

Pore
Volume
cm3/g

Avg. Pore
dia.  Å

Surface
Area m2/g

25 1.34 38.4 0.287 18.7 611.6
40 1.45 35.5 0.231 15.6 592.5
50 1.46 26.7 0.183 12.5 585.2
60 1.56 25.0 0.160 11.0 580.6
70 1.55 25.9 0.167 10.9 608.1
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In order gain a better understanding of how temperature and catalyst affect

the Ea, Colby et al.22 carried out similar studies using HCl and HF as a catalyst.

Table 3.2.1.3-3 summarizes these results, while comparison of Tables 3.2.1.3-2

and 3.2.1.3-3 highlights the striking differences in xerogel density and porosity of

these HCl and HF catalyzed systems.  HF catalyzed systems created xerogels with

the lowest bulk densities and porosities, while HCl catalyzed systems created

xerogels with higher bulk densities and porosities.  In both systems of higher

gelation temperatures caused the xerogel materials to have higher densities and

lower porosities.22  The most surprising result in this study was that the apparent

Ea energies for HF and HCl were close in magnitude at 14.6kcal/mol and

13.2kcal/mol respectively.  The similarity in Ea, but extreme differences in

xerogel properties, only emphasizes the importance of the catalyst.

Table 3.2.1.3-3 Acid catalyzed system with TEOS, water, ethanol, and acid
molar ratios at 1:4:4:0.05.  Bulk density and porosity determined by catalyst type
and gelation temperature.  Gels pretreated at 1500C for 24 hours.  Data obtained
from Colby et al.22

Gelation Temp.
oC Catalyst

Bulk Density
g/cm3 Percent Porosity

4 HF 0.77 62
40 HF 0.55 74
50 HF 0.45 79
60 HF 0.67 66
70 HF 0.78 63
25 HCl 1.34 38
40 HCl 1.45 33
50 HCl 1.46 27
60 HCl 1.56 25
70 HCl 1.55 26
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Pressure also enhances the gelation rate, but its affect is not as dramatic as

temperature.  A study by Artaki et al.,24 demonstrated that pressure enhanced the

condensation rate in the sol-gel process.  This acceleration was associated with a

reduction in the activation volume, and a lowering of the transition-state

associated with condensation.  Higher pressures enhance the SiO- nucleophilic

attack of the electrophilic Si center by causing the solvent molecules surrounding

the electrophilic Si center to rearrange and reduce steric hindrances.  Acceleration

in gelation rate required a minimum pressure of 15,000 psia in order to reduce the

activation volume, and lower the transition-state associated with condensation.

The accelerating affects of catalyst, pH, water, and temperature on the gelation

rate all contributed to the modification of the gel microstructure, and xerogel

morphology.  Furthermore, the study demonstrated that pressure could

significantly enhance the rate of gelation, without significantly altering the gel

microstructure and xerogel properties.

3.2.2 Structural Factors

Many structural factors contribute to hydrolysis and condensation

reactions in the sol-gel process.  Because of the vastness of this subject, only a

brief overview will be presented in order to illustrate the effects of structural

factors on the sol-gel process.  The following sections will describe how the

reactivity of the metal or metalloid is related to the electronegativity of the

alkoxide.  Finally, a brief review of the affects on the sol-gel process caused by

different types of groups attached to the central metal or metalloid atom will be

discussed.
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3.2.2.1 Metal or Metalloid Reactivity

The most pronounced effect in sol-gel reactivity is associated with the

nature of the metal or metalloid.  It is generally accepted that the sol-gel reaction

proceeds by the formation of a penta-coordinated complex.6  This is normal for

any SN2 mechanism, where there are four molecular groups attached to a central

atom.  In this mechanism, the ease of forming the penta-coordinated complex

intermediate is dependent on the reaction conditions, but more importantly it is

dependent on the chemical nature of the central atom.  Considering the concept of

electronegativity or degree of unsaturation in a metal or metalloid alkoxide aids in

the understanding of why these materials have different reactivities.

Electronegativity, by definition, is the power of an atom in a molecule to

attract electrons to itself.46-47  This property is not only a function of the atom, but

it is dependent on its local environment, and what other atoms are attached to it.

Electronegativity is directly related to the ionization potential.  That is to say,

large electronegativities mean large energies are required to remove or ionize an

electron from that atom.  Therefore, small electronegativities mean that it is

relatively easy to remove an electron from that atom.  One can understand why an

atom is more electronegative when its valence electrons and molecular orbitals

are considered.  Because the core positrons are what give a particular atom its

electron affinity, atoms that have the greatest electron affinity are those with the

fewest orbitals.47  This results in a greater attraction potential from the nucleus,

which contains the positive charge that attracts an electron to it.  The valence

electrons in the Transition metals are located in the 3d, 4d, and 5d orbitals.  The

Lanthanide series have valence electrons in the 4f and 5f orbitals.  What becomes

apparent is that as the orbital size increases, the valence electrons become less

tightly bond, which results in a lower ionization potential and lower

electronegativity.  With this brief explanation of electronegativity, the important
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question of understanding the differences in reactivity of metal and metalloid

alkoxides, and its affect on sol-gel processing can be answered.

In sol-gel chemistry, it is known that the reactivity of the central atom has

a large impact on the hydrolysis and condensation reactions.  It also determines

whether the sol forms particulate or polymeric like structures.  These issues are

dependent on reaction conditions, but they are also a consequence of the central

atom in the alkoxide.  Table 3.2.2.1-1 lists the electronegativities, coordination

number N, and degree of unsaturation N – Z for a series of metal and metalloid

isopropoxides.48  The reactivity of these alkoxides has the following trend:

Pr)(Pr)(Pr)(Pr)(Pr)(Pr)( 444444 OiSiOiSnOiAlOiTiOiZrOiCe >>>>>>>>>>>>

Table 3.2.2.1-1 Electronegativity of atoms, their coordination number (N),
and degree of unsaturation (N – Z).  Adapted from Livage et al.48

Alkoxide Electronegativity N N - Z

Si(OiPr)4 1.74 4 0
Sn(OiPr)4 1.89 6 2
Al(OiPr)4 1.61 6 3
Ti(OiPr)4 1.32 6 2
Zr(OiPr)4 1.29 7 3
Ce(OiPr)4 1.17 8 4

The trend in alkoxide reactivity presented makes logical sense once the

relative electronegativities, location of the valence electrons, and ionization

potentials are considered.  The location of the valence electrons in these atoms is

different throughout the series, and the degree of alkoxide reactivity and
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ionization potential are directly related.  The relationship between

electronegativity and ionization potential has already been discussed, and it can be

inferred that the hydrolysis reaction during the sol-gel process is reminiscent to

ionization.  These processes are similar because ionization is the removal of an

electron, while hydrolysis is the removal of an alkoxy group.  Both hydrolysis and

ionization are related to how tightly these leaving groups or electrons are bonded

to the central atom.  Using these concepts, consideration of the location of the

valence electrons and its relationship to alkoxide reactivity becomes simplified.

Ce has its valence electrons in the 4f orbital, Zr in 4d, Ti in the 3d, Al and Si in

the 3p, and Sn in the 4p.  This means that Ce can give up an isopropoxide group

easily during hydrolysis, because its electrons are weakly bonded to the central

atom, which also means Ce has a low ionization potential.  Therefore, the Ce

metal alkoxide has the highest reactivity because it has the lowest ionization

potential.  If this reasoning is applied to the rest of these alkoxides, a direct

relationship between ionization potential, and reactivity becomes apparent.

Another well accepted explanation for these differences in alkoxide reactivities

invokes the use of the degree of unsaturation, where the higher the degree of

unsaturation, the higher the reactivity.  However, this does a poor job in

explaining why Al is more reactive than Ti.  It is this author’s opinion that a

simple principle in inorganic chemistry adequately explains the reactivity of the

metal and metalloid alkoxides found in Table 3.2.2.1-1.  What can be concluded

from this section is the importance in understanding the differences in alkoxide

reactivity, and how increasing reactivity is associated with decreasing ionization

potential.
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3.2.2.2 Group Effects

The types of groups attached to the metal or metalloid also have a direct

impact on the reactivity of a sol-gel process.  As alluded to earlier, the

environment and what group is attached to the metal or metalloid atom influences

its electronegativity.  Consequently, substituent groups affect the ionizability of

that molecule or atom.  As suggested earlier, ionizability is similar to hydrolysis

because it involves the removal of an alkoxide group.  Therefore, it is can be

inferred that there are at least three consequences to this effect.  Firstly, the size of

the group attached to the metal or metalloid can introduce sterically hindered

sites, whose presence would slow the hydrolysis and condensation steps.

Secondly, the group attached can activate or deactivate the reactivity, which is

referred to as the alkyl effect.  Thirdly, inductive effects are those which

contribute to the stabilization or destabilization of a reaction intermediates.

Steric hindrances arise whenever the shape and size of the alkoxide

interferes with the approach of the nucleophile.  Steric hindrances cause a

reduction in sol-gel reactivity by altering the hydrolysis and condensation

reactions by two different modes.  First, steric hindrances will interfere with the

approach of a nucleophile and attack of the reactive intermediate site.  Second,

bulky groups attached to the alkoxide can shield the reactive center from the

solvent medium.  The role of solvent in stabilizing the reactive intermediate has

already been discussed, which explains why the reactive intermediate cannot be

stabilized, because of the spatial restrictions caused by bulky groups attached to

the alkoxide.  Consequently, the lack of adequate reaction intermediate

stabilization results in a lowering of the hydrolysis and condensation rates.6

The alkyl or inductive effects are interrelated.  Stabilization of a reaction

intermediate depends on the type of solvent being used, the reaction conditions

employed, and the attached group or alkyl on the metal or metalloid atom.  The

inductive effect is caused by the polarization of one bond by the influence of an
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adjacent polar bond or group.49  This effect can be electron withdrawing, or

electron donating, and therefore has a large role in stabilizing or destabilizing a

reaction intermediate.  This effect is also dependent on the reaction conditions of

the solution medium (acidic, neutral, or basic).  Alkyls are known to be weak

electron donors,49 and the alkyl effect stabilizes the reaction intermediate in the

sol-gel process by donating electron density to the positively charged reaction

intermediate.  The additional stabilization provided by the alkyl effect results in

an increase in the hydrolysis rate.  During basic conditions, the alkyl effect

reduces the reactivity of the reaction intermediate by donating electron density to

the reaction intermediate.  This causes a reduction in the positive charge on the

reaction intermediate, which makes it less reactive to the SiO- nucleophile.  When

an electron-withdrawing group is attached to an alkoxide, the sol-gel reaction

increases for base catalysis, and decreases for acid catalysis.  Base catalysis is

increased because the electron-withdrawing group makes the reaction

intermediate more susceptible to nucleophilic attack.  Conversely, decreased

reactivity is associated with acid catalysis because it destabilizes the reaction

intermediate.

Chen et al.,25 performed a study designed to evaluate the role of the

starting compounds on the sol-gel process.  In this study, several silicon-

containing compounds were evaluated and tested using the following solution

stoichiometry.  Solutions were based upon the initial moles of alkoxide, and for

every mole of alkoxide, 4 moles of water, 4 moles of alcohol, and 0.07 moles of

HCl were used.  These solutions were aged at 25oC, and then allowed to slowly

evaporate.  The drying process was maintained at 25oC until no weight loss was

observed.  The resulting xerogels were then heated for 24 hours at each of the

following temperature intervals: 100oC, 200oC, 400oC, and 600oC.  The alkoxides

and solvents employed in this study are given in Table 3.2.2.2-1, as well as a

summary of the gel times, xerogel bulk density, porosity, and average pore

diameter.  The conclusions from this study were that the differences in gelation
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times, and physical properties were due to steric hindrances associated with the

size of the alkoxide.  This explanation seemed to apply for the reactions carried

out in n-propanol, but did not seem to correlate with the other solvent systems.

No explanation was provided for these deviations, but a probable cause could be

esterification, which is high for both methanol and ethanol, but not for n-

propanol.25  This example does reinforce the importance of the type of substituent

group attached the metal or metalloid atom, which ultimately determines the gel

microstructure, and xerogel properties.

Table 3.2.2.2-1 Alkoxide type, solvent, and time of gelation listed for an
acid catalyzed process.  Bulk density, percent porosity, and average pore
diameter.  Data was adapted from Chen et al.25  (*-Materials were fine powders
and no properties were measured).

Alkoxide Solvent
Gel Time
(Hours)

Bulk Density
g/cm3 Porosity

Avg. Pore
Dia. (Å)

Si(OCH3)4 MeOH 152 1.38 34% 29

Si(OC2H5)4 MeOH 242 1.64 25% 34

Si(OC4H9)4 MeOH 243 1.24 38% 16

Si(OCH3)4 EtOH 44 1.59 27% 36

Si(OC2H5)4 EtOH 108 1.59 28% 36

Si(OC4H9)4 EtOH 64 1.30 35% 13

Si(OCH3)4 n-PrOH 131 1.56 24% 14

Si(OC2H5)4 n-PrOH 246 1.64 23% 18

Si(OC4H9)4 n-PrOH 550 * * *
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3.2.3 Sol-Gel Chemistry Summary

The major variables affecting the sol-gel process have been presented.

Catalyst, pH, stoichiometry of water and solvent, reaction concentration, solvent,

temperature, pressure, metal and metalloid reactivity, and steric and inductive

effects are all interrelated and contribute to the sol-gel’s physical properties.  This

list may seem overwhelming, especially since the only two reactions involved are

hydrolysis and condensation.  In general, it has been shown that the catalyst

controls the gel microstructure, while acid catalysis leads to more linear-like

species and base catalysis results in colloidal particles.  It was shown that water

content affects acid catalysis, by producing linear-like polymers at low contents,

and compact particles at high contents.  Solvent was shown to contribute to the

stabilization of a reaction intermediate, which also has a role in determining gel

microstructure and final xerogel properties.  Metal and metalloid reactivity was

discussed and related to electronegativity and ionization potential.  Finally, steric

and inductive effects were shown to impact structure and reactivity.  Because this

research effort is focused on silicate chemistry, the emphasis of the sol-gel review

has been focused on silicates.  Consideration of other metal alkoxides would

require additional information, but the general trends presented here illustrate

what can be anticipated in other inorganic alkoxide systems.
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3.3 Hybrid Inorganic-Organic Materials

Hybrid inorganic-organic hybrid materials are created by covalently

bonding an organic monomer, oligomer, or polymer to an inorganic material via

sol-gel chemistry.  There are several classifications of hybrid materials, some of

which include CERAMERS (ceramic polymers), ORMOSILS (organically

modified silicates) and ORMOCERS (organically modified ceramics).1-2,50-59

Today this classification has broadened to include composites that do not possess

covalent linkages with the inorganic domains.  All that is that the introduction of

the inorganic domains into the final hybrid proceeds via sol-gel chemistry.  There

are many examples, and excellent reviews in the literature dealing with hybrid

materials.1-2,50-82  At present there appears to be only one limitation in creating these

materials, they must be mutually soluble with the inorganic alkoxide.  The

structure-property behavior of the hybrid material is strongly dependent on the type

of polymer, degree of compatibility between organic and inorganic phases,

synthesis conditions, and the molecular weight between inorganic domains.64-82

Because the main emphasis of this research is hybrid polyimides, only a few

examples of other systems will be given.

3.3.1 ORMOSILS and ORMOCERS

ORMOSILS and ORMOCERS fall into the same category of chemically

modified an inorganic materials.  Schmidt et al.73-74 created both ORMOSILS and

ORMOCERS inorganic-organic hybrids when designing an oxygen permeable

contact lens.  Initial attempts at creating contact lenses involved reacting TEOS and

an epoxysilane under acidic conditions in order to create an ORMOSIL.  The

materials mechanical properties were poor, but the contact lens did have the
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required optical quality and oxygen permeability.  Because material shrinkage was

a problem encountered using TEOS, it was decided to carry out the same reaction

but completely substitute the TEOS with Ti(OPr)4.  The resulting hybrid materials

were optically clear, had acceptable oxygen permeability properties, could also be

formed into monolithic structures without cracking, but were still quite brittle.

These problems were associated with the high cross-link density in the hybrid

materials, and further modification of the hybrid was necessary for alleviation of

the brittleness.  In order to achieve this goal, additional organic modifiers were

added to reduce the cross-link density, improve the mechanical properties, and

eliminate the brittleness.  The monomers used to modify the hybrid were

methylmethacrylate, and 2-hydroxyethylmethacrylate.  These monomers were

chosen because polymers formed from these monomers had excellent mechanical

properties.  These polymers also showed promise as contact lens materials, because

the PMMA did not react with the lachrymal fluid from the eye, and PHEMA was

hydrophobic.  Synthesis of these hybrid materials involved the reaction of the

methylmethacrylate and 2-hydroxyethylmethacrylate monomers in the presence of

acid and Ti(OPr)4.  This formulation of reactants resulted in hybrid materials that

met all the requirements necessary for a successful contact lens.

Schmidt and Seiferling73 created other types of ORMOSILS using

chemistry very similar to the work just mentioned.  In one study they investigated

the role of different epoxy groups on the overall hybrid properties, which showed

that the density changed in a nonlinear manner with increasing organic content.

Refractive index, nD, increased with increasing inorganic content for Ti and Zr,

and the refractive index was found to be very dependent on the type of organic

modifier.  Tensile strengths could also be increased when small amounts of Ti

were used in the creation of a hybrid.  Increases the surface area of a hybrid

material resulted when amino silane modifiers were used in the creation of the

hybrid.  Water adsorption in a hybrid material was found to increase as function

of propylsilane content.  Surface areas were found to be a function of pH, and in
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general had low surface areas in a pH range of 1 to 5, but dramatically increased

outside this pH range.  In general, this study showed the utility of hybrid systems,

and potential applications such as scratch resistant coatings, pressure sensitive

coatings, and various sensors.

3.3.2 CERAMERS

Typically CERAMERS are oligomers that are cross-linked with inorganic

domains.  A series of end-capped polyimides were employed by Brennan79 to

create hybrid materials from functionalized polyimides that had an estimated

weight average molecular weights ( wM ) of 5,000, 10,000 and 13,000.  The

techniques used to end-cap and functionalize the polyimides were based on

hydrosilylation, transimidization, or end-capping an anhydride-terminated

polyimide with aminophenyltrimethoxysilane (AMP).  The dianhydride and

diamine used in the solution imidization reaction were 4,4’-hexafluoro-

isopropylidenediphthalic anhydride (6FDA), and 4,4’-isopropylidene dianiline

(Bis-A).  In general, the creation of these hybrid materials was carried out in THF,

and the hybrid gelled at 60oC with Ti(OPr)4 (titanium tetraisopropoxide) with less

than the theoretical stoichiometric amount of water required for complete

hydrolysis of Ti(OPr)4.  Several sol-gel variables were changed in this study to

investigate their effects on the hybrids’ mechanical properties.  The Tg of the

hybrid, as measured by differential scanning calorimetry (DSC), was found to

change as a function of inorganic content.  Increasing the amount of Ti(OPr)4

from 18wt%, to 37wt%, and 54wt% in 6FDA-IPDA hybrids end-capped with

AMP, caused the Tg to rise from 270oC for the 18wt% Ti(OPr)4, to 284oC for the

37wt% Ti(OPr)4, and then to drop to 248oC for the 54wt% hybrid.  Brennan

attributed the lower Tg of the 54wt% hybrid material to chain scission, proposing
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that at higher inorganic contents, the extra acid catalyst could cause thermal

degradation of the polyimide.  This may be possible even though polyimides are

known to be stable to acids.  In addition to thermal degradation of the polyimide,

free alkoxides RO- groups could be formed during the additional condensation of

the xerogel, which may have caused hydrolyzation of the polyimide leading to

chain scission.  Brennans’ research also showed that there was an increase in Tg

with increasing nM  for these inorganic-organic hybrids.  Furthermore, this study

demonstrated that using AMP as an end-capper gave rise to the most thermally

stable hybrid materials explored in this study.  The mechanical properties of these

hybrid materials were not evaluated because of the difficulty in forming uniform

monolithic samples.  These same problems of brittleness, and difficulty in

forming a monolithic structure were encounter by Spinu77 during the synthesis of

oligomeric polyimide hybrids.

Morikawa et al.70-71 used two different approaches in the synthesis of a

hybrid PDA-ODA polyimide materials.  Initially, hybrid inorganic-organic

polyimides were synthesized from unfunctionalized polyamic solutions.70  The

synthesis steps taken to form these materials involved the addition of 10 grams of

polyamic acid, various volumes of TEOS, 1 ml of water, and stirring for 6 hours

in DMAc until a homogeneous solution was obtained.  These solutions were then

cast onto glass plates at 60oC for 12 hours before removal, and thermal

imidization at 270oC for 3 hours in a nitrogen atmosphere.  Hybrid polyimide

materials containing 0wt%, 30wt%, 63wt%, and 70wt% TEOS were created and

characterized.  An increasing linear relationship between density, and TEOS

content was found for these materials.  When these hybrid material densities were

extrapolated out to 100wt% TEOS, a density of 1.65 g/ml was found, which is

typical for an acid catalyzed TEOS xerogel.  The study questioned why the

density did not reach the value of pure glass.  Based on 29Si NMR, it was assumed

it had to do with the incomplete condensation of the TEOS xerogel.  This

conclusion is reasonable because the TEOS Xerogel must be heated to at least
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700oC in order to be converted to silica glass.  The Tg of these hybrid materials

was evaluated by dynamic mechanical spectroscopy, DMS, and was found to

decrease at low TEOS contents.  Increasing the TEOS content to 10wt% caused

the Tg to rise until about 40wt% TEOS, where there was little change found with

increasing TEOS content.  The storage modulus, E’, increased with increasing

TEOS content, and the thermal expansion coefficient decreased linearly with

increasing TEOS content.  The total weight loss was determined with thermal

gravimetric analysis, TGA, and it was shown to decrease with increasing TEOS

content.  The morphology of the hybrid materials was evaluated using scanning

electron microscopy, SEM.  The SEM micrographs revealed a dispersion of

micron sized spherical and elliptical silica domains evenly distributed throughout

the hybrid film.  These SEM micrographs also revealed that increasing the

inorganic content lead to an increase in the size of a silica domain.

In a subsequent study by Morikawa et al.,71 novel chemistry introduced

reactive diamines into the backbone of a PMD-ODA polyimide.  These reactive

diamines had ethoxysilane groups attached to the diamine, which were capable of

participating in the sol-gel reaction.  Therefore, the polyimide was capable of

chemically bonding to the TEOS inorganic domains, not just through end-groups,

but also through the backbone of the polyimide.  As before, reaction conditions

were identical to the previous study except for the water content, which was 1.5ml

in this study.  The weight loss and density properties were similar to the results in

the previous study.  However, differences in E’, tanδ, toughness, and tensile

strength were observed.  While the storage modulus, E’, increased with increasing

TEOS content, the tanδ broadened with increasing polyimide backbone

functionality.  Where the degree of polyimide functionality was determined by the

concentration of reactive diamines incorporated in the polyimide backbone.

When the polyimide had a high degree of functionality, no discernible tanδ, or

significant change in E’ was observed.  Toughness decreased with increasing

TEOS content and the tensile strength increased, decreased, or remained the same
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depending on the degree of polyimide functionality.  SEM revealed that the

morphological changes in these functionalized polyimides were different from the

previous study.  The functionalized polyimide hybrids had sub-micron TEOS

derived silica domains, which decreased in size with increasing polyimide

functionality.

These two examples show the contrasting properties that can be achieved in

a polyimide hybrid.  In the first example, oligomers were used to create the hybrid

materials.  This gave rise to very interesting materials, which unfortunately were

brittle.  This was probably due to the high cross-link density, as encountered by

Schmidt when attempting to create contact lenses.  The second example shows how

a functionalized polyimide can be exploited to enhance the physical properties of

the overall material.  It should be noted that there are many excellent examples of

other CERAMERS that have not been discussed.

3.3.3 Composites

Composites are hybrid materials created by in-situ sol-gel polymerization

an alkoxides within a polymer matrix.  Fitzgerald et al. created hybrid composites

by in-situ polymerization of TEOS within a solution of PVAc.68  These hybrid

materials were fabricated by mixing a 20wt% solution of PVAc and THF with

TEOS for 65 hours at ambient conditions.  A stoichiometric amount of water and

0.15M HCl was added to the polymer solution to hydrolyze the TEOS.  These

solutions were then knife coated onto Kapton films, and cured under vacuum for

20 hours at 120oC.  The resulting hybrid materials were optically clear.  The

clarity of the films were associated with the creation of small SiO2 domains since,

larger domains scatter light due to differences in the refractive index of PVAc and

SiO2.  The goal of this research was to investigate how the silicate networks
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influenced the relaxation mechanisms of PVAc.  Studying the carbonyl and

hydroxyl region of these hybrid composites using FTIR, it was found that

hydrogen bonding increased with increasing TEOS.  In order to gain a better

appreciation for the interactions occurring between the inorganic and organic

phases, time-temperature-superposition studies using DMS were carried out.  The

resulting cooperativity plots were fit using the Kohlrausch-Williams-Watts

(KWW) equation, enabling the evaluation of the β parameter.  The β parameter is

a measure of chain cooperativity, which takes on the following values: 0 < β ≤ 1,

where low β values indicate increasing chain cooperativity.  Pure PVAc has a β

value of 0.56, while a hybrid with 20wt% has a β value of 0.32.  This small value

indicates a high degree of chain cooperativity, which means a large increase in

retardation or relaxation times.  Apparent activation energies, Ea, for cooperative

chain motion at Tg were measured for these systems.  An Ea of 55.4 kcal/mol was

observed for the pure PVAc, while an Ea of 60.0 kcal/mol was observed for the

hybrid composite containing 20wt% TEOS.  The effect of hydrogen bonding on

the storage modulus, E’, became significant at TEOS concentrations of 16wt%

and 20wt%.  At these concentrations, E’ was about 107 Pa at lower temperatures

during a DMS test.  However, when the temperature continued to rise during the

DMS test, E’ increased to about 108 Pa.  This increasing response in E’ was

attributed to trapped PVAc chains in the inorganic network.  Interfacial

interactions between the PVAc and silicate domains were also believed to

contribute to the reduction in the mobility of the PVAc chains.  The reduction in

PVAc chain mobility was indicative of the decrease in β from 0.56 to 0.32.  This

work concluded that hydrogen bonding was important in preventing phase

separation, and controlling the morphology of the hybrid composite.68
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3.3.4 Synthesis Conditions

The structure-property behavior of hybrid materials is dependent on the

compatibility between the organic and inorganic phases, the synthesis method, the

type of polymer used, and the molecular weight between inorganic domains.64-82

Wilkes et al.58 studied the effect of acid content, and tetraethoxysilane content on

the physical properties formed with a low molecular weight PDMS.  The results

suggested that the degree of dispersion of the PDMS into the organic-inorganic

network is strongly dependent on the acid and TEOS content.  Increasing the acid

content caused better dispersion of the PDMS in the inorganic network, and

increasing the amount of TEOS improved the modulus.58  Kioul and Mascia,59

examined the compatibility of a hybrid polyimide-silicate material as a function

of increasing alkoxysilane-coupling agents.  The studied showed macro-phase

separation was present when no coupling agent was used, however, the

compatibility between the polyimide and silica improved in the presence of a

when a coupling agent.

Rodrigues, Risch, and Wilkes completed a study evaluating the role of

solvent, and phase separation behavior in a composite of TEOS and PMMA.72  The

structure of the inorganic domain structures were evaluated by studying the changes

in fractal dimensions as a function of TEOS content, and solvent type using SAXS.

In this study, two different hybrid systems were synthesized in two different solvent

mediums, which resulted in different hybrid materials.  The first group of hybrid

materials was created in a series of solvent mediums of THF and different

concentrations of DMF.  The second group of hybrid materials was created in only

a solvent medium of THF.  These solvents were used in these hybrid systems to

compatiblize the TEOS with the water.  In a separate container, a 20wt% polymer

solution of PMMA with a nM  of 67,000 g/mol was dissolved in THF.  In another

container, a sol solution was created in a solvent medium of THF, TEOS,

isopropanol, a stoichiometric amount of water for the complete hydrolysis of
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TEOS, and 0.048 moles of HCl were added for every mole of alkoxy group present

in the TEOS.  Fabrication of the second hybrid system was accomplished by adding

0.004 ml of DMF for every 1 ml of THF.  The sol solution of TEOS was stirred for

10 hours before adding it to the polymer solution, which was then mixed for 24

hours before casting.  Fractal results demonstrated that using only THF resulted in

wispy structures, while the cosolvent of THF and DMF gave rise to more colloidal

structures, which is consistent with surface fractals.  Particle size and structure

formed were independent of TEOS content when THF was used as the solvent

medium.  However, the cosolvent system of THF and DMF caused the particle size

and structure formed to be dependent on the TEOS content up to 30wt%.  When

30wt% TEOS was reached in the cosolvent system, mass fractals formed which

was also observed in a sol system of just TEOS and THF.  Because DMF is an

aprotic-polar solvent, its participation in the sol-gel reaction leads to colloidal

particles, an observation made in this study at lower TEOS concentrations.

However, the affect of DMF on particle morphology diminished at higher TEOS

contents, because its participation in the hydrolysis and condensation reaction

becomes less important.  The diminished DMF effect resulted in a particle

morphology that appeared more like that formed in just a THF.  This means that its

participation in the hydrolysis and condensation reactions becomes less

pronounced, while the effects of THF on the sol-gel reaction increase with

increasing TEOS content.

These examples of acid content, coupling agent and solvent all demonstrate

their importance on the final morphology of the hybrid material.  In the case of acid

and coupling agents, it was shown that they could improve the compatibility

between the inorganic and organic domains.  Solvent was also shown to have an

affect on the final morphology of the inorganic domains.  Other variables will

contribute to the overall morphology and properties of any given hybrid material

synthesized, and careful consideration of their affects will aid the architecture of a

hybrid material.
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3.4 Inorganic Membranes

Sintered glass, ceramics, thin metal films, and molecular sieves are a few

examples of inorganic materials used to construct inorganic membranes.83-86

Their utility and success as membranes depends on their physical properties, and

separating efficiency.  Inorganic membranes fabricated from sintered glasses have

pore diameters between 10-100 µm, where the pore diameter is controlled by the

fabrication method.  Glass sintered membranes are primarily used for filtration

applications.84  Other materials employed in the manufacture of a ceramic

membranes are Zirconium, and α and γ alumina.  These ceramic membranes are

primarily used in micro and ultra-filtration processes, and have pore diameters

ranging from 0.05-20 µm depending on the fabrication method.84  Ceramic and

glass sintered membranes are typically formed into large tubular bundles, and

monolithic sheets, which are then integrated into a separation module.  High

surface area membranes such as hollow fibers cannot be constructed from these

materials, because of the manufacturing difficulties associated with the brittleness

of ceramics.  Metal membranes are generally constructed from alloys such as Pd-

Ag, and their primary use is in the high purity separation of H2 from other

industrial gases.  The chemical resistance of metal membranes is poor because

compounds containing chlorine, arsenic, mercury, and sulfur readily react with

the metal surface causing oxidation and permanent damage.  Gas separations

using molecular sieves are excellent, but monodisperse pores are required if these

materials are to be used as effective membranes with high selectivity.84  In

addition to this requirement, finding an appropriate matrix which holds the

molecular sieves, or creating a monolithic membrane from molecular sieves still

poses manufacturing problems.  Although inorganic membranes have application

limitations, in other aspects they have several advantages over organic materials.

Foremost, inorganic membranes have excellent thermal stability, chemical
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resistance, and separation characteristics, which cannot be found with organic

membranes.

Although the inherent traits associated with inorganic materials are

desirable and necessary for a membrane, their range of usefulness as a separation

material is limited.  These limitations are a consequence of inorganic materials

brittle properties, and the expensive membrane fabrication methods.  In addition

to these limitations, current processing and manufacturing technology is directed

towards the manufacture of membrane modules with high surface areas, which

requires special material properties not found with inorganic materials.83,85-86

3.5 Organic Membranes

An organic material has been defined earlier in this work as being a

synthetic or natural polymer, and constituents one of the main areas of membrane

research.  Polymers are attractive materials to membrane research and

development because they possess a wide range of physical and mechanical

properties, which allows them to be fashioned into a variety of complex shapes.

This gives membrane manufacturers the flexibility to create membrane modules

with high surface areas, and is the main reason why polymers dominate material

research and development.  Typical membrane modules used to achieve high

surface areas are hollow fibers and spiral wound membranes.85-86  Figure 3.5-1

illustrates the changes in effective surface area of a membrane by modifying its

geometry and fabrication method.
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Figure 3.5-1 Surface area to volume ratios for a series of membranes.

Modifying the morphology of a polymer will result in a variety of

different membrane types, and forms not available to inorganic materials.  A few

examples of the manufacturing flexibility afforded by polymers are illustrated by

stretching a semi-crystalline polymer, and precipitation of a polymer solution.

Stretching a semi-crystalline polymer leads to fibrillation, and material porosity

that can be used for micro-filtration.84  Asymmetric membranes are formed when

a concentrated polymer solution is precipitated in a non-solvent.  The common

technique used to create asymmetric membranes involves the use of a polymer

solution that is close to the theta condition, which is then precipitated it into a

non-solvent.84  For example, for a polyimide solution the non-solvent is water or
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methanol.  The morphology created from this phase-inversion process is

schematically shown below for a hollow fiber in Figure 3.5-2.  The strategy in

creating a hollow fiber is to create an ultrathin skin layer and microporous

substrate used for mechanical support.

Ultrathin Film

Microporous Substrate

Figure 3.5-2 SEM cross section of a polysulfone hollow fiber and
schematic representation of ultrathin film and microporous substrate.  SEM of
hollow fiber from Kesting et al.84

The most serious limitation of polymers is the inverse dependence of gas

selectivity on permeability.84,86-87  Hence, whenever an increase in gas selectivity

is produced, and a loss is permeability is experienced.  This poses problems

because large gas separation units are required when a highly selective low

permeability material is employed, which increases the cost for the separation.

The relationship between selectivity and permeability has been demonstrated by

Lloyd Robeson, who plotted this relationship for various gas pairs.88  The
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resulting upper-bound line demarcates the performance upper limit of polymeric

membranes.  A recent paper by Benny Freeman,89 suggests that the slope of the

upper-bound is dictated by the differences in the molecular diameter of the gas

pairs, and not the chemical structure of the polymer.  This “upper-bound” is

exemplified in Figure 3.5-3 for the mixed gas pair of oxygen and nitrogen.88
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Figure 3.5-3 Upper-bound plot of O2 and N2 gas pair permeability
versus (PO2/PN2) selectivity.  All polymers were amorphous and Glassy and
Rubbery refer to the Tg.  Data adapted from Robeson.88
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Robeson concluded in this study that differences in gas diffusion rates

through a polymer determined its selectivity and permeability.  He also found that

the gas solubility in a polymer had an insignificant role in determining the

separation of the gas pairs.  The study also demonstrated that a linear relationship

could be obtained from the slopes of the “upper-bound” curves when plotted

against the inverse difference in the kinetic diameters for a mixed gas pair.88  The

presence of the “upper bound” for the various gas pairs considered in this study

strongly suggests that the separation and permeability properties associated with

polymers may have limitations.  This is the same conclusion made by Benny

Freeman, and Lloyd Robeson.  The existence of the “upper bound” curve may

shift upward with the introduction of new polymers, but a theoretical limit in

separation properties will persist because of the chemistry of the material.  The

existence of the upper-bound is still debated, and may not be resolved for some

time.  However, in the paper by Benny Freeman,89 and the work done by Lloyd

Robeson,88 the selectivity limitation is attributed to the limitations of diffusivity

selectivity, which is essentially gas separation based on the size of the molecule.

Thus, the fundamental molecular motions of glassy polymers must be altered in

order to improve the gas selectivity based on the size of the gas penetrant.  Further

details regarding gas permeation theory are discussed in the following chapter.

Separation and physical property limitations present in inorganic and

organic materials used for membranes demonstrate why there is a fundamental

need for new materials.  The next generation of materials used for membranes

should possess the best properties of both inorganic and organic materials.

Inorganic-organic hybrid materials bridge the gap between inorganic and organic

materials, and may solve many of the material issues encountered when selecting

or designing a membrane.
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3.6 Hybrid Inorganic-Organic Membranes

Studies involving hybrid inorganic-organic materials as membranes are

limited to only a few publications.30-36  Okui and Saitio created the first hybrid

inorganic-organic membrane from phenyltrimethoxysilane (PTMOS) and

tetramethoxysilane (TMOS).34  These hybrid inorganic-organic materials were

cast on α-alumina porous substrates, and then thermally treated at 250oC in order

to increase the degree of gel to glass conversion.  Gas permeation and selectivity

results showed an overall improvement in permeability and a significant

improvement in selectivity.  In addition to improvements in selectivity and

permeability, a non-Arrhenius behavior in the permeability versus temperature

was discovered when PTMOS was used as the inorganic modifier.13

Experimental data suggested that a surface flow mechanism controlled the overall

diffusion.34  Smaihi et al.31 did work very similar to Okui and Saitio by using

PTMOS, TMOS, and a difunctional or trifunctional organoalkoxide to modify the

xerogel silicate morphology.  These hybrid membranes were solution cast onto

flat polyacrylonitrile substrates, (PAN Carbone Lorraine, MWCO 50,000) and

then thermally treated at 250oC in order to increase the degree of gel to glass

conversion.  Results from this study showed that increasing the PTMOS and

TMOS content significantly increased the gas selectivity up to 15 times their

normal values.  However, the permeability and glass transition temperature, Tg of

the hybrid membranes decreased with increasing silicate content.31

Hybrid composite membranes made were made from PMDA-ODA

polyimide and TMOS.  Hybrid film fabrication involved a sol-gel polymerization in

a solution of polyamic acid, which was subsequently cast onto glass plates and

thermally imidized.30,33  The hybrid composite membranes created by this method

were compared to a thermally imidized polyimide films without the presence of

TMOS.  Based on FTIR, the polyimide was approximately 77% imidized when

incorporated into a hybrid material.  In addition to incomplete imidization of the
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polyamic acid solution, the morphology of these hybrid composite materials

consisted of gross macro-phase separation of the polyimide matrix and silica

domains.33  Despite this, the gas permeability and selectivity for these hybrid

composite membranes were shown to have significant improvements.

Moaddeb and Koros90 studied the gas transport properties of composite

membranes formed by casting thin polyimide films onto silica impregnated

Anopore aluminum oxide substrates.  Gas transport properties of the composite

polyimide were greatly improved when compared to the pure polyimide gas

selectivity and permeability.  The improvements in selectivity were thought to be

associated with the adsorption of polymer chains on the silica surface.

3.7 Summary

Membrane research has been primarily focused on improving membrane

materials whether inorganic or organic in nature.  A tremendous amount of work

has been devoted to synthesizing new materials capable of improving and

extending membrane use into new and existing areas.  Robeson’s study with

mixed gas pairs demonstrates that traditional polymeric materials are approaching

their maximum potential for gas separations.88-89  Hybrid inorganic-organic

materials may overcome present limitations in gas separations.
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Chapter 4 Literature Review:
Gas Permeation Theory

4.1 Introduction

There are many historical summaries of Membrane Science and its

beginnings, but all these historical accounts recognize that in 1829 Thomas

Graham was the first person to observe gas transport phenomena.1-12  Thomas

Graham observed that a deflated wet pig bladder would inflate to the point of

bursting when exposed to an atmosphere of CO2.  He proposed that the CO2

dissolved into the wet surface of the pig bladder, and then permeated through

capillaries into its interior.  Then thirty-seven years later in 1866, after

experimenting with oxygen enrichment using natural rubber, Thomas Graham

postulated a three step diffusion mechanism called “Colloidal Diffusion”, which

is know today as the “Solution-Diffusion Model”.  This diffusion mechanism

involves the dissolution of penetrant molecules into the membrane, followed by

the diffusion of these molecules through the membrane to the other side.  During

the diffusion step, Graham suggested that the dissolved penetrant diffused through

the membrane as if it were a liquid.2  These ideals helped in the formation of the

Solution-Diffusion Model, which has been the basis for modeling transport

phenomena in a variety of materials.1-10,38-41
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4.2 Membrane Fundamentals

The medium in which gas permeates through can be categorized as being

porous or dense.  Knudsen Diffusion and Poiseuille Flow are the models used to

describe gas permeation through porous medium.37  Dense mediums are either

rubbery or glassy in nature, which are defined by the their glass transition

temperature, Tg, relative to room temperature.  Gas permeation through a dense

medium is dependent on the gas solubility and diffusivity in the medium, and the

nature of the medium (rubbery or glassy).  The Solution-Diffusion Model is used

to model gas permeation in rubbery materials, while concepts from this model are

used to describe gas permeation in glassy materials.4  Gas permeation in dense

medium will be discussed in later sections.

Gas permeation through porous membranes is controlled the ratio of the

pore radius, r, and the mean path length of the gas molecule λλ.37  The mean path

length of a gas molecule diffusing through a porous medium is defined by

Equation 1.  In Equation 1, ηη is the viscosity of the gas, M is the molecular weight

of the gas molecule, P is the pressure, R is the universal gas constant, and T is the

temperature.
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Both Knudsen Diffusion and Poiseuille Flow are governed by the ratio r/λλ, where

Knudsen Diffusion is characterized by r/λλ << 1.37  The small r/λλ ratio, which

characterizes Knudsen Diffusion, implies that a gas molecule colloids more often

with a pore wall than another gas molecule.  During these collisions with the pore

walls, the gas molecule is momentarily adsorbed to its surface before being

randomly reflected off the pore wall.  The consequence of these adsorptions is
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independent movement of the gas molecules.  Therefore, gas separation occurs

because of the differences in the mean molecular velocity u  of the gas shown in

Equation 2.  This equation also shows that u  is inversely related to M, thus gas

separation is dependent on the differences in M.
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When Equation 2 is substituted into Equation 1, it becomes apparent that λλ is

dependent on u , and has an inverse dependence on M.

u
PM 

RT

PM

RT 

P

ηπ
π

ηππη
λ

24

38

24

3

22

3 2
1

2
1

=





=






= (3)

The gas flux through a porous membrane governed by Knudsen Diffusion

is given by Equation 4.  In this equation JK is the gas flux, r is the pore radius, l is

the pore length, R is the universal gas constant, and T is the temperature.  The

pressure of the gas at the entrance and exit of a pore are given by Po and P1 (Po >

P1), while the M is the molecular weight of the gas molecule.
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Gas selectivity is defined as the ratio of gas fluxes,11 and the gas

selectivity for Knudsen Diffusion is given by Equation 5.  This is an idealized

separation factor because concentration gradients at a pore entrance, membrane

defects, reverse diffusion, and surface flow phenomena, cause real separations to

be smaller than this idealized separation factor.
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The gas flux through a porous membrane governed by Poiseuille Flow is

given by Equation 6.  In this equation JP is the gas flux, r is the pore radius, l is

the pore length, R is the universal gas constant, and T is the temperature.  The

pressure of the gas at the entrance and exit of a pore are given by Po and P1 (Po >

P1), while the M is the molecular weight of the gas molecule, and ηη is the

viscosity of the gas.  Unlike a liquid, the gas expands as it traverses the porous

medium from the high-pressure side Po, to the lower pressure pore exit P1.  In

order to correct for the expansion of gas, the term (Po + P1) is added to the

traditional solution of Poiseuille Flow.
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The Gas selectivity for Poiseuille Flow is given by Equation 7, which

shows that there is no separation associated with Poiseuille Flow.  Gas separation

is not possible with Poiseuille Flow because there are more collisions with gas

molecules than pore walls.  Consequently, the average velocity of all the gas

molecules is the same, and separation based on the differences in u  is

nonexistent.
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As stated earlier, the Knudsen Diffusion and Poiseuille Flow are governed

by the ratio r/λλ, and its relationship to permeability is shown in Figure 4.2-1.  This

figure shows how the Total Flow of gas changes as a function of r/λλ because of

the cumulative contributions of Knudsen Diffusion and Poiseuille Flow.  When

r/λλ > 5, Poiseuille Flow predominates because λλ is on the order of 100-200nm,

and no gas separation is obtained.37  When r is less than 50nm, Knudsen Diffusion

predominates and gas separations are possible.  However, the consequence of

separating gases based only on the difference in M is very poor selectivities.  In

order to circumvent this separation limitation, stages are built which recycle the

previously separated gas mixture several times until the desired gas separation is

obtained.37  This multiple stage approach is very uneconomical, and is a major

disadvantage associated with the use of porous materials.  The major advantage of

dense materials is that a gas molecule can dissolve into them.  Hence, gas

separations based on dense materials occur because of the differences in the size

of the gas molecule, and the differences in their solubility.  The following sections

will provide some basics regarding dense materials, and their added dimension of

solubility, and its contribution to gas permeation.
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Figure 4.2-1 Relationship between Knudsen Diffusion and Poiseuille
Flow versus the ratio of the pore radius, r, and mean path length, λλ.  Data was
adapted from Kesting et al.37

4.3 Solution-Diffusion Model

The solution-diffusion model is widely accepted as the principal model for

describing transport phenomena for dialysis, reverse osmosis, pervaporation, and

gas permeation in terms of a chemical potential gradient.3-4,6-7,38  These different

modes of diffusion can be reformulated into more practical forms by exchanging

the chemical potential gradient with measurable forces.  This is accomplished by
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utilizing fundamental thermodynamic principles which relate the chemical potential

to pressure, temperature, concentration, and electromotive forces.29  Thus, in the

case of gas permeation, the chemical potential gradient can be related to the gas

concentration gradient within the membrane.  This model assumes that the pressure

within the membrane is uniform, and the chemical potential gradient across the

membrane can be expressed only as a function of concentration.3-4,9-10,13,16  When

these conditions are met, the Solution-Diffusion Model can be used to calculate the

gas flux through a dense membrane.

Flux is defined as the amount of material flowing through a given cross-

sectional area in a given amount of time.30,36-41  When the chemical potential and

Fick’s first law are used to describe gas permeation, it is implicitly understood

that the system is at equilibrium.  In addition to this constraint, the gas permeation

process is simplified to one-dimensional flux.3,9-10,38  The assumption of one-

dimensional flux is valid because the diffusion and concentration gradients in the

other directions is negligible.  This is because the thickness of the membrane is

much smaller than the width, and it is implicitly understood that the concentration

at the surface of the membrane is uniform.  Because the concentration at the

surface of the membrane is uniform, the result is no concentration gradient in the

other directions.  When these constraints are used, an adequate description of gas

transport phenomena can be described with Equation 8.3

x
LLJ i

iiii ∂
∂

−≅∇−=
µ

µ (8)

In Equation 1, the chemical potential gradient for component i is ∂∂µµi/∂∂x,

and the permeation or flux for this component is designated by Ji.  A

proportionality coefficient, which is not necessarily a constant for component i, is

represented by Li.
3,29-31,37-40  The negative sign is placed on the right-hand side of

Equation 1 because the slope of the chemical potential gradient is negative.  This
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equation can be recast into the more familiar form of Fick’s First Law by

replacing the proportionality constant Li with the diffusion coefficient Di, and

substituting the ∂∂µµi/∂∂x with a concentration gradient ∂∂Ci/∂∂x.  The details for this

derivation have been well documented which can be found elsewhere.3,40  When

Di and ∂∂Ci/∂∂x are substituted into Equation 1, the more familiar form of Ficks’

First Law is given by Equation 9.
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Because this system is assumed to be at equilibrium, the chemical

potentials are equal for component i throughout the system.  This result

conveniently allows the permeation process to be described by membranes’

interfaces, and bulk phases of the feed and permeate.  This equality for the

chemical potentials is represented by Equation 10.  Assuming that the only

driving forces are pressure and concentration, and application of the equilibrium

relationship, provides the key elements required in the derivation of the Solution-

Diffusion Model.

µµ erfaceint
i

bulk
i = (10)

The sorption or solubility coefficient S can be defined using the conditions

existing on the feed or permeate side of the membrane.  The solubility coefficient

S, based on the feed side of the membrane is defined as the ratio of the activity

coefficient of the gas in the bulk phase γγi,2,b, divided by the product of the activity

coefficient of the gas in the membrane γγi,2,m and the gas saturation pressure Po
i,sat

at the membrane interface.9-10,13  This relationship for S, based on the conditions

on the feed side of the membrane, is then given by Equation 11.
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An analogous solution can be arrived at for the employing the conditions on the

permeate side of the membrane.  The subscripts 1 is used to designate the

membrane interface of permeate side, while the subscript 2 represents the

membrane interface of the feed.  In addition to these subscripts, m is used to

designate the membrane, while b is used to designate the bulk phase.  Equation 11

demonstrates how S increases when the activity coefficient of the gas in the bulk

phase γγi,2, increases.  This occurs when there is an increase pressure, which

implies that more gas will dissolve into the membrane with increasing pressure.

An important result obtained from the derivation of the Solution-Diffuison

Model is used to relate the solubility coefficients Si, with the concentration at the

membrane interfaces of the feed and permeate.  This relationship is given by

Equation 12 for the membrane interface of the feed.  When the product of yi,2,b

and p2 is replaced by the partial pressure pi,2, then Equation 12 can be rearranged

to solve for the concentration at the membrane interface of the feed.  The

individual solutions for the concentrations at the membrane interfaces of the feed

and permeate are given by Equations 13 and 14.  This result also shows that the

concentration of the gas in the membrane is proportional to the pressure.
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pSC ,iim,,i 22 = (13)

pSC ,iim,,i 11 = (14)

Since it was explicitly stated that this system was at equilibrium, the differential

∂∂Ci/∂∂x can be simplified to the following finite difference ∆∆Ci/∆∆x.  Although this
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is a redundant statement, stating that the system is at equilibrium also implies that

the flux is constant.  Thus, the concentration gradient ∂∂Ci/∂∂x can now be given by

Equation 15, where l is the thickness of the membrane.
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When Equation 15 is substituted into Equation 9, the following relationship

results.
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The permeability coefficient Pi is defined by the product Di and Si, which is

shown with the following equation.6-10,38

SDP iii = (17)

When Equation 17 is substituted into Equation 16, the familiar definition for

permeation or flux through a membrane is shown in Equation 18.  Figure 4.3-1

schematically
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Figure 4.3-1 Schematic representation of permeation process for a
multicomponent system.  Pi,1 and Pi,2 represent the permeate and feed stream
pressures, and l is the thickness of the membrane.  Ci,1,m and Ci,2,m are the
concentrations at the membrane interfaces for the permeate and feed.

This short derivation reveals that the permeability coefficient Pi is the

product of a kinetic diffusion coefficient Di, and a thermodynamic quantity

known as the solubility coefficient Si.  Equation 19 reveals that the permeability

coefficient increases when Di or γγi,2,b are large.  The permeability coefficient also

increases when γγi,2,m is small, which implies that the gas has a high affinity for the

membrane material.
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Equation 18 can be corrected for nonideal gas behavior by substituting the

pressure pi with the fugacity fi shown in Equation 20.  This models the flux

through a membrane for a real gas.
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For completeness, it is again stated that this system must be at equilibrium or

steady state.  In addition to this requirement, it is assumed that Di is a constant,

which implies that Di is independent of temperature and concentration.  When

these constraints are applied, then the linear relationships presented in these

equations become valid.

The following derivation reveals that the permeability coefficient is a

product of a sorption coefficient that is a thermodynamic quantity and a diffusion

coefficient that is a kinetic quantity.  Furthermore this derivation details the

assumptions used to arrive at this result and its inherent limitations.  Two of these

assumptions were that there was no pressure gradient in the membrane and that the

only gradient present is due to concentration.  A change in the permeability of these

hybrid materials is a consequence of the interfacial interactions between the

inorganic and organic phases.  Therefore enhancing the permeability is only

possible when either the rate of diffusion increases, or the gas affinity for the

membrane material increases.  Finally, the permeability coefficient was calculated

in this research with a technique known as the Time Lag Method.
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4.3.1 Time Lag Method

The time lag is the amount of time required for a gas or vapor to permeate

through a membrane.  It can be calculated using a differential or integral

technique based on permeation or sorption rate data, which measures the uptake

of a substance into the membrane material.14-15,36-39,41-42  The integral technique

measures the accumulation of gas in a previously evacuated chamber as a function

of time.  This chamber is separated from the gas source by a membrane, which is

degassed before testing.  An example of a typical experimental measurement for

gas permeation is schematically shown in Figure 4.3.1-1.  The Time Lag is

defined where the pressure is zero on the time axis, when a line is extrapolated to

the time axis from the linear part of the response curve.1-2,38-39  The response

curve is divided into two regions, where the first region is designated as the

steady-state diffusion, and is the linear portion of the response curve.38  The

second region of the response curve is the initial transient rise in pressure, which

is designated as the unsteady-state diffusion region.  Figure 4.3.1-1 shows the

location of the Time Lag ΘΘ, and the unsteady state and steady state regions for

gas permeation.
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Figure 4.3.1-1 Schematic representation of a typical gas permeation
process and the response obtained from the integral technique.

Fick’s second law of diffusion can be used to model the permeation

process, which is shown in Equation 21.
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In order to solve for the Time Lag using Equation 21, the following boundary

conditions are imposed:38-39

t < 0 0 ≤≤ x ≤≤ l C = 0

t ≥≥ 0 x= 0 C = C2,m = S p2

t ≥≥ 0 x= l C = ∂∂C/∂∂t = 0

Applying these boundary conditions results in the numerical solution shown in

Equation 22.  This solution is for one-dimensional flow through the membrane,

with the assumption that the diffusion coefficient D is a constant.38,39  This

statement implies that D is independent of temperature and concentration.
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In Equation 22, Q is the total permeant passing through the membrane, and l is the

thickness of the film.  The other variables in Equation 22 are the concentration in

the film at the feed side C2, the diffusion coefficient D, and the time t.  It is

possible to reduce Equation 22 when time t is allowed to approach infinity.  When

t is allowed to approach infinity, the summation element in Equation 22 goes to

zero, which is shown in Equation 23.
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The steady-state region of the pressure response curve, shown in Figure 4.3.1-1,

implies that t has gone to infinity.  This steady-state region also signifies that
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∂∂C/∂∂t = 0.  When Equation 23 is substituted into Equation 22, then the reduced

equation is shown with Equation 24.
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Rearranging Equation 24 in terms of Q, reveals the Time Lag ΘΘ shown in

Equation 25, which is also defined by Equation 19.  Equation 25 reveals that the

total permeant passing through the membrane, Q, is zero until a time t has

elapsed, which is greater than the Time Lag ΘΘ.  Q is also commonly referred to as

the accumulation term, since the gas permeate is trapped within a fixed volume.
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Obtaining the Time Lag ΘΘ shown in equation 26 provides a direct route

for calculating the diffusion coefficient D, and permits the calculation of the

solubility coefficient S using Equation 17.  The permeability coefficient P is

calculated from the slope found in Figure 4.3.1-1 within the steady-state region.

Solving for the flux J, is the starting point for the solution of the permeability

coefficient P.  The solution for the flux J, through the membrane is given by the

following expression.

( )










⋅=

mol

STP

A

V

RT

Slope
J cm322414

(27)



103

The solution for the flux J is converted to STP conditions, and the Slope is

obtained during a permeation experiment, within the steady-state region shown in

Figure 4.3.1-1.  In Equation 27, V is the volume of the evacuated chamber where

the gas is permeates into, and A is the cross-sectional area of the membrane.  The

temperature of the experiment is T, R is the ideal gas constant, and l is the

membrane thickness.  Because the downstream pressure p1 is much smaller than

the feed pressure p2, then the pressure difference ∆∆p can be replaced with p2,

which is shown with Equation 28.
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Rearrangement of Equation 28 gives the solution for permeability coefficient P,

which is shown in Equation 29.
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The typical units to represent the permeability coefficient are Barrers, which are

defined as follows.
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Using the Time Lag and its relationship with the permeability coefficient P, the

diffusion and solubility coefficients are then given by the following expressions.

θ6

2l
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D

P
S eff = (32)

These transport properties are known to be effective properties, which are

denoted as an effective Diffusion coefficient Deff, and an effective Sorption

coefficient Seff.  These effective values are due to the nonequilibrium properties

associated with all glassy materials.  With this brief review of permeation, the

remainder of this section will be spent discussing gas permeation in a polymer.

4.4 Gas Permeation in Glassy Polymers

The Gas permeation in glassy polymers is a complicated phenomenon

because of its nonequilibrium state.  This state of nonequilibrium causes the

properties of a glassy polymer to change with time.  These properties change in

order to lower the free energy of the glassy polymer, and come to a state of

equilibrium.  However, glassy polymers never reach equilibrium, and their time

dependent properties are characterized by what is known as physical aging.32  In

addition to this time dependent behavior, glassy polymers are also characterized

by free volume, which is also known as excess free volume.  This excess free

volume consists of “intersegmental packing defects” that are literally frozen into

the polymer structure when the temperature drops below their Tg.
37  These

“intersegmental packing defects” create the nonequilibrium state of the glassy

polymer, which the glassy polymer attempts to reduce and eliminate through

physical aging.  Therefore, a glassy polymer can be considered a heterogeneous

system.  This heterogeneous glassy polymer can be modeled with the Dual Mode

Sorption Model, which will be discussed in the next section.
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The implication of this state of nonequilibrium for glassy polymers is time

dependent properties for gas sorption and permeation.  An example of a time

dependent property in a glassy polymer is specific volume.  Specific Volume

changes in a glassy polymer when the excess free volume changes.  Excess free

volume is introduced into a glassy polymer when it is cooled from a temperature

above its Tg, to a temperature below its Tg.  This change in Specific Volume with

temperature is illustrated in Figure 4.4-1, where the Tg separates the changes into

a Liquidus State and a Glass State.  The Liquidus State region is the Specific

Volume of the material, which is considered to be in a state of equilibrium.  In

this figure, Vl is used to represent the Specific Volume within the Liquidus State

region.  The Glassy State region is the Specific Volume of the material, which is

considered to be in a state of nonequilibrium.  Vg represents the region of specific

volume associated with the Glassy State, while the abrupt change in Vg and Vl

characterizes the Tg of the material.  The excess free volume Vf is defined as the

difference between Vg and Vl, which is given by Equation 33.33

VVV lgf −= (33)

Physical aging is manifested in glassy polymer by a decrease in the excess free

volume Vf as the glassy polymer moves towards equilibrium.  These changes in

excess free volume are reflected in physical properties such as toughness,

ductility, density, and Tg.
33,47  Gas permeability is also related to amount of excess

free volume in a polymer.  When there is increase in excess free volume, there is a

corresponding increase in gas permeability.  However, since Vf is decreasing with

time, the gas permeation also decreases with time.  It is these dynamic changes in

permeation with time, and the heterogeneity of glassy polymers, which poses the

complexities and challenges associated with gas permeation.
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Figure 4.4-1 Specific Volume change in an arbitrary polymer, with Vf

equal to the excess free volume, and Vg and Vl represent the Specific Volume of
the Glassy and Liquidus States.

Modeling gas permeation in glassy polymers is not a trivial endeavor.  In

fact, there are several models that are successful at explaining different aspects of

gas permeation.  However, at this present time there is no universal model that can

fully describe the phenomenon of gas permeation.  The most successful model that

aids in the description of gas permeation in glassy polymers is the Dual-Mode

Sorption Theory.  The success of the Dual-Mode Sorption Theory stems from its

correction of the frozen in “intersegmental packing defects”.  These defects are

modeled by letting the total penetrant sorption to be the additive contribution of

two different sorption modes.  Henry’s Law characterizes the first mode of

sorption, and the second mode of sorption is described by Langmuir sorption.4-9

This model will be discussed in detail in the following section.  Other models exist
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that attempt to explain the gas permeation in glassy polymers from a molecular

viewpoint by employing statistical mechanics, structural arguments, and

nonequilibrium thermodynamics.37,41,48  A few of these gas permeation models are

the Free Volume Theory, the Lattice Vacancy Theory, the Activated Complex

Theory, and the Fluctuation Theory.37  In the Lattice Vacancy Theory, gas

permeation occurs when enough energy is available to create or expand a large

enough hole in the polymer matrix for a diffusing penetrant.  The Activated

Complex Theory uses an activation barrier to permeation to explain the penetrant

permeation process.  This activation barrier for gas permeation is explained in terms

of thermally induced density or volume fluctuations within the polymer.  These

fluctuations create the necessary gaps required for diffusion to take place, and the

driving force for permeation is a chemical potential gradient.

All these models form their basis on the free volume theory.  The free

volume theory assumes that gas permeation is related to the free volume in the

polymer matrix, and penetrant diffusion only occurs when a gas molecule

possesses a critical amount of energy.  When this critical energy is met, dilation of

the polymer chains occurs, which leads to penetrant diffusion through the polymer

matrix.  An increase in temperature causes an increase in the thermally induced

density or volume fluctuations, which increases the free volume.  Hence, the free

volume increases lead to increases in gas permeation, which is why permeation is a

temperature dependent property.  The temperature dependence of gas permeation

can be modeled by an Arrhenius relationship, and is found in all these molecular

theories just presented.

In order to appreciate the changes in P, D, and S for these hybrid materials,

a further understanding of these models is necessary.  Since the Dual-Mode

Sorption Theory and the Free Volume Theory have been quite successful at

modeling gas permeation and sorption behavior, these models were chosen.  Other

models could have been used to describe the changes in P, D, and S.  However, it is
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the opinion of this author, that the aforementioned models provide a sufficient

framework for understanding the fundamental changes in P, D, and S.

4.4.1 Dual-Mode Sorption Theory

The Dual-Mode Sorption Theory successfully models the sorption of

small molecules in many glassy polymers.36-38  The success of the Dual-Mode

Sorption Theory resides in the proposition of the existence of two distinct sorption

modes.  These modes were stated earlier as a Henry’s Law and Langmuir mode,

and their existence is due to the excess free volume created from frozen in

“intersegmental packing defects”.  The Dual-Mode Sorption Model was proposed

for glassy polymers because its gas sorption isotherms were typically concave at

low pressures, which became linear at higher pressures.36-37  This nonlinear

sorption behavior at low pressures is associated with the free volume in the

polymer, and is designated as the Langmuir mode.  The Langmuir mode is viewed

as a hole-filling mechanism, which results from packing defects that gives rise to

the excess free volume in the polymer.  Henry’s law sorption causes dilation in

the polymer in order to accommodate a sorbed penetrant.  The Dual-Mode

Sorption Theory proposes that the Henry’s Law sorption is associated with

regions of equilibrium in the glassy polymer, while nonequilibrium regions give

rise to the Langmuir mode of sorption.6  Equations 34 and 35 give the

relationships for the Dual Mode Sorption Theory.  In Equation 34, the total

penetrant concentration in the polymer is C, while the penetrant concentration due

to Henry’s Law is CD.  The penetrant concentration due to the hole-filling

mechanism of the Langmuir mode is designated by CH.

CCC HD += (34)
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The Dual-Mode Sorption Theory is defined by several important

properties.  A hole saturation constant, C’
H, measures the sorption capacity of the

unrelaxed free volume in the polymer, where C’
H is the product of the molar

density of the condensed penetrant, ρρ*, and the fraction free volume, f, in the

material.  The fraction free volume is defined as f = ( Vg - Vl.) / Vg, where the

Specific Volume of the glass and liquid are Vg and Vl.  The ratio of the rate of

sorption and desorption of a penetrant in the unrelaxed volume defects is b, which

is called the Langmuir affinity parameter.  The sorption coefficient, S, is

equivalent to Henry’s constant kd.  However, instead of specifying the amount of

gas that will dissolve in a solution based on the applied gas pressure, S, defines

the amount of gas that will dissolve into the based on the proportionality constant

kd.
37  Finally, the total steady-state pressure is represented by p.  Together, all

these parameters define the Dual-Mode Sorption model shown in Equation 35.
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The Dual-Mode Sorption model can be used in conjunction with Fick’s

first law of diffusion to correct for the penetrant concentration in the Langmuir

Mode, CH.  When Equation 34 is substituted into Equation 9, and the Chain Rule

is applied, the one-dimensional flux, J, of gas through a glassy polymer is defined

by Equation 36.  In this expression, the total flux is now defined by two diffusion

coefficients.  One diffusion coefficient, which accounts for Henry’s mode is DD,

while DH is used to represent the Langmuir mode.  Complete details regarding the

derivation of Equation 36, and the relationships related to the Dual-Mode

Sorption model are found elsewhere.4,37-38
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The temperature dependency of gas sorption, in the Dual-Mode Sorption

model, is modeled with the variable b and S.37  This temperature dependency of b

and S is shown in Equations 37 and 38, where the enthalpy of sorption associated

with hole filling mechanism is ∆∆HH, and the enthalpy of sorption associated with

penetrant dissolution is ∆∆Hs.
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RT
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HexpSS D
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The Langmuir affinity parameter, b, has been observed during gas sorption

experiments to have the largest dependence on temperature, relative to b and S.

Intuitively, this observation seems plausible because b is related to the unrelaxed

volume defects.  Hence, when the temperature is raised, there is more thermal

energy available to equilibrate a higher concentration of the material.  This leads

to a reduction in the concentration of defects, which causes a reduction in b.

However, S is associated with equilibrated material and not the unrelaxed volume,

consequently, the rate of change is S is smaller than b.

Gas permeation through a glassy polymer is a complex problem because

of the “intersegmental defects” that are frozen into the polymer, which causes

additional gas sorption.  The Dual-Mode Sorption model compensates for this

additional gas sorption by proposing two modes of gas sorption, a Langmuir

mode and a Henry’s mode.  The gas flux through a glassy polymer can be

modeled with Fick’s first law by employing the Dual-Mode Sorption Model.  An

effective diffusion coefficient, Deff, can be used to represent additional parameters

introduced by the Dual-Mode Sorption model.  When these additional parameters

are reduced to Deff, which is shown in Equations 40 through 43, the model for gas

flux through a glassy polymer is given by Equation 39.
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This brief summary of the Dual-Mode Sorption Theory has shown how it

corrects for additional gas sorption in a glassy polymer.  This model has been very

effective at modeling the sorption and permeation in many polymer systems.

However, real polymer systems are dynamic, which leads to variation that cannot

be modeled by the Dual-Mode Sorption Theory.  For example, complete and partial

immobilization of the penetrants in the Langmuir mode is known to occur, which is

a function of the polymer type.10,37  Finally, the nonequilibrium properties of glassy

polymers are exemplified by the complicated effective gas transport properties.

The main shortcoming of this model is the inability to predict gas transport

properties, which is one reason why a molecular interpretation of permeation is

being sought.  There are other derivations of the Dual-Mode Sorption model, which

model the gas permeation and sorption of glassy polymers and correct for the

failings of the Dual-Mode Sorption Theory, however, these excellent models are

left to the reader for review.4,36-41
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4.4.2 Free Volume Theory

The Free Volume theory provides a molecular interpretation of gas

permeation in a polymer, based on the excess free volume.37  It has already been

stated that several models attempt to explain gas transport phenomena, but at

present, no model completely describes this process for all materials.37  The

temperature dependence of permeability and diffusion are described with

Equations 44 and 45.  In Equations 44 and 45, EP and ED represent the apparent

activation energies for permeation and diffusion, where Po and Do are the

preexponential factors.  A similar result is found for the gas sorption, which is

given by Equation 46, where So is the preexponential factor, and ∆∆HS is the

enthalpy of sorption.
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The enthalpy of sorption, ∆∆HS, is the sum of two different enthalpy

modes.  The first mode of sorption is associated with penetrant condensation,

while the second mode of sorption involves penetrant mixing within the polymer

matrix.  These two different enthalpy modes, associated with gas sorption are

defined in Equation 47.

HHH mixingoncondensatis ∆∆∆ += (47)
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When Equation 45 and 46 are substituted into Equation 17, the temperature

dependence of permeation can be described with Equation 48.  It is interesting to

note here that ED is always positive, while ∆∆HS can be negative or positive.

Therefore, the temperature dependence of P, which is defined by the magnitude of

EP, is strongly dependent on the value and sign of ∆∆HS.  When ∆∆HS becomes

more negative, the gas affinity of the material increases and the temperature

dependence of P decreases.  This relationship between ∆∆HS and EP is shown in

Equation 48.
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The Free Volume Theory has also been employed to predict the diffusion

coefficient.  Modeling of the diffusion coefficient begins by assuming that four

polymer chains pack in a parallel arrangement, and surround a gas penetrant

molecule.49  This chain packing arrangement and its relationship to the gas

penetrant is schematically shown in Figure 4.4.2-1.  In this figure, the parallel

chains form a cylindrical opening, which allows the molecule to diffuse through

the polymer.  An activation energy ED is required for the dilation of the parallel

chains in order for a penetrant molecule to escape the cage, and diffuse to another

cage that is formed by another four polymer chains.  This activation energy, ED, is

dependent on its collision diameter, σσ, of the penetrant, and a jump length, λλ.  The

activation energy ED, required for dilation of the polymer chains, is proportional

to the cohesive energy density (CED) of the polymer.  Estimates can be made for

all these parameters except for the jump length λλ, and presently no empirical

methods for determining its magnitude are available.  The entire expression for

this relationship is shown in Equation 49.
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4 Parallel Chains Forming a Cage around Penetrant

σ
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Collision Diameter, σ
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4 3

Figure 4.4.2-1 Schematic representation of a penetrant diffusive jump λλ
from an adjacent cage formed by 4 parallel chains into another cage.  The
penetrant diameter is characterized by the its collision diameter σσ.  Adapted from
Pace et al.49

A more recent model, which attempts to model the relationship between

ED, and the penetrant size was proposed by Brandt, who assumed an existence of

a finite interchain distance in a polymeric material.50  Furthermore, this model

assumes that the finite interchain distance is responsible for the linear relationship
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observed between ED, and the square of the penetrant diameter dA.  When these

assumptions are made for ED and dA, the following mathematical model results,

where the constants, c and f are material dependent properties

fcdE AD −= 2 (50)

The value of dA used to describe the penetrant diameter of a gas is known as the

kinetic diameter.  By definition, the kinetic diameter of a gas is characterized by

the smallest zeolite opening that a gas penetrant will diffuse through.37  In

general, large values of c characterize a material with high diffusivity selectivity,

while decreasing values of f appear to correlate with lower performance materials.

Van Krevelen has summarized many constants for c and f, which demonstrate the

trends just described.  Brandt’s model also offers a way in which to crudely

estimate the mean interchain distance d for a polymer, which is modeled with the

following equation.

c

f
d = (51)

The validity of this model resides on the fact that some materials extrapolate to

ED = 0 when dA is zero.  Although the predictions based on Equation 51 are

smaller than what is obtained with wide-angle x-ray scattering, WAXS, it is

assumed that changes in d will be proportional to the real changes in the mean

interchain distance.  Therefore, in this study, estimates of d are made using this

relationship between ED and dA.
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4.5 Gas Permeation in Particle Filled Polymers

Nielsen modeled gas permeation in particle filled polymers in order to

predict the minimum permeability.12  In this model, particles were divided into

two categories: the first category characterized the particles as being plate-like,

while the second category assumed the particles were spherical.  He stated that if

the particles were impenetrable to a diffusing gas or liquid, then it would have to

traverse around that particle, which would result in a reduction in permeation.

Equation 52 is the general relationship used to describe the reduction in

permeability.  The measured permeability of the particle filled polymer system is

represented by PF, while PU defines the permeability of the unfilled polymer.

These permeabilities are related through the volume fraction of the polymer, φφP,

and a tortuosity factor, ττ.

PP U
P

F τ

φ
= (52)

The tortuosity factor was defined in this work as the distance the molecule

must travel through the film, divided by the thickness of the film.  This model

assumes a uniform distribution of particles throughout the material, such that any

cross-sectional area would have the same volume fraction of polymer.  The

tortuosity factor is further defined by two different conditions.  The first condition

requires that the particles are parallel with the surface of the film, while the

second condition requires that the particles are perpendicular to the film surface.

The tortuosity factor, defined for these two conditions, is given by Equations 53

and 54, where φφF is the volume fraction of filler, L is the length of a particle, and

W is the width of a particle.  The additional distance a permeating penetrant

travels in a particle filled system is schematically represented in Figure 4.5-1.



117

Equation 54 is the simplest model that corrects for changes in permeability based

on a tortuosity factor.

φτ FW

L






+=

2
1 (53)

φτ FL

W






+=

2
1 (54)

L

W

Figure 4.5-1 Schematic representation of a molecule permeating through
a particle filled polymer where L and W represent the length and width of the
particle.  Figure adapted from Nielsen.12
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In general, the permeation behavior in a particle filled system is a complex

process, and the model shown here is by far the simplest.  There are several

approaches for modeling the changes in the permeability of a particle filled

system.  For example, when there is a miscible blend of two different polymers,

their combined permeability is modeled based on the individual permeability

coefficient of each phase, and the amount of each phase present.13  The model for

a polymer blend is given by Equation 55, where φφ1 and φφ2 represent the volume

fractions of each polymer, and P1 and P2 represent their individual permeability

coefficients.

PP LogLogLogP 2211 φφ += (55)

The permeability of two immiscible materials is modeled using

geometrical methods.  If the morphology of this system resembles a series of

laminates, then Equation 56 can be used to describe the overall permeability.  The

overall permeability is modeled using the volume fractions of each polymer, φφ1

and φφ2, and their individual permeability coefficients, P1 and P2.

PP
PPP

2211

21

φφ +
= (56)

When the morphology of the system resembles a single parallel laminate, then

Equation 57 can be used to describe the final permeability. The overall

permeability is modeled using the volume fractions of each polymer, φφ1 and φφ2,

and their individual permeability coefficients, P1 and P2.

PPP 2211 φφ += (57)
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Finally, if the morphology of the system reveals a dispersed system of spherical

particles, then Equation 58 can be used to describe the permeation.  The

subscripts, m and d represent the matrix and dispersed phases, while P is the

overall permeability coefficient.  Pd and Pm represent the individual permeability

coefficients for the dispersed and matrix material.
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The models listed here are not designed to account for the effect of

polymer-particle interactions, and its effect on permeability.  In this study, it is

believed that these polymer-particle interactions are important, and create

interfaces, which improve permeability.  Gas sorption was found in one study to

increase with increasing particle content.43  The increase in gas sorption was

attributed to the particles creating an interfacial region around the particles, where

extra gas molecules could absorb into this interphase.43  With this brief overview of

permeability in particle filled systems, the gas selectivity of dense materials will

now be discussed.

4.6 Gas Selectivity

Gas selectivity is an important criterion for a good membrane, and for

ideal selectivity it is defined by the ratio of the individual permeability

coefficients of components A and B.11  Equation 59 further defines the ideal

selectivity as a product of two different ratios, which are the diffusion and

solubility of components A and B.  These ratios represent what are called the
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mobility or diffusivity controlled factor, DA/DB, and the solubility-controlled

factor, SA/SB.11
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Although the diffusion and solubility coefficients are effective quantities,

the product of these ratios are used to define the ideal selectivity ααAB of a

material.  These different ratios are also used to differentiate between diffusivity

and solubility controlled ideal selectivity.  Ideal selectivities are best guesses for a

separation process.  This is because penetrant interactions with the membrane

material, and with other penetrants in a mixture do occur.  These interactions lead

to deviations in the idealized selectivity, which cannot be accounted for by

Equation 59.  However, ideal selectivities are still useful for predicting the

selectivity performance of a given material.

Gas selectivity for a binary gas mixture is defined as the mole fraction

ratio of yA and yB of permeate stream, divided by the mole fraction ratio xA and xB

in the feed stream.  The ratio αα*
AB, is commonly referred to as the real selectivity.

x
x

y
y

B
A

B

A

AB =α* (60)

When permeation or flux is substituted into the relationship for gas selectivity

defined by Equation 28, the ideal selectivity appears in the final derived form.

The following derivation is done to demonstrate this relationship between ideal

selectivity, and binary selectivity for a binary gas mixture.  The beginning of this

derivation starts with the definition of flux from Equation 28, and defining it for the
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individual fluxes of JA and JB.  These relationships for flux can be rearranged to

yield yA and yB, and the steps involved in this transformation are given in Equations

63 through 66.
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Substituting yA and yB from Equations 63 and 64 into equation 60 yields the

following relationship.
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Equation 65 can be recast into a different form when the individual fluxes

JA and JB, from equations 61 and 62, are used to replace yA and yB.  When this is

done, the expanded Equation 65 reveals that the real selectivity αα*
AB, is dependent

on the ideal selectivity, ααAB, the partial pressure drops of ∆∆pA and ∆∆pB, and on the

initial feed composition defined by the mole fractions xA and xB.11  The

appearance of the ideal selectivity ααAB in the final form of the real selectivity αα*
AB

implies that this quantity is an intrinsic property of the polymer.11  With the

definition of selectivity formally defined, further details regarding mobility and

solubility, which compose selectivity, will be discussed.
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The mobility controlled factor or Diffusivity Selectivity has a dependence

on the gas concentration, and the ability of a gas molecule to make a diffusive jump

within the polymer.6,37  A diffusive jump will occur when a large enough transient

gap forms in the polymer matrix.  These transient gaps occur during normal

thermally induced molecular motions in a polymer.  The size and frequency of

these transient gaps is a function of temperature, and polymer type.  Glassy and

rubbery polymers exemplify the differences in diffusivity selectivity.  The main

differences in diffusivity selectivity between these materials are the molecular

motions, which are responsible for the formation of transient gaps in the polymer.

Rubbery materials have a Tg several degrees below room temperature, which results

in more segmental mobility than glassy polymers.  The additional segmental motion

in rubbery polymer causes these materials to be more permeable than glassy

polymers.  In general, a diffusive jump is dependent on the polymer’s chemical

composition, topology, molecular weight distribution, stereochemistry, and

morphology.  In addition to these factors, diffusive jumps are also dependent on the

penetrant size and penetrant-polymer interactions.  Gas separations based on glassy

polymers is primarily governed by diffusivity selectivity, while solubility

selectivity is a smaller contributor to the overall separation performance.6

Rubbery materials do not separate based on diffusivity selectivity, instead their

separation is based on the differences in the solubility of each gas penetrant.

Solubility selectivity is the solubility-controlled factor in ideal gas

selectivity.11  It was alluded to earlier in this chapter, that higher gas solubility

occurs when there is an enhancement in the gas affinity for the polymer.

Therefore, for high solubility selectivity to exist in a binary mixture, one gas must
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have a higher affinity for the material than the other gas.  Solubility selective

materials are usually used when large organic molecules require separation.  The

main characteristic sought from solubility selective materials is the ability to let

large molecules diffuse through the membrane, while smaller penetrants remain

behind.  This is achieved when the sorption of the large molecules is large, which

occurs when gases have a large affinity for the membrane material.  Rubbery

materials are almost exclusively used for organic separations, because glassy

materials lose physical properties due to swelling.

4.7 Polymer Structure and Permeability

Understanding the relationships between polymer structure, and

permeability and selectivity is a fundamental prerequisite for proper material

design and optimization.  This fundamental prerequisite is not only true for gas

permeability and selectivity, but it is also true for physical properties.  The

relationship between a materials property, and its structure is commonly referred

to as a “structure-property” relationship.  It is the continuing goal of membrane

science to broaden the understanding between polymer structure, and gas

permeability and selectivity.

Materials research involving gas separation has lead to an appreciation of

several important factors associated with polymers’ permeability and selectivity.

Firstly, free volume is recognized as a contributor to polymer permeability.  Its

contribution to permeability can be understood from the viewpoint that the extra

free volume correlates with increased molecular motion in the polymer.  This

additional molecular motion directly relates to enhanced diffusional jumps for the

penetrant molecule, and hence increased permeability.  It is well accepted that,

within an analogous series of polymers, an increase in free volume is directly
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related to increases in gas permeability.  Conversely, decreases in free volume

correlates with decreases in gas permeability.  When free volume is decreased,

there is also improved “sieving” or filtering between gas species of different size,

polarity, and shape, which results in improved selectivity.  Free volume

differences are typically used to qualitatively discuss permeability trends in a

series of polymers, even though this argument fails when it is extended to

different polymer families.  Another important observation that has been made

regarding permeability and selectivity is that they are inversely related.  This has

been discussed earlier in this chapter, where an increase in selectivity causes a

decrease in permeability.36  Although this trend appears within many polymer

materials, it is still the goal of membrane science to create materials that

simultaneously increase permeability and selectivity.  The work that has been

done in membrane science has lead to two criteria believed to be instrumental in

attaining the goal of simultaneously increasing permeability and selectivity.51

The first criterion is the inhibition of the segmental mobility of a polymer chain,

while the second criterion is the reduction of polymer chain interactions.  It is

believed that when these criteria are both met, permeability will increase because

of increased free volume, while reduced segmental mobility will result in

improved selectivity.  Furthermore, when these criteria are simultaneously met, it

is thought that the material may exceed the upper bound defined by Robeson.  A

few polyimides will be presented in the next sections to exemplify the importance

of structure-property relationships on permeability and selectivity.

4.7.1 Polyimide Structure and Permeability

There are many literature examples that address the structure-property

relationships associated with polymer permeability.16-27  In some of these studies, it
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has been demonstrated that descriptive relationships exist between gas permeability

and selectivity.  These descriptive relationships permit the use of a modified group

contribution method to predict permeation properties based on predicted changes in

free volume.20  There are many polyimide studies which were completed in order to

relate polymer permeability to another measurable physical property.16-27  In one

such study, the dielectric constant or polarizability of a series of seventeen different

polyimides was shown to correlate with observed gas permeabilities.22  Another

study used thirty-two different polyimides to demonstrate that free volume, or mean

segment distance could not be solely used to interpret gas permeability.26-27

4.7.2 Polyimide Structure: 6F Diamine

The variety of polyimides available is only limited to the ingenuity of the

synthetic chemist, and the limitations associated with creating the diamines and

dianhydrides employed in their synthesis.  Many polyimides have been created,

and their permeabilities and properties tested.  What has been universally

observed is that introduction of fluorinated groups leads to increases in

permeability, and in some cases increases in permeability and selectivity.52-55  The

repeat group of interest in this research is the hexafluoroisopropylidene group R–

C(CF3)2-R, which has been shown to increase both permeability and selectivity.

Its affects on permeability, solubility, and material properties is the greatest when

it is incorporated in the dianhydride, but it causes material improvements when

incorporated into the diamine.52-55  This simple R–C(CF3)2-R repeat unit is

commonly referred to as 6F, which is shown in Figure 4.7.2-1.
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Figure 4.7.2-1 Hexafluoroisopropylidene group R–C(CF3)2-R also known
as 6F.  Figure A is a condensed structural formula of 6F and Figure B is a
molecular model simulation.

The increase in permeability and selectivity, associated with the 6F repeat

unit in a dianhydride or diamine, is caused by the reduction in polymer chain

segmental mobility, interchain interactions, and increased free volume.52-55

Segmental mobility is reduced because the 6F group is bulky and sterically

hinders the rotation of groups attached to 6F group, which results in a higher bond

rotation potential.54  This bond rotation potential was modeled by Morisato et al.54

using hexafluoroisopropylidenediphenyl 6FD, which was compared to

diphenylsulfone DSO.  This study was completed in order to understand the

differences in properties caused by the bulkiness of 6FD.  Figure 4.7.2-2

summarizes the results of the molecular model simulations for 6FD and DSO, and

their individual bond rotational energy potentials.
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Figure 4.7.2-2 Estimated bond rotational potentials for 6FD and DSO as a
function of dihedral angle.  Adapted from Morisato et al.54

In this study the 6FD had a minimum energy conformation at 48o and

132o, while the DSO had a minimum energy conformation at 90o.  DSO had a

maximum bond rotational height of 9.63 KJ/mol, and 6FD had a bond rotational

height of a 6.28 KJ/mol.  The lower bond rotational potential of 6FD manifested

itself in a lower Tg of 297oC, while DSO had a Tg of 323oC.  The minimum

associated with the energy potential diagram corresponds to phenyl groups

orientating themselves perpendicular to one another for 6FD, while the phenyl

groups are slightly kinked for the DSO.  This difference in phenyl orientation

results in more bulkiness for the 6FD moiety in comparison to the DSO moiety.

A molecular simulation model shown in Figure 4.7.2-3 schematically represents

the differences in phenyl orientation of the 6FD and DSO moiety.
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A B

Figure 4.7.2-3 Molecular model of A diphenylsulfone DSO and B
hexafluoroisopropylidenediphenyl 6FD.

Morisato et al.54 found that the bulkiness introduced by the 6FD moiety

increased the permeability, and fractional free volume FFV.  For example, He

permeability increased 700% from 5 Barrer to 35 Barrer, while the fractional free

volume increased 49% from 0.100 to 0.149.  Changes in gas selectivity caused by

the 6FD moiety were dependent on the gases being separated.  When the

difference between gas sizes was large, such as He and CH4, a 112% reduction in

selectivity occurred, while a small difference in gas sizes such as O2 and N2

caused an 11% reduction in selectivity.  This simple example demonstrates the

tradeoff relationship between permeability and selectivity.  The loss in selectivity

was caused by a decrease in the sieving ability of the material because the

increased free volume reduced by the decrease in packing efficiency.

In general, the 6F group increases free volume and reduces interchain

interactions.  Previously discussed for 6FD, free volume increases because the 6F

repeat unit is bulky, which causes steric hindrances that disrupt chain order and
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packing efficiency.  Polymer chain interactions are significantly reduced because

the electron-withdrawing character of 6F disrupts the delocalization of electrons

in this aromatic polyimide system.  It is well known that electron delocalization in

a polyimide contributes to the formation of charge transfer complexes, CTCs,

which provide polymer interchain interactions.56-58  In this research, 4,4’-

hexafluoroisopropylidenediphthalic anhydride, 6FDA, is the principle dianhydride

moiety employed in the synthesis of polyimides.  Therefore, it is logical to

consider how the 6FD unit will affects gas transport in this 6FDA-6FpDA

polyimide.  The literature involving the structure-property relationships for

polyimides and gas permeability are extensive, however it is hoped that this small

example will provide an appreciation for this subject.

4.8 Gas Permeation Summary

There is a continuing need to improve structure-property relationships for

gas permeability and selectivity.  Structure-property relationships are needed to

predict the new type of materials that can expand the use of membrane based gas

separations.  Gas permeation and selectivity are interwoven with the physical

properties of the material.  Being able to predict the variables that control gas

permeation should also reveal more information about how gas transport relates to

its physical properties.  To accomplish this goal, molecular models are actively

being pursued and developed.  With a better appreciation of the variables that affect

gas transport, new materials will be created that may exceed existing gas

permeation and selectivity limitations.
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Chapter 5 Experimental Methods

5.1 Materials

Polyimide synthesis and molecular weight control is possible when high

purity reagents, anhydrous solvents, and dry reaction equipment are employed,

which are critical requirements for satisfactory synthetic control.  In order to meet

these critical requirements, solvents were dehydrated and distilled, while reagents

were dried at high temperatures in a vacuum oven, and glassware was flame dried

and purged with N2 prior to charging with solvents and reagents.  The following

sections describe the materials employed in this research.

5.1.1 Solvents

NMP was the primary solvent employed in the synthesis of polyimides in

this research.  Dehydration of this solvent is accomplished by stirring over

phosphorous pentoxide (P2O5) for 24 hours and then distilling it under vacuum.

The constant boiling fraction was collected and stored in a previously flame dried
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500ml round bottom flask and sealed with a ground glass stopper.  Because NMP

is a hygroscopic solvent it was used in polyimide synthesis within one week of

dehydration in order to minimize water absorption.

1-Methyl-2-Pyrrolidinone (NMP)

Supplier: Fisher Scientific

Empirical Formula: C5H9NO

Molecular Weight (g/mol): 99.13

Density (g/ml): 0.999

b.p., oC: 82oC/10mmHg

N

O

DCB is the cosolvent used in the synthesis of polyimides employed in this

research.  Its function is to form a low boiling azeotrope with water that is

subsequently removed from the reaction medium.  DCB dehydration is

accomplished by stirring over phosphorous pentoxide (P2O5) for 24 hours and

then distilling it under vacuum.  The constant boiling fraction was collected and

stored in a previously flame dried 500ml round bottom flask and sealed with a

ground glass stopper.

o-Dichlorobenzene (DCB)

Supplier: Fisher Scientific

Empirical Formula: C6H4Cl2

Molecular Weight (g/mol): 147.00

Density (g/ml): 1.306

b.p., oC: 180oC/760mmHg

Cl Cl  
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High purity liquid chromatography (HPLC) grade THF was used as

received.  It was used to dissolve polyimides, compatiblize water, acid and

alkoxide during hydrolysis, and it was the solvent medium for the partially

hydrolyzed alkoxide and functionalized polyimide.

Tetrahydrofuran (THF)

Supplier: Fisher Scientific

Empirical Formula: C4H8O

Molecular Weight (g/mol): 72.11

Density (g/ml): 0.889

b.p., oC: 76oC/760mmHg

O

A low-grade methanol was used as received for precipitating polyimides

from NMP and DCB.

Methanol (MeOH)

Supplier: Fisher Scientific

Empirical Formula: CH4O

Molecular Weight (g/mol): 32.04

Density (g/ml): 0.791

b.p., oC: 65oC/760mmHg

OH
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HCl was used as received for the catalysis of the inorganic alkoxides

employed in this research.

37.5wt% Hydrochloric Acid (HCl)

Supplier: Fisher Scientific

Empirical Formula: HCl

Molecular Weight (g/mol): 36.46

Density (g/ml): 1.200

b.p., oC: -

H Cl

5.1.2 Monomers

PTMOS was used as received with a purity level of 98%.

Phenyltrimethoxysilane (PTMOS)

Supplier: Aldrich

Empirical Formula: C9H14O3Si

Molecular Weight (g/mol): 198.29

Density (g/ml): 1.062

b.p., oC: 56oC/760mmHg

Si

OCH3

OCH3

OCH3
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MTMOS was used as received with a purity level of 99%.

Methyltrimethoxysilane (MTMOS)

Supplier: Aldrich

Empirical Formula: C4H12O3Si

Molecular Weight (g/mol): 136.22

Density (g/ml): 0.955

b.p., oC: 56oC/760mmHg

SiH3CO

OCH3

OCH3

OCH3

  

TMOS was used as received with a purity level of 99.99%.

Tetramethylorthosilicate (TMOS)

Supplier: Aldrich

Empirical Formula: C4H12O4Si

Molecular Weight (g/mol): 152.22

Density (g/ml): 1.032

b.p., oC: 56oC/760mmHg

Si

OCH3

OCH3

OCH3H3CO

TEOS was used as received with a purity level of 99.99%.

Tetraethylorthosilicate (TEOS)

Supplier: Aldrich

Empirical Formula: C8H20O4Si

Molecular Weight (g/mol): 208.33

Density (g/ml): 0.934

b.p., oC: 56oC/760mmHg

Si

OCH2CH3

OCH2CH3

OCH2CH3H3CH2CO



139

6FDA was vacuum dried at 120oC for 5 days prior to use in polyimide

synthesis.  The purity level was 99+% and further purification was not necessary.

4,4’-(Hexafluoroisopropylidene)diphthalic Anhydride (6FDA)

Supplier: Clariant Corp.

Empirical Formula: C19H6F6O6

Molecular Weight (g/mol): 444.24

Density (g/ml): 0.934

m.p., oC: 244-247oC

O CF3

CF3

O

O

O

O

O

 

 

6FpDA was vacuum dried at 120oC for 5 days prior to use in polyimide

synthesis.  The purity level was 99+% and further purification was not necessary.

4,4’-(Hexafluoroisopropylidene)dianiline (6FpDA)

Supplier: Clariant Corp.

Empirical Formula: C15H12F6N2

Molecular Weight (g/mol): 334.26

Density (g/ml): 0.934

m.p., oC: 195-198oC

CF3

CF3

NH2H2N
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DABA was vacuum dried at 120oC for 7 days prior to use in polyimide

synthesis.  The purity level was 98% and was used as received.

3,5-Diaminobenzoic Acid (DABA)

Supplier: Aldrich

Empirical Formula: C7H8N2O2

Molecular Weight (g/mol): 152.15

Density (g/ml): 0.934

m.p., oC: 195-198oC

NH2H2N

HO

O

APTEOS was used as received and had a purity level 99+%.

3-Aminopropyltriethoxysilane (APTEOS)

Supplier: Aldrich

Empirical Formula: C9H23NO3Si

Molecular Weight (g/mol): 221.37

Density (g/ml): 0.942

b.p., oC: 195-198oC

SiH2NCH2CH2

OCH2CH3

OCH2CH3

OCH2CH3
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5.2 Polyimide Synthesis

A series of fluorinated polyimides with anhydride end-groups were

synthesized using a two-step technique commonly referred to as the solution

imidization technique.1-4  In the first step of this technique a polyamic acid was

formed in a solution of NMP and DCB from the reaction of a dianhydride and a

diamine.  The second step of this technique converts the polyamic acid to the

polyimide by thermal cyclodehydration and the water evolving during

cyclodehydration forms a low boiling point azeotrope with DCB that was

immediately removed from the reaction medium by distillation.  The following

procedure outlines the synthetic approach employed in this research.

Polyamic acid intermediates were synthesized in a 1000ml three-necked

round bottom flask equipped with a thermometer, a nitrogen inlet, a mechanical

mixer, a modified Dean-Stark trap, and a condenser.  The equipment set-up used

in the synthesis of polyimides is shown in Figure 5.2-1.  A 15wt% polymer

solution was targeted for the polymerization reaction using previously dried and

distilled NMP and DCB that was added to the reaction medium to create a 4:1

molar ratio of NMP to DCB.  Prior to charging the 1000ml three-necked round

bottom flask with reactants and solvent the entire equipment set-up was flame

dried and then continuously purged with a stream of nitrogen that was maintained

throughout the entire reaction.  Individual solutions of dianhydride and diamine

were created with dried and distilled NMP in 250ml flame dried round bottom

flasks.  After charging the round bottom flasks with dry solvent and reactants, a

rubber septum was used to seal the flasks in order to minimize their exposure and

absorption of moisture from the air.  During the entire conversion of polyamic

acid to the final polyimide a constant stream of nitrogen and constant stirring at

60RPM was maintained throughout the entire reaction.  The following steps

describe the technique used to transfer reactants, initial reaction conditions for the
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polyamic acid, conditions used to convert the polyamic acid to the polyimide, and

final steps to cleanup the polyimides synthesized in this research.

     Allihn
Condenser

    Three-necked
Round Bottom Flask

Thermometer
Mechanical
     Mixer

      Modified
Dean-Stark Trap

N2 Inlet

 Glass
Stopper

Claisen
Adapter

Adaptor Plug
   Stopcock

N2 Outlet

        

Figure 5.2-1 Equipment set-up for the solution imidization technique.
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5.2.1 6FDA-6FpDA Polyimide Synthesis

Synthesis of a series of different molecular weight 6FDA-6FpDA

polyimides employs the previously described equipment preparation and set-up.

6FDA-6FpDA polyimide synthesis begins by weighing out stoichiometric

amounts of 6FDA and 6FpDA and then dissolving them in 250ml round bottom

flasks that were sealed with a rubber septum.  To begin the polyimide synthesis

process a polyamic acid was formed by first charging a 1000ml three-necked

round bottom flask with the diamine solution via a cannula through the rubber

septum using nitrogen pressure.  After addition of the diamine solution the

dianhydride solution was slowly added to the 1000ml three-necked round bottom

flask by lowering the nitrogen pressure used in transferring the reactants through

the cannula.  The rate of dianhydride solution addition was approximately 5ml per

minute and was set in order to maintain an approximately constant reaction

temperature of 25oC during the exothermic reaction of the diamine and

dianhydride.  During the conversion of the dianhydride and diamine to the desired

polyamic acid molecular weight the reaction temperature was maintained at 25oC

for 24 hours.  In order to ensure quantitative transfer of reactants to the 500ml

three-necked round bottom flask NMP was used to rinse round bottom flasks,

weighing pans, spatulas and this solvent rinse was added to the reaction medium.

After the addition of reactants DCB was added to the reaction medium to create a

4:1 molar ratio of NMP to DCB.  When the 6FDA solution was added to the

6FpDA solution an intense clear canary yellow solution resulted that diminished

in intensity with reaction time.

After stirring this polyamic acid solution for 24 hours with a nitrogen

purge a polyimide was formed by thermal imidization of the polyamic acid

solution at 180oC for 24 hours.  Water formed during cyclodehydration of the

polyamic acid was removed when it forms a low boiling point azeotrope with

DCB with the modified Dean-Stark trap and Allhin condenser that condenses and
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traps the azeotrope.  The DCB that is removed during this process is replenished

with new DCB via the modified Dean-Stark trap.  This is done in order to

maintain a constant solvent volume in the 1000ml round bottom flask.  After

imidization the polyimide solution was cooled and filtered with a 5µm nylon filter

in order to remove unreacted reactants.  The polyimide was then precipitated out

of the solution of NMP and DCB using methanol and the recovered white

precipitate was dried in a vacuum oven at 150oC for 24 hours.  In order to remove

as much of the unreacted reactants as possible and make the polyimide

manageable, the polyimide was dissolved in THF and filtered twice using a 5µm

nylon filter.  The clear solutions were then cast into films on a Teflon coated pan

and then dried in a vacuum oven at 220oC for 24 hours.  The reaction scheme for

polyamic acid and polyimide formation is represented in Figure 5.2.1-1.
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180 oC for 24Hrs w/ N2 purge- 2 H2O

NMP and DCB  4:1
24Hrs w/ N2 purge

+
CF3

CF3

NH2H2N

4,4'-Hexafluoroisopropylidienedianiline

CF3

CF3
O O

O

O

O

O

4,4'-Hexafluoroisopropylidienediphathalic Anhydride

n

CF3

CF3

NH
CF3

CF3

OO

OHHO

O O

     

n

CF3

CF3

N

CF3

CF3
N

O

O

O

O

CF3

CF3
N O

O

O

O

O

CF3

CF3
O N

O

O

O

O

CF3

CF3

Figure 5.2.1-1 Solution imidization scheme with 6FDA and 6FpDA.

5.2.2 6FDA-6FpDA-DABA Polyimide Synthesis

A series of DABA containing 6FDA-6FpDA polyimides were synthesized

by employing the solution imidization technique in successive steps such that a

controlled molecular weight between DABA units resulted.  The first synthesis

step involved in the synthesis of a 6FDA-6FpDA-DABA polyimide was identical

to the procedure outlined for a 6FDA-6FpDA polyimide shown in Figure 5.2.1-1.

However, at the end of imidization step the polyimide was not removed from the
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1000ml round bottom flask.  Instead, the polyimide solution was allowed to cool

room temperature and the DCB in the modified Dean-Stark trap was replenished

with fresh DCB.  The final step in the synthesis of the 6FDA-6FpDA-DABA

polyimide was accomplished by adding a stoichiometric amount of DABA to the

6FDA-6FpDA polyimide solution and then forming the polyamic acid and final

polyimide outlined in Figure 5.2.2-1.  Different molar contents of DABA were

introduced into the 6FDA-6FpDA polyimide structure by changing the base

6FDA-6FpDA molecular weight and increasing the overall 6FDA-6FpDA-DABA

molecular weight.  The final polyimide molecular weight target was controlled by

changing the stoichiometric imbalance ratio r based on molar contents of the

6FDA, 6FpDA, and DABA.

The first step in this modified solution imidization technique begins with

the formation of a polyamic acid of 6FDA and 6FpDA that was subsequently

imidized.  Formation of the 6FDA and 6FpDA polyamic acid was initiated by first

charging a 1000ml three-necked round bottom flask with the diamine solution via

a cannula through the rubber septum using nitrogen pressure.  After addition of

the diamine solution the dianhydride solution was added at a rate of

approximately 5ml per minute into the 1000ml three-necked round bottom flask

using a cannula and rubber septum.  The rate of dianhydride was set in order to

maintain an approximately constant reaction temperature of 25oC during the

exothermic reaction of the diamine and dianhydride.  All subsequent imidization

steps followed the solution imidization technique previously discussed.

After imidization the polyimide solution was cooled and filtered with a

5µm nylon filter and then precipitated out of the solution of NMP and DCB using

methanol.  The recovered light-brown precipitate was dried in a vacuum oven at

150oC for 24 hours.  In order to remove as much of the unreacted reactants as

possible and make the electrostatic polyimide manageable, the polyimide was

dissolved in THF and filtered three times using a 5µm nylon filter.  The clear

solutions were then cast into films on a Teflon coated pan and then dried in a
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vacuum oven at 220oC for 24 hours.  DABA containing polymer solutions and

films increased in the intensity of dark brown with increasing DABA content.

NMP and DCB  4:1
24Hrs w/ N2 purge

       

m

PI

n

CF3

CF3
N

O

O

O

O

O
O

CF3

CF3
N

O

O

OH

O

O

O

+

3,5-Diaminobenzoic Acid

H2N NH2

OH
O

6FDA-6FpDA Polyimide

CF3

CF3
NO

O

O

O

O

PI

n

CF3

CF3
ON

O

O

O
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m

CF3

CF3
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O

O

O
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CF3

CF3
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O
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O
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OH HO
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OH
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n
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n

180 oC for 24Hrs w/ N2 purge- 2 H2O

Figure 5.2.2-1 Solution imidization scheme employing DABA and 6FDA-
6FpDApolyimide.
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5.2.3 Molecular Weight and End-group Control

Polyimide molecular weight and endgroup control is possible through the

stoichiometry of the dianhydride and diamine and use of Carothers equation that

models step growth polymerization.  A complete derivation of this famous

equation is described in detail in many introductory polymer handbooks.5-8  The

derivation reveals that the initial molecules present No, the extent of reaction p for

the reactant functionalities, the degree of polymerization nX , and the average

functionality favg can be used to model step growth polymerization.

avgavgoo

o
n

pf2

2

pfN2N

2N
X

−
=

−
= (1)

Equation 1 demonstrates that when p = 1 all functional reactant groups achieve

100% conversion and if favg is 2 then nX  goes to infinity and an infinite

molecular weight is predicted.  In step growth polymerization it is assumed that p

= 1 while favg is directly related to the stoichiometry of the reactants by the

following relationship.

 
r1

r
favg +

=
4

(2)

The value r represents what is referred to as the stoichiometric imbalance ratio of

reactants and by definition it does can not exceed unity.  When difunctional

reactants are used then r is represented by equation 3 where NAA and NBB

represent the monomers with NBB being aided in excess.

Bmonomer  aldifunction of Moles

Amonomer  aldifunction of Moles

N

N
r

BB

AA == (3)
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When equation 2 is substituted into equation 1 the following relationship for nX

is given by equation 4.

( )
( ) prr1

r1

prr12

r12

r

r
p2

2
X n

24
1

4 −+
+

=
−+

+
=

+
−

= (4)

Applying the assumption that p is equal to 1 results in the more classical form of

Carothers equation.

 
r1

r1
X n

−
+

= (5)

The form of Carothers equation given by equation 5 is also equivalent to equation

6 by a factor of two times the degree of polymerization DP.  Equation 6 provides

a direct relationship between nX  and nM  through the molecular weight of the

repeat unit ruM  that is used to control the molecular weight.

ru

n
n

M

M
DPX 22 == (6)

This simple derivation of Carothers equation gives the fundamental

relationships between reactant stoichiometry, final molecular weight, and

endgroup functionality via the stoichiometric imbalance ratio r.  The following

example demonstrates how reactants were predicted in this research necessary for

the synthesis of a 6FDA-6FpDA polyimide with 6FDA as the endgroup and a

target nM  of 32,000 g/mol.
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Basis: 100g of Polyimide

6FDA:  Mw = 444.24 g/mol

6FpDA:  Mw = 334.26 g/mol

The ruM  used in the subsequent calculations is corrected for the evolution of

water formed during the conversion of the polyamic acid to the polyimide.

OHBBAAru M2M   MM
2

−+=

l742.48g/mo ) 18.01g/mol(2l334.26g/mo    l444.24g/moM ru =⋅−+=

Calculation of nX  is now possible and for these polyimides a correction was

introduced for the type of endgroups in the polyimide with Meg which represents

the molecular weight of the endgroup.

ru

egn
n

M

MM
DPX

−
== 22

85.03
l742.48g/mo

l444.24g/mo-l32,000g/mo
X n =








= 2

Using the value of nX  the value r is calculated that is needed in the determination

of the reactant stoichiometry.

0.9768  
1 85.03

1 - 85.03
r =

+
=
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The final calculation of initial reactants is now possible and for these calculations

the molar quantity for 6FDA is represented by NBB and the molar quantity for

6FpDA is NAA.

mol 0.1347
l742.48g/mo

100g

M

Basis
N

ru
BB ===

BBAA N0.9768  N ⋅=

 mol 0.1316   ) mol 0.1347 0.9768  N0.9768  N BBAA =⋅=⋅= ()(

The reactant masses needed for a polyimide with a nM  of 32,000g/mol and

6FDA endgroup is the following.

59.84g   )l444.24g/mo( 0.1347mol  MN  6FDA BBBB =⋅=⋅=

g45.30  g/mol )344.26( mol 0.1316  MWN 6FpDA BBBB =⋅=⋅=

5.3 Hybrid Inorganic-Organic Material Synthesis

Polyimide composite hybrid materials were synthesized by creating a

homogeneous solution of a partially hydrolyzed alkoxide sol and a functionalized

solution of polyimide.  The synthetic technique employed is shown in Figure 5.3-

1 while the details for the membrane fabrication are provided in the next section.

Creating these solutions of functionalized polyimide and partially hydrolyzed

alkoxide will now be discussed.
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Figure 5.3-1 Hybrid synthesis and film formation scheme using a
functionalized polyimide and an acid hydrolyzed alkoxide.

All functionalized polyimides were synthesized by dissolving a polyimide

in THF to create a 10wt% polyimide solution that was then functionalized with

APTEOS.  The amount of APTEOS used to functionalize a polyimide system was

5 times the molar content of nM .  This amount was set based on separate

polyimide gelation experiments completed to determine the minimum amount of

APTEOS needed for gelation.  1H NMR experiments showed that the reaction

between APTEOS and the polyimide anhydride endgroups was complete within

15 minutes at ambient conditions.
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Partially hydrolyzed alkoxides were generated using a 1:1:1:0.05 molar

ratio of alkoxide, THF, water, and acid such that gelation would occur within

approximately 15 hours.  The stoichiometry of the alkoxide and water is based

upon the number of hydrolyzable substituents in the alkoxide.  THF is added to

slow the sol-gel reaction, dilute the acid solution, and prevent polymer

precipitation when it is added to the functionalized polymer solution.  In order to

control the exothermic hydrolysis reaction and prevent alkoxide precipitation, the

HCl and water were dissolved in THF and then slowly added to the alkoxide.

This alkoxide solution was then mixed for 30 minutes prior to addition to the

functionalized polyimide solution.

The specific role of APTEOS is to provide a cross-linking site with the

partially hydrolyzed alkoxide.  This is schematically shown in Figure 5.3-2 for a

6FDA-6FpDA polyimide that has 6FDA endgroups and the generalized

morphology of these composite materials.  Figure 5.3-3 schematically represents

the idealized reaction of a 6FDA-6FpDA-DABA polyimide and APTEOS and the

corresponding hybrid morphology.  In both these hybrid systems the

aforementioned synthetic technique was employed and film formation and

characterization of these materials will now be discussed.
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Figure 5.3-2 Hybrid synthesis scheme using a functionalized 6FDA-
6FpDA polyimide and an acid hydrolyzed alkoxide.
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Figure 5.3-3 Hybrid synthesis scheme using a functionalized 6FDA-
6FpDA-DABA polyimide and an acid hydrolyzed alkoxide.
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5.4 Membrane Fabrication

Films were generated by casting polymer and hybrid solutions onto Teflon

coated pans and evaporating the solvent at ambient conditions over 4 days at an

average rate of evaporation of 0.4ml/hr.  This time interval was chosen to provide

sufficient reaction time for the alkoxide and to minimize solvent concentration

gradients in the film during evaporation that cause film stresses and lead to film

curling.  After this time interval the films were placed in a vacuum oven at 50oC

for 5 hours, heated to 150oC for 5 hours, and then heated to 220oC for 12 hours.

Films were prepared from THF to create a 7wt% to 10wt% polymer solution or a

7wt% to 10wt% hybrid solution that were then cast and evaporated.  The target

film thickness was 3mil or 76.2µm and film thickness was controlled by the

amount of material cast on the predefined cross-sectional area of the casting

surface.

5.5 Material Characterization

Several experimental techniques were employed to assist in the

characterization of the polyimides synthesized and the hybrid materials created in

this research.  The following section briefly describes some of the equipment

employed and the experimental conditions associated with the data reported in

this research work.
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5.5.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy was employed to collect 13C

spectrum by Tom Glass of the Chemistry Department Analytical Service Group at

Virginia Tech using a Varian Unity 400 Spectrometer.  NMR was primarily used

to confirm the molecular structure of polyimides synthesized, evaluate DABA

content, and to determine quantitatively the percent imidization.  All sample

concentrations were approximately 60mg per ml of deuterated chloroform CDCl3

for 6FDA-6FpDA polyimides or 60mg per ml NMP for 6FDA-6FpDA-DABA

polyimides.

5.5.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy FTIR was employed to assess

quantitatively that the polyamic acid was converted to the polyimide with a BIO-

RAD FTS-40A.  This instrument was equipped with a high sensitivity liquid

nitrogen cooled MCT detector that was employed for collecting FTIR spectra.

The entire FTIR equipment was continuously purged with dry air during the

collection of all FTIR spectra.  A wave number resolution of 4cm-1 was employed

for collecting spectra, and an open aperture was used for internally reflected

spectrum or a 2cm aperture was used for transmission spectrum.  Pure 6FDA-

6FpDA polyimide FTIR spectrums were collected by using CH2Cl2 solvent cast

thin films onto either KBr crystals.  FTIR spectra of hybrid films were collected

using attenuated total reflectance ATR-FTIR shown in Figure 5.5.2-1.  The angle

of incidence was 45o and the crystal employed was a KRS-5 SPP crystal

(Thallium Bromoiodide Single-Pass Parallelepiped) with dimensions of 50mm x

10mm x 3mm.  Based on these crystal dimensions, the IR beam is internally
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reflected approximately 18 times before emerging from the end of the crystal

face.

Figure 5.5.2-1 Multiple Internal Reflection setup employing a Twin
Parallel Mirror Reflection Attachment and a 45o KSR-5 SPP crystal.  Figure
adapted from Harrick.9

A limitation associated with FTIR-ATR studies is the relationship between

the IR frequency and the penetration depth of the IR beam into the sample.9  This

relationship is shown in Figure 5.5.2-2 for an idealized polymer with a refractive

index of 1.45, and a small extinction or absorption coefficient εε.  What can be
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readily seen from this figure is losses in information at higher wavenumbers, and

an overemphasis of absorptions at lower wavenumbers.  Because these limitations

exist with ATR, and the fact that these polyimides have very large absorption

coefficients, only background IR absorptions were seen at wavenumbers above

2000cm-1.  Therefore, throughout this study, information associated with OH and

NH stretching was not available with this technique.
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Figure 5.5.2-2 IR Penetration depth versus wavenumber λ for an idealized
polymer system.  Incident beam is 45oC using a KSR-5 SPP crystal.
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5.5.3 Thermal Gravimetric Analysis (TGA)

Polyimide and hybrid material thermal stability, weight loss, on-set

temperature, and water and alkoxide content were assessed using a High-

Resolution TA 2950 TGA instrument.  Experimental runs were completed on thin

films having an average mass of 15mg.  A 20oC per minute scan rate from 30oC to

900oC with a 20ml per minute nitrogen purge were the test conditions for the data

collected with this instrument.  The reproducibility in a measurement was

assessed by the reproducibility in the measurement at 95wt% loss and from these

experiments a relative error of 7% was deduced.

5.5.4 Dynamic Mechanical Thermal Analysis (DMTA)

A Rheometric Scientific Mark IV DMTA was used to characterize the

glass transition, Tg, and molecular transitions in the polyimides and hybrid

materials created in this work.  This instrument was also used to characterize the

viscoelastic properties of these materials using time temperature superposition.

Experimental runs were completed on film samples having a length of 15mm, a

width of 4mm and a nominal thickness of 0.07mm, and the run conditions were

conducted with a strain of 0.01%, a constant static force of 0.015N, and a heating

rate of 2oC per minute in air.  The low strain and force were chosen in order to

ensure a linear viscoelastic response (stress proportional to strain) during an

experimental run and the sample dimensions were set to exceed a length to width

ratio of three to minimize sample edge effects during a DMTA test.  Data

collected for time temperature superposition experiments were conducted with an

isothermal step of six minutes to ensure that the sample was at thermal

equilibrium before a measurement was acquired.  Because all samples elongated
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various degrees during a test the data reported from this instrument was only from

the first heating run.  The reproducibility in measuring Tg was used to assess the

relative error for this technique and was found to be 0.2% or 0.5oC.

5.5.5 Differential Scanning Calorimetry (DSC)

The change in heat capacity ∆Cp and the Tg were assessed using a using a

TA 2920 Modulated DSC.  Experimental runs were completed on thin films

having an average mass of 15mg.  The test conditions for the data collected with

this instrument were a 10oC per minute scan rate from an equilibrated temperature

of 220oC to a final temperature of 360oC using a 20ml per minute nitrogen purge.

Sample data were reported based on the second heating run for the ∆Cp and the

Tg.  The reproducibility in measuring Tg was used to assess the relative error for

this technique and was found to be 0.7% or 3oC.

5.5.6 Gel Permeation Chromatography (GPC)

Molecular weights, molecular weight distributions, Mark-Houwink

constants, and the radius of gyration Rg were evaluated for the polyimides

synthesized in this research.  The data was collected by Dr. Shoba and Dr. Ji of

the Virginia Tech Chemistry Department using a Waters 150C GPC/ALC

chromatograph equipped with HT2+HT3+HT4 Waters Styragel columns and

differential refractometer and viscometer detectors.  A 200µL sample with a

nominal concentration of 4mg per mL was injected and analyzed with this

instrument.  The system was operated at 60oC with an elution solvent of NMP
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containing 0.02M P2O5 flowing at a rate of 1.0mL per minute.  A universal

calibration curve was generated from narrow molecular weight polystyrene

standards purchased from Polymer Laboratories Inc. that was used to convert

measured responses to molecular weight moments.  The reproducibility in

measuring nM  was used to assess the relative error for this technique and was

found to be 5%.

5.5.7 Water Absorption

Water absorption experiments were performed on thin polyimide and

hybrid material films that were dried for 7 days at 180oC in a vacuum oven.

These rectangular samples had nominal length of 35mm, a width of 25mm, and a

thickness of 0.06mm with masses ranging from 100mg to 180mg.  This sample

geometry was chosen in order to have a relatively high surface area to volume

ratio of 128 to assist in the attainment of water absorption equilibrium.

Absorption experiments were considered complete after ten days of immersion in

deionized water at 25oC.  At the end of the immersion time the film samples were

removed from the water, blotted dry, and then immediately weighed to determine

the total water uptake.  The reproducibility in measuring the amount of water

absorbed was used to assess the relative error for this technique and was found to

be 10%.
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5.5.8 Swelling

Swelling experiments were performed on thin cross-linked polyimide and

hybrid material films that were dried for 7 days at 180oC in a vacuum oven.

These rectangular samples had nominal length of 35mm, a width of 25mm, and a

thickness of 0.06mm with masses ranging from 100mg to 180mg.  Swelling was

considered complete after immersing samples for 10 days in distilled and dried

NMP at 25oC.  Excess solvent was used in these swelling experiments such that

there was 200 grams of NMP for every gram of material.  At the end of this

swelling time the film samples were removed from the solvent, lightly blotted to

remove solvent on the surface of the film, and then immediately weighed to

determine solvent uptake.  These swelled samples were then dried for 7 days at

180oC in a vacuum oven in order to remove NMP and determine the extractable

fraction and absolute swelling.  The reproducibility in measuring the amount of

solvent absorbed was used to assess the relative error for this technique and was

found to be 6%.

5.5.9 Density

Density measurements were performed using a Mettler AJ100 analytical

balance fitted with a Mettler ME-33360 density determination kit based on

Archimede’s Principle.  This principle states that that when a solid body is

immersed in a liquid it loses as much mass as the mass of the liquid it has

displaced.  This loss in mass is determined using this kit which allows the

measurement of the mass of the sample with the unknown density in air and a

liquid.  The differences in the sample mass when measured in these two different

media is then correlated to the differences in the density of air and the liquid to
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directly solve for the unknown sample density.  The relationship between

predicted density, sample mass, and liquid density is given by equation 7 where

ρρfilm is the predicted density, mair and mliquid are the masses measured in air and

liquid, and ρρliquid is the density of the liquid.

liquid
liquidair

air
film mm

m
ρρ ⋅

−
= (7)

In order to validate measurements obtained with this technique density

calibration beads were measured and compared to the known density, the results

of these measurements are shown in Figure 5.5.9-1.  The results from this

validation test gave an R-value of 0.999 demonstrating excellent agreement

between the calibration bead known density and the predicted density based upon

this technique.

Density measurements were performed on thin polyimide and hybrid films

that were dried for 1 day in a vacuum oven at 180oC with masses ranging from

80mg to 160mg and the average of three measurements are reported.  Isooctane

was used as the liquid medium for these materials because they were not soluble

in it, the solvent had a low surface energy that aided in wetting film samples, it

had a low vapor pressure, and it had a negligible toxicity that made use relatively

safe.  The reproducibility in measuring density was used to assess the relative

error for this technique and was found to be 0.5% or 0.004 g/ml.
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Figure 5.5.9-1 Certified density calibration beads versus predicted density.

5.5.10 Gas Permeation

Gas permeation data were collected for the materials synthesized in this

research based on the integral method.10-11  The integral method was discussed

earlier and makes use of the Time-Lag Method to measure the increase in

pressure as a function of time and relate this accumulation of gas to effective

quantities for permeability, diffusion, and sorption.  A gas permeation test was

initiated after the feed, permeate, and film sample was degassed to a system

pressure of 1-5 mtorr and the gas permeation set-up reached thermal equilibrium.

He, O2, N2, CO2, and CH4 were the gases employed in this study, which were all
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99.999% pure.  The feed pressure used in all permeation tests was at an absolute

pressure of 4atm, while all tests were performed at several temperatures in order

to collect temperature dependent properties.  These criteria for gas permeation

data collection were set in order to insure reproducibility, that was accessed to be

0.2% when compared to the reproducibility in measuring the permeability

coefficient.  However, a total error of 2% was found when the permeability

coefficient was determined in a different gas permeation equipment set-up, which

is used throughout this study.  The following sections provide specific details of

the equipment employed in gas permeation measurements.

5.5.10.1 Gas Permeation Equipment

The gas permeation set-up was shown in Figure 5.5.10.1-1 with all

sections connected with 1/8” OD 316 stainless steel tubing.  A modified VEGA

5300 Series gas chromatograph oven was used to control the temperature of gas

permeation process within 0.1oC and the details of the gas permeation cell are

discussed in the next section.  System temperature was monitored and collected

with an AC5672 thermocouple card and type K thermocouple.  A series of

pneumatic block valves and a 486DX computer were used to control the

introduction of different feed gases, degassing of the film and equipment, and

protection of the pressure transmitter for the permeate section.  Permeate pressure

was measured with an absolute pressure transducer from MKS Baratron that has

an operating range of 0-100torr and a resolution of 0.1% of full-scale.  Feed

pressure was preset to an absolute pressure of 4 atm using a pressure regulator and

monitored throughout the experiment with a variable reluctance pressure

transducer from Validyne Eng. Corp. Northridge that has an operating range of 0-

45 atm.  Degassing the gas permeation system was achieved with a two-stage
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vane vacuum pump from Alcatel Corp. that is rated for a vacuum of 1mtorr.  An

external vacuum gauge was attached to the equipment set-up to monitor the

degassing process.

Pressure Transmitter
(Feed)

Pressure Transmitter
(Permeate)

Control Valves
(Vacuum)

Vacuum Pump

Control Valves
(Feed)

Permeation Cell

GC Oven

Figure 5.5.10.1-1 Gas permeation equipment set-up and control scheme.
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The inherent leak rate for the permeate section was measured by degassing

the section for one day then monitoring the pressure increase for 10 days.  The

results from this test demonstrated two things: the first was that the leak rate was

1mtorr/hr, and the second was that no measurable leak rate was detectable during

the first 4 to 5 days.  This undetectable leak rate implied that no correction to

permeation data was necessary if the test was completed within 4 days.  The

system volume was determined by attaching a calibrated volume to the system

set-up and varying the pressure.  A rise or decrease in pressure was recorded

when a valve separating the calibrated volume and the gas permeation set-up was

opened and these changes in pressure were used to solve for the unknown system

volume.  Using this technique a volume of 19.7ml with an error of 1.5% or

0.25ml was determined for this system.

5.5.10.2 Gas Permeation Cell

A brass gas permeation cell shown in Figure 5.5.10.2-1 was constructed

based on a design provided by the Dow Chemical Company.  The gas permeation

cell is designed for a radial static seal and fluorocarbon Viton® o-rings obtained

from Wynn Precision were used in this research to seal the cell halves.  Two

different diameter o-rings are arranged concentrically in the gas permeation cell to

provide the seals that are necessary for making an accurate test measurement.  A

smaller diameter o-ring is used to create a seal on the surface of the test film in

order to prevent feed gas from escaping into the permeate section, while the larger

o-ring seals the cell halves together and creates a leak free seal for the permeate

section.  These cell halves are held together with four hex screws with a torque of

0.86Mpa and it is fitted with a 100µm stainless steel sintered disc supplied from

Mött Metallurgical Inc. that provides mechanical support for test films.  The cell
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is designed for testing films with a nominal thickness of 125µm, and 44mm

diameter, with an overall cross-sectional area of 19.52cm2 for gas diffusion.

Feed

Dense Membrane Sintered Disk

Viton O-Ring

Permeate

  

Figure 5.5.10.2-1 Schematic representation of a gas permeation cell.

5.5.10.3 Data Collection and Valve Control

Data collection and valve control were achieved by interfacing block

valves, pressure transmitters, and thermocouples to a 486DX computer.  Block

valves were controlled with a 5600 series ADAC Corp. 8 channel AC switching

controller board, data were collected with an 8 channel A/D data acquisition

controller Data Translation Inc., and temperature data were collected an ADAC
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AC5672 thermocouple card and type K thermocouple.  The hardware was

interfaced with the computer using graphical interface programming software

from LABTECH Inc.
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Chapter 6 Effect of Molecular Weight on the Gas
Transport and Physical Properties of a
Fluorinated Polyimide I

6.1 Introduction

This chapter addresses the synthesis, and the physical and gas transport

properties of a series fluorinated polyimides with differing molecular weights.

These polyimides were synthesized from 4,4’hexafluoroisopropylidenediphtalic

anhydride, 6FDA, and 4,4’hexafluoroisopropylidenedianiline, 6FpDA.  The

remaining sections of this chapter are devoted to the characterization of these

polyimides, and discussion of the relationship between molecular weight, and the

physical and gas transport properties.

6.2 Experimental

The following section describes the steps and techniques used to

synthesize the series of 6FDA-6FpDA polyimides presented in this chapter.
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Table 6.2-1 summarizes the actual amount of reactants used to synthesis these

6FDA-6FpDA polyimides.

6.2.1 6FDA-6FpDA Polyimide Synthesis

All 6FDA-6FpDA polyimides were synthesized using the same

experimental technique.  To illustrate this technique for all the polyimides, a 63K

w
M  6FDA-6FpDA polyimide will be used as an example.  The synthetic

approach, employed in the synthesis of the 6FDA-6FpDA polyimides in this

study, is illustrated in Figure 6.2.2-1.  A 100g batch of a 62K 
w

M  6FDA-6FpDA

polyimide had a stoichiometric imbalance ratio, r, of 0.973.  When this imbalance

was set, the required amount of reactants for a 100g polymer batch were

134.7mmol (59.83g) of 6FDA and 131.1mmol (43.56g) of 6FpDA.  An excess

amount of 6FDA was used to create a polyimide with a dianhydride end-group

functionality.  Individual solutions of each reactant were created by dissolving

them in separate 250ml round bottom flasks using 200ml of 1-methyl-2-

pyrrolidinone, NMP, that were then sealed with a rubber septum.  The total

amount of solvent used was 500ml of NMP and 60ml of DCB such that a 15wt%

polymer solution and a 4:1 molar ratio of NMP to DCB were created for the

polymerization reaction.  Prior to charging the 1000ml three-necked round bottom

flask with reactants and solvent the entire equipment set-up was flame dried and

continuously purged with a stream of nitrogen that was maintained throughout the

entire reaction.

A polyamic acid is formed first in this polyimide synthesis method by

charging the 1000ml three-necked round bottom flask with the diamine solution

via a cannula through the rubber septum using nitrogen pressure.  After addition
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of the diamine solution, the dianhydride solution was slowly added to the 1000ml

three-necked round bottom flask by lowering the nitrogen pressure used to

transfer the reactant through the cannula.  The rate of dianhydride solution

addition was approximately 5ml per minute and was set in order to maintain an

approximately constant reaction temperature of 25oC during the exothermic

reaction of the diamine and dianhydride.  In order to ensure quantitative transfer

of reactants to the 1000ml three-necked round bottom flask, NMP was used to

rinse round bottom flasks, weighing pans, spatulas and then this recovered solvent

rinse was added to the reaction medium.  An intense clear canary yellow solution

appeared when the 6FDA solution was added to the 6FpDA solution.  This

diminished in intensity with time and at the end of this reaction was a pale yellow.

During the conversion of the dianhydride and diamine to the desired polyamic

acid, the reaction medium was constantly stirred at 60RPM and maintained at a

temperature of 25oC for 24 hours to provide the polyamic acid sufficient time to

equilibrate to the desired molecular weight.

After stirring this polyamic acid solution for 24 hours with a nitrogen

purge the polyimide was formed by thermal imidizing the polyamic acid solution

at 180oC for 24 hours.  Water formed during cyclodehydration of the polyamic

acid was removed when it formed a low boiling point azeotrope with DCB that

was condensed from the reaction medium with an Allhin condenser and then

captured with a modified Dean-Stark trap.  The DCB that was removed during

this process was replenished with new DCB via the modified Dean-Stark trap

such that a constant solvent volume was maintained in the 1000ml round bottom

flask.  After imidizing the polyamic acid, the polyimide solution was cooled, and

filtered with a 5µm nylon filter in order to remove unreacted reactants followed

by precipitation in methanol.  The recovered white precipitate was then dried in a

vacuum oven at 150oC for 24 hours.  In order to remove as much of the unreacted

reactants as possible, the polyimide precipitate was redissolved in THF, and then

filtered twice using a 5µm nylon filter.  The clear filtered polyimide solution was
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then cast into @Teflon coated pans in order to create films that were then dried in

a vacuum oven at 220oC for 24 hours to remove any remaining NMP or DCB.

180 oC for 24Hrs w/ N2 purge- 2 H2O

NMP and DCB  4:1
24Hrs w/ N2 purge

+
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Figure 6.2.1-1 Synthetic Route for polyimide synthesis employing the
solution imidization technique.



176

Table 6.2.1-1 Reactant summary for a series of 6FDA-6FpDA polyimides

Polyimide
6FDA

(g)
6FpDA

(g) r
NMP
(ml)

DCB
(ml)

39K 6FDA-6FpDA 59.833 43.150 0.9585 549 61
49K 6FDA-6FpDA 59.833 43.559 0.9675 549 61
63K 6FDA-6FpDA 59.833 43.920 0.9756 549 61
82K 6FDA-6FpDA 24.322 17.964 0.9816 223 25

6.3 Results and Discussion

The following sections are dedicated to characterizing these 6FDA-

6FpDA polyimides, including their physical and gas transport properties.  In order

to achieve this goal, several methods were employed.  For example, Fourier-

transformation Infrared FTIR, gel permeation chromatography, GPC, and 13C

NMR were used to provide confirmation of the polyimide structure, degree of

imidization, and molecular weight.  Dynamic mechanical thermal analysis

(DMTA) was used to gather viscoelastic properties, obtain the Tg (glass transition

temperature), and monitor overall changes in the physical properties as a function

of molecular weight.  Differential scanning calorimetry (DSC) was also used to

monitor changes in Tg and (change in heat capacity) ∆Cp.  Water absorption

experiments were completed to monitor changes in water absorption as a function

of molecular weight.  Finally, gas transport properties were evaluated at several

temperatures in order to calculate activation energies, and assess changes in gas

permeation and ideal selectivity as a function molecular weight.
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6.3.1 Structural Characterization of Polyimides

The structural characterization of the 6FDA-6FpDA was completed using

a BIO-RAD FTS-40A FTIR spectroscopy instrument, and solution 13C NMR.

FTIR-ATR spectra of thin films were collected employing a wave number

resolution of 4cm-1, an open aperture, and a KSR-5 crystal.  Further details

regarding the use of this equipment are discussed in Section 5.5.2.

The FTIR spectra were collected to evaluate the degree of imidization as a

function of conversion, and to semiqualitatively assess the degree of imidization.

Figure 6.3.1-1 clearly demonstrates how the polyamic acid of the 63K 
w

M

6FDA-6FpDA polyimide was converted to a polyimide based on the solution

imidization technique.  At 10 hours of conversion, the polyamic acid peak at

1690cm-1 is essentially gone.  However, as stated in the literature review, FTIR is

not sensitive enough to detect low concentrations of polyamic acid in the

polyimide structure.  Hence, this reaction was carried out for 24 hours, and then

characterized with solution 13C NMR.  The FTIR-ATR spectra for the entire

series of polyimides synthesized in this study are shown in Figure 6.3.1-2, and

based on these spectra imidization appears complete based on the absence of the

polyamic acid absorption peak at 1690cm-1.  Figure 6.3.1-3 is the FTIR-ATR

spectrum of a 63K 
w

M  6FDA-6FpDA polyimide indicating several of the

structural groups common to all these polyimides.

The carbon chemical shifts were characterized for all the polyimides

synthesized in this study.  Figures 6.3.1-4 through 6.3.1-7 provide specific

information regarding these polyimides.  Table 6.3.1-1 is a solution 13C NMR

peak assignment summary for a 63K 
w

M  6FDA-6FpDA polyimide, which was

representative of all the polyimides synthesized in this study.  Figure 6.3.1-5 is the

spectra of all the polyimides in this study from 174PPM to 160PPM.  This figure

demonstrates that these polyimides are fully imidized, within the sensitivity of

this technique, because the chemical shift of a carboxylic acid, typically observed
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near 172 PPM was absent for all the polyimides.  Figures 6.3.1-6 and 6.3.1-7

provide the numeration of each peak assignment that is summarized in Table

6.3.1-1.  Based on the results from FTIR and solution 13C NMR, the 6FDA-

6FpDA polyimides synthesized in this study were all fully imidized.
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Figure 6.3.1-1 FTIR spectra of the conversion of a polyamic acid to a
polyimide at 180oC as a function of time for a 63K wM  6FDA-6FpDA polyimide.

Polyimides were solution cast from CH2Cl2 onto KBr crystals.
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Figure 6.3.1-2 FTIR-ATR spectra of a 6FDA-6FpDA polyimide series as
a function of molecular weight from 1870cm-1 to 450cm-1.
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Figure 6.3.1-4 Solution 13C NMR spectrum of a 63K wM  6FDA-6FpDA

polyimide from 1870cm-1 to 450cm-1.  Experiments completed in NMP.
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Figure 6.3.1-5 Solution 13C NMR spectra of a series 6FDA-6FpDA
polyimides from 174 PPM to 160 PPM confirming imidization step.  Experiments
completed in NMP.
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Table 6.3.1-1 13C NMR Peak Assignment Summary of Figures 6.3.1-6
and 6.3.1-7 for a typical 6FDA-6FpDA Polyimide.

6FDA-6FpDA
Peak Assignments

PPM

1 64.56 64.30 64.05 63.80
2 133.43
3 130.42
4 127.21
5 131.96
6 128.55 125.69 122.84 119.99
7 65.62 65.37 65.11 64.84
8 137.96
9 132.70

10 133.16
11 165.77
12 165.79
13 136.69
14 123.95
15 124.49
16 128.02 125.18 122.33 119.49
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6.3.2 Molecular Weight Characterization

The molecular weight of the 6FDA-6FpDA polyimides synthesized in this

study were characterized by the Virginia Tech Chemistry department using a

Waters 150C GPC/ALC chromatograph, equipped with HT2+HT3+HT4 Waters

Styragel columns, and differential refractometer and viscometer detectors.

Further details regarding the uses of this instrument are addressed in Section 5.5.6

of this dissertation.  Figure 6.3.2-1 is a summary of the GPC chromatograms

obtained for all the 6FDA-6FpDA polyimides.  The response from this test shows

that the polyimides are unimodal in their molecular weight distribution.  Table

6.3.2-1 summarizes several of the results from this test, and also includes the

theoretical nM  that was originally targeted in this study.  Based on the results

from GPC, the polydispersity, PDI, of these samples was normal for a

condensation polymer.  In addition to this result, the target molecular weight and

the experimentally determined molecular weight did not vary by more than 13%.

This relatively small variation in molecular weight, compared to the experimental

error of 5% for this technique, is indicative of good molecular weight control of

the 6FDA-6FpDA polyimides synthesized in this study.

Table 6.3.2-1 GPC summary for a series of 6FDA-6FpDA polyimides.

lTheoretica

nM
(K)

** Calculated

nM
(K)

wM

(K)

PDI
( )nw MM

39K 6FDA-6FpDA 17.5 19.3 38.6 2.00
49K 6FDA-6FpDA 22.5 25.3 48.9 1.93
63K 6FDA-6FpDA 30.0 32.9 62.9 1.91
82K 6FDA-6FpDA 40.0 35.3 81.9 2.32

**  Evaluated with GPC, mobile phase NMP, 60oC
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Figure 6.3.2-1 GPC chromatograms of a series of 6FDA-6FpDA
polyimides as a function of molecular weight.  Samples were dissolved in NMP
and the mobile phase was NMP at 60oC.
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6.3.3 Polyimide Thermal Stability TGA

Thermal gravimetric analysis was completed on the series of 6FDA-

6FpDA polyimides synthesized in this study utilizing a High-Resolution TA 2950

TGA instrument.  Thermograms were collected to contrast changes in the thermal

stability of these 6FDA-6FpDA polyimides as a function of molecular weight.

Thermograms were collected using thin films having an average sample

mass of 15mg.  The scan rate was 20oC per minute, and the temperature range

was 30oC to 900oC in the presence of a N2 purge.  The results of this thermal

stability experiment are summarized in Table 6.3.3-1, and Figure 6.3.3-1.  In

general, the thermal stability of these 6FDA-6FpDA polyimides based on 95wt%

weight loss was approximately 510oC, and the carbonaceous residue at 900oC was

approximately 50%.  The changes observed in Table 6.3.3-1 are all within the

experimental error of this test, which indicates that these changes are not

statistically significant.

Table 6.3.3-1 TGA summary for a series of 6FDA-6FpDA polyimides.

Residue 95% wt Loss Tonset

% oC oC

39K 6FDA-6FpDA 51.0 509.6 531.8
49K 6FDA-6FpDA 51.7 523.1 529.6
63K 6FDA-6FpDA 50.3 521.3 532.6
82K 6FDA-6FpDA 52.2 525.1 534.9

*** Not measured,  Data collected at 20o/min with a N2 Purge,  Relative Error ~7%
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6.3.4 Polyimide Water Absorption Properties

Water absorption experiments are summarized in Table 6.3.4-1 for the

series of 6FDA-6FpDA polyimides synthesized in this study.  Water absorption

experiments were conducted with 35mm x 25mm x 0.06mm samples with an

average mass of 140mg.  These samples were dried for 7 days at 180oC in a

vacuum oven prior to testing.  Samples with a high surface area to volume ratio of

128 were employed to enhance water absorption equilibrium.  The test samples

were immersed for 10 days in deionized water at 25oC.  After the test period, film

samples were dried and immediately weighed to assess the total water uptake.

Further details regarding this measurement technique are found in Section 5.5.9 of

this dissertation.

The water absorption behavior of these materials is shown in Figure 6.3.4-

1 as a function of 1/ nM .  From this plot it can be clearly seen that absorption

uptake increases with increasing molecular weight.  The rationale for this increase

in water absorption with increasing molecular weight, may be due to increasing

free volume with increasing molecular weight.  Free volume was attributed as one

of the main factors for water absorption increases involving a series of crosslinked

epoxies.1  The behavior of increasing water absorption with increasing free

volume appears to explain the trend seen in Figure 6.3.4-1.
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Table 6.3.4-1 Water Absorption summary for a series of 6FDA-6FpDA
polyimides.

% Uptake
(gWater /gPolyimide)

39K 6FDA-6FpDA 0.13
49K 6FDA-6FpDA 0.33
63K 6FDA-6FpDA 0.76
82K 6FDA-6FpDA 1.18

* Relative Error ~10% in Water Absorption Data
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Figure 6.3.4-1 Water absorption characteristics for 6FDA-6FpDA
Polyimide series as a function of 1/ nM .
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6.3.5 Polyimide Density

The densities of the series 6FDA-6FpDA polyimides were measured with

a Mettler AJ100 analytical balance fitted with a Mettler ME-33360 density

determination kit.  The density determination technique are based on Archimede’s

Principle.  Further details regarding this method for determining density is found

in Section 5.5.9 of this dissertation.

The density measurements for these 6FDA-6FpDA polyimides were

performed on thin films.  These films were dried for 1 day in a vacuum oven at

180oC.  The average film mass used for these measurements was 100mg.  The

results from this experiment are summarized in Table 6.3.5-1.  Figure 6.3.5-1 is a

plot of the measured 6FDA-6FpDA polyimide densities as a function of 1/ nM .

This figure shows the linear decrease in density with increasing molecular weight,

which is indicative of increasing free volume.  Increasing free volume with

increasing molecular weight is a plausible explanation for the observed response

in density.  This is because a higher molecular weight would create a higher

concentration of “intersegmental defects”, which would cause an increase in the

free volume.  Thus, the changes in free volume created by the increase in

“intersegmental defects” should be reflected in the measured density, which was

observed in this study.
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Table 6.3.5-1 Density summary for 6FDA-6FpDA polyimide series as a
function of molecular weight.

Measured
Density (g/ml)

39K 6FDA-6FpDA 1.483
49K 6FDA-6FpDA 1.477
63K 6FDA-6FpDA 1.477
82K 6FDA-6FpDA 1.464

* Relative Error ~0.12% Error in Density Data
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Figure 6.3.5-1 Measured 6FDA-6FpDA polyimide density as a function of
1/ nM .
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6.3.6 DSC of Polyimides

Changes in heat capacity, ∆Cp, and the glass transition, Tg, of the series of

6FDA-6FpDA polyimides were measured with a TA 2920 Modulated DSC

instrument.  Data were collected from thin films having an average mass of 15mg

at a scan rate of 10oC per minute from an equilibrated temperature of 220oC, to a

final temperature of 360oC using a 20ml per minute N2 purge.  The Tg was

defined at the inflection point of this thermal transition.  This software

automatically calculated ∆Cp based on a normalized area underneath the thermal

transition that defined Tg with respect to a nonsample baseline file.  Tonset and Tend

defined the temperature interval used to calculate ∆Cp.  The ∆Cp and Tg reported

in this section of this chapter are from the second scan of a DSC experiment.

These results are summarized in Table 6.3.6-1, and the individual DSC scans for

these 6FDA-6FpDA polyimides are shown in Figures 6.3.6-1.

Table 6.3.6-1 DSC Summary of a series of 6FDA-6FpDA polyimides as
a function of molecular weight.

Tg ∆∆Cp Tonset Tend

oC mJ/(g oC) oC oC

39K 6FDA-6FpDA 286.4 187.0 278.4 294.3
49K 6FDA-6FpDA 296.6 183.4 290.8 302.3
63K 6FDA-6FpDA 294.1 189.2 286.0 299.3
82K 6FDA-6FpDA 302.5 184.6 296.0 307.9

* Relative Error ~ 0.7% in ∆Cp and Tg data.
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Figure 6.3.6-1 DSC scans for a series of 6FDA-6FpDA polyimides as a
function of molecular weight.  Data were collected from the second scan with a
heating rate of 10oC/min and a N2 purge.

Changes in the Tg of these 6FDA-6FpDA polyimides based on DSC are

plotted in Figure 6.3.6-2 as a function of 1/ nM .  This figure demonstrates what

the relationship between Tg and 1/ nM  predicted by the Fox-Flory equation.2  In

addition to this, changes in ∆Cp were also plotted versus 1/ nM , but no statistically

significant changes were observed for ∆Cp as a function of molecular weight.  As

listed in Table 6.3.6-1, the Tg based on DSC ranged from 286oC to 303oC.
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Figure 6.3.6-2 Tg of a series of 6FDA-6FpDA polyimides as a function of
1/ nM .
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Figure 6.3.6-3 ∆∆Cp of a series of 6FDA-6FpDA polyimides as a function
1/ nM .  The value of ∆∆Cp is reported from the second scan of a DSC run at

10oC/min with a N2 purge.
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6.3.7 DMTA of Polyimides

Changes in the mechanical properties of a series of 6FDA-6FpDA

polyimides were measured with a Rheometric Scientific Mark IV DMTA.  This

instrument was used to characterize the glass transition Tg and molecular

transitions in the polyimides.  Tests were performed on film samples that had a

predefined length and width of 15mm and 4mm, while the nominal thickness was

0.07mm.  The experimental conditions were set such that all film samples were

tested with a strain of 0.01%, a constant static force of 0.015N, and a heating rate

of 2oC per minute in air.  A low strain and force were chosen in order to ensure a

linear viscoelastic response (stress proportional to strain) during an experimental

run and the sample dimensions were set to exceed a length to width ratio of three

to minimize sample edge effects during a DMTA test.  Because all samples

underwent elongation during a test, the data reported from this experiment are

only from the first heating run, instead of the conventional second heating run.

These results are summarized in Table 6.3.7-1, and the individual DMTA scans

are shown in Figures 6.3.7-2 through Figure 6.3.7-5.  The remainder of this

section summarizes the experimental results observed with this test.

Figure 6.3.7-1 is a plot of the Tg determined from DMTA versus 1/ nM .

This plot was generated to demonstrate the relationship between Tg and nM

proposed by Fox and Flory.2  It is interesting to note that the predicted Tg∞ from

DSC was 323oC, while the predicted Tg∞ from DMTA was 337oC.  These

differences are believed to be a consequence of what each test was actually

measuring.  DMTA measures the transition associated with cooperative chain

motion, while DSC measures the change in heat capacity.  Based on this test

method, the Tg for these 6FDA-6FpDA polyimides varied from 311oC to 323oC.

Figure 6.3.7-5 is a plot of the beta relaxation, ββ, for the various 6FDA-6FpDA

polyimides.  From this figure and Table 6.3.7-1, the changes in the ββ relaxation



199

temperature do not appear to correlate with the molecular weight, even though the

changes are statistically significant.  This may be a consequence of solvent

casting these films, which causes film stresses, and can cause some order in the

film.  However, to fully determine this affect on the ββ transition temperature, each

film should be heated above its Tg, and then cooled at the same cooling rate.  If

this were done, then it would be possible to delineate what was contributing to the

changes in ββ transition temperature, the decrease in tanδδ at Tg seen in Figure

6.3.7-4, and the secondary sub-Tg relaxation seen in Figure 6.3.7-3 for the 82kMw

6FDA-6FpDA polyimide.

Table 6.3.7-1 DMTA data summary for a series of 6FDA-6FpDA
polyimides as a function of molecular weight.

 α  β ''E
oC tanδδ oC tanδδ oC

39K 6FDA-6FpDA 311.2 2.148 88.1 0.03419 75.1 285.9
49K 6FDA-6FpDA 317.0 1.478 116.5 0.03254 102.1 299.1
63K 6FDA-6FpDA 321.7 1.590 114.7 0.03232 100.9 305.8
82K 6FDA-6FpDA 323.2 2.120 102.7 0.03578 91.0 308.9

* 2o/min, 0.01% Strain, Relative Error ~0.2%
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Figure 6.3.7-1 Tg of a series of 6FDA-6FpDA polyimides as a function of
1/ nM .  Data were collected from the first scan at 2oC/min, 0.01% strain, constant

static force of 0.015N, and an air purge.
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Figure 6.3.7-2 E’ of a series of 6FDA-6FpDA polyimides as a function of
temperature and molecular weight.  Data were collected from the first scan at
2oC/min, 0.01% strain, constant static force of 0.015N, and an air purge.
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Figure 6.3.7-3 tanδδ of a series of 6FDA-6FpDA polyimides as a function
temperature and molecular weight.  Data were collected from the first scan at
2oC/min, 0.01% strain, constant static force of 0.015N, and an air purge.
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Figure 6.3.7-4 Tg of a series of 6FDA-6FpDA polyimides as a function of
temperature and molecular weight.  Data were collected from the first scan at
2oC/min, 0.01% strain, constant static force of 0.015N, and an air purge.
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Figure 6.3.7-5 tanδδ of a series of 6FDA-6FpDA polyimides as a function
temperature and molecular weight.  Data were collected from the first scan at
2oC/min, 0.01% strain, constant static force of 0.015N, and an air purge.
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6.3.8 Gas Transport Properties of Polyimides

The gas transport properties for the series of 6FDA-6FpDA polyimides

were evaluated using films that had a nominal thickness of 3mil or 76.2µm.  The

specific details regarding this test equipment are described in Section 5.5.10 of

this dissertation.  Permeation tests were performed using He, O2, N2, CO2, and

CH4.  The purity of these gases was 99.999%, and permeation tests were carried

out at various temperatures at a constant pressure of 4atm.

Apparent diffusion coefficients were calculated from the time-lag method

and permeability coefficients were calculated based on the integral technique

described in the literature review.  The principle equations used to calculate the

apparent permeability coefficient P and the diffusion coefficient D are shown in

Equations 1 and 2.  The Slope is the rate of gas accumulation measured in the

steady-state region of the integral technique, where the rise in pressure is

monitored as a function of time within a known volume V.  This rate of increase

in pressure versus time and designation of the steady-state region was shown in

Figure 4.2-1.  The total area of the membrane exposed to the gas penetrant where

diffusion actually occurs is represented by A.  The integral technique also

provides a way to directly evaluate the time-lag ΘΘ from a test which is then used

to calculate D.  Equation 2 shows the relationship between D and ΘΘ where l is the

average thickness of a membrane.  Apparent solubility coefficients S were

directly calculated from the relationship that exists between P, D, and S shown in

Equation 3.  The coefficients derived from Equations 1, 2, and 3 were

summarized in Tables throughout the proceeding sections.

A
V

R T
SlopeP = (1)
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The temperature dependence of permeation and diffusion can be modeled

by an Arrhenius relationship given by Equations 4 and 5.  Solubility can be

modeled with a van’t Hoff relationship as given by Equation 6.  Within these

equations EP represents the apparent activation energy for permeation and it is the

sum of the activation energy of diffusion ED and the heat of sorption ∆∆HS where

this relationship is shown in Equation 7.  These interrelationships among EP, ED,

and ∆∆HS are completely expressed with Equation 4 where Po, Do, and So are pre-

exponential factors.  The values of EP, ED, and ∆∆HS were calculated for all the

6FDA-6FpDA polyimides presented in this study that are summarized in tables at

the end of each section.
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Ideal selectivities for He/O2, He/N2, He/CO2, He/CH4, O2/N2, and

CO2/CH4 were also investigated for these 6FDA-6FpDA polyimides in order to

determine if they exceeded the upper bound and to probe for trends.  A complete

section is devoted to examining these materials with figures and tables

summarizing these results.  The main objective of these studies was to gain an

appreciation of the contribution of molecular weight on the overall gas transport

properties, and understand how molecular weight affects gas transport properties.

6.3.8.1 Gas Permeability, Diffusivity, & Solubility of
Polyimides

The mobility, D, and solubility, S, components for the permeability, P, of

this series of 6FDA-6FpDA polyimides are summarized in Tables 6.3.8.1-1

through 6.3.8.1-5.  Figure 6.3.8.1-1 is a plot of the %Change in permeability of

these 6FDA-6FpDA polyimides with respect to a 39K wM  6FDA-6PpDA

polyimide.  From this figure it is apparent that increasing the molecular weight

leads to an increase in permeability for all the gases considered in this study.  In

addition to these increases in gas permeability, it appears that the rate of change in

permeability is greater for the larger sized CH4 molecule.  In fact, there appears to

be a trend of increasing rate of change in permeability with increasing penetrant

size.  This may be due to additional free volume in the polymer, which would

increase the solubility of the polyimides.  Hence, based on Equation 3

permeability must increase if solubility increases.  Increasing free volume with

increasing molecular weight because of “intersegmental packing defects” explains

the increase in permeability.  In order to validate this idea, permeability,

diffusivity, and solubility of O2 were plotted as a function of 1/ nM  in Figures
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6.3.8.1-2 through 6.3.8.1-4.  These figures show that the diffusivity and solubility

increase with increasing molecular weight; therefore permeability must increase.

There is very little literature that directly addresses molecular weight and

permeability.3-4  Takada et al.4 investigated the gas permeability of a series of

different molecular weight polyacetylenes.  The results form this study showed

that increasing the molecular weight led to an increase in O2 permeability.  This is

the same trend seen for these 6FDA-6FpDA polyimides.  In this study, Takada et

al.4 attributed the increasing permeability with increasing molecular weight to

three causes.  First, free volume increased with increasing wM  because of

decreased solubility that trapped more free volume in the film when it evaporated.

Second, free volume increased with increasing wM  because of increasing chain

entanglements encountered during solvent evaporation.  Finally, these researchers

believed that the polyacetylenes became “stiffer” with increasing wM  because the

higher wM  polyacetylenes had higher Tgs.  This author believes that there is an

increase in free volume with increasing molecular weight.  This free volume

manifests itself by an increasing gas solubility that is dependent on the

concentration of free volume in the polymer.5-9  It is hard to imagine that the

polyacetylenes were becoming “stiffer” with increasing molecular weight, rather

chain entanglements are known to impart the physical properties that were

observed by Takada.2
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Figure 6.3.8.1-1 %Change in Permeability P of a series of 6FDA-6FpDA
polyimides versus Kinetic Diameter.  Data were collected at 4atm absolute and
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Figure 6.3.8.1-3 O2 Diffusivity as a function of 1/ nM  for series of 6FDA-

6FpDA polyimides.  Data were collected at 4atm absolute and 35oC.



212

2 3 4 5 6

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

32.9K Mn

Outlier Data Point
(Not Statistically Different from 25.3K Mn Sample)

35.3K Mn

25.3K Mn

19.3K Mn

Slope =  - 0.194 cm3@STP /(cm3 atm)  / M
n
 

Intercept = 1.719cm3@STP/(cm3 atm) (O
2
) 

R = - 0.987

O
2 S

o
lu

b
ili

ty
 (

cm
3 @

S
T

P
/ (

cm
3  a

tm
) 

)

100,000 / M
n
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6FpDA polyimides.  Data were collected at 4atm absolute and 35oC.
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Table 6.3.8.1-1 He Mobility and Solubility components of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

HeP HeD HeS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

39K 6FDA-6FpDA 75.6 811 0.0709
49K 6FDA-6FpDA 118 1284 0.0697
63K 6FDA-6FpDA 120 1137 0.0805
82K 6FDA-6FpDA 135 1184 0.0866

* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%

Table 6.3.8.1-2 O2 Mobility and Solubility components of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

2OP
2OD

2OS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

39K 6FDA-6FpDA 6.50 7.09 0.692
49K 6FDA-6FpDA 12.7 9.67 0.994
63K 6FDA-6FpDA 12.9 9.88 0.991
82K 6FDA-6FpDA 15.6 10.4 1.146

* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%

Table 6.3.8.1-3 N2 Mobility and Solubility components of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

2NP
2ND

2NS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

39K 6FDA-6FpDA 1.33 1.62 0.622
49K 6FDA-6FpDA 2.65 2.61 0.772
63K 6FDA-6FpDA 2.71 2.70 0.762
82K 6FDA-6FpDA 3.39 2.90 0.890

* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%
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Table 6.3.8.1-4 CH4 Mobility and Solubility components of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

4CHP
4CHD

4CHS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

39K 6FDA-6FpDA 0.65 0.28 1.79
49K 6FDA-6FpDA 1.27 0.46 2.10
63K 6FDA-6FpDA 1.33 0.46 2.21
82K 6FDA-6FpDA 1.72 0.53 2.47

* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%

Table 6.3.8.1-5 CO2 Mobility and Solubility components of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

2COP
2COD

2COS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

39K 6FDA-6FpDA 25.7 2.56 7.62
49K 6FDA-6FpDA 47.1 3.88 9.22
63K 6FDA-6FpDA 49.2 4.08 9.16
82K 6FDA-6FpDA 62.1 4.46 10.6

* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%
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6.3.8.2 Arrhenius and van’t Hoff Relationships to the Gas
Permeation Properties of Polyimides

Changes in EP, ED, and ∆∆HS were evaluated to see if there were

relationships between the changes seen in P, D, and S for these 6FDA-6FpDA

polyimides.  The results from this test are listed in Tables 6.3.8.2-1 through

6.3.8.2-6.  In general, EP decreased because ∆∆HS became more positive, while ED

also decreased.  These results do not provide a good correlation between the

observed changes in permeability with increasing molecular weight.  What was

expected was a decrease in ED and ∆∆HS becoming more negative or remaining the

same.  To further explore the changes in P, D, and S the mean interchain distance,

d, was calculated for these polyimides based on Brandt’s model.10  Figure 6.3.8.2-

3 is a plot of d and the polyimides synthesized in this study.  This model predicts

that d is the largest for the lowest molecular weight polyimide.  However, this

polyimide has the highest density and lowest permeability.  Based on these

measured properties, the results seen in Figure 6.3.8.2-3 do not seem plausible,

nor do they help explain the increasing permeability with increasing molecular

weight.  Based on the results in this sections, there does not appear to be a strong

correlation between EP, ED, and ∆∆HS, and P, D, and S for these 6FDA-6FpDA

polyimides.  Figures 6.3.8.2-1 through 6.3.8.2-4 summarize the observed results

seen for these 6FDA-6FpDA polyimides.
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Figure 6.3.8.2-1 %Change in EP of a series of 6FDA-6FpDA polyimides as
a function of Kinetic Diameter.  Data were collected at 4atm absolute and at
temperature intervals of 35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 6.3.8.2-2 %Change in ED of a series of 6FDA-6FpDA polyimides as
a function of Kinetic Diameter.  Data were collected at 4atm absolute and at
temperature intervals of 35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 6.3.8.2-4 %Change in ∆∆HS of a series of 6FDA-6FpDA polyimides
as a function of Kinetic Diameter.  Data were collected at 4atm absolute and at
temperature intervals of 35oC, 50oC, 75oC, 100oC, and 125oC.
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Table 6.3.8.2-1 He Arrhenius and van’t Hoff parameters of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

HePE
HeDE

HeSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

39K 6FDA-6FpDA 9.31 8.61 0.71
49K 6FDA-6FpDA 7.23 7.39 -0.16
63K 6FDA-6FpDA 7.12 7.36 -0.21
82K 6FDA-6FpDA 7.22 7.78 -0.56

* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%

Table 6.3.8.2-2 O2 Arrhenius and van’t Hoff parameters of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

2OPE
2ODE

2OSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

39K 6FDA-6FpDA 10.2 24.0 -13.8
49K 6FDA-6FpDA 6.48 22.7 -16.2
63K 6FDA-6FpDA 6.60 22.8 -16.2
82K 6FDA-6FpDA 7.23 23.5 -16.3

* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%

Table 6.3.8.2-3 N2 Arrhenius and van’t Hoff parameters of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

2NPE
2NDE

2NSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

39K 6FDA-6FpDA 15.6 29.9 -14.3
49K 6FDA-6FpDA 11.4 31.5 -20.1
63K 6FDA-6FpDA 11.2 29.6 -18.4
82K 6FDA-6FpDA 12.1 30.7 -18.4

* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%
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Table 6.3.8.2-4 CH4 Arrhenius and van’t Hoff parameters of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

4CHPE
4CHDE

4CHSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

39K 6FDA-6FpDA 19.5 39.2 -19.8
49K 6FDA-6FpDA 15.3 35.1 -19.8
63K 6FDA-6FpDA 15.0 35.0 -20.0
82K 6FDA-6FpDA 16.2 36.0 -19.8

* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%

Table 6.3.8.2-5 CO2 Arrhenius and van’t Hoff parameters of a series of
6FDA-6FpDA polyimides as a function of molecular weight.

2COPE
2CODE

2COSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

39K 6FDA-6FpDA 4.57 27.9 -23.3
49K 6FDA-6FpDA 1.59 23.3 -21.7
63K 6FDA-6FpDA 1.35 24.4 -23.0
82K 6FDA-6FpDA 2.15 24.4 -22.3

* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%

Table 6.3.8.2-6 c, f, and mean interchain d predictions of a series of 6FDA-
6FpDA polyimides as a function of molecular weight.

f c d

(cal/gmol) (cal/gmol/Å2) (Å)

39K 6FDA-6FpDA 11973 1466 2.86
49K 6FDA-6FpDA 8825 1205 2.71
63K 6FDA-6FpDA 8663 1182 2.71
82K 6FDA-6FpDA 8831 1211 2.70

* Evaluated with Equation 10, Relative Error ~ 2%
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Figure 6.3.8.2-5 ED versus kinetic diameter for a series of 6FDA-6FpDA
polyimides.
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6.3.8.3 Ideal Gas Selectivity of Polyimides

The ideal selectivities of He/O2, He/N2, He/CH4, CO2/CH4, and O2/N2 are

summarized in Tables 6.3.8.3-1 through 6.3.8.3-5.  The trend for these 6FDA-

6FpDA polyimides was that increasing the molecular weight resulted in a

decrease in ideal gas selectivity.  This decrease in selectivity was demonstrated

with Figures 6.3.8.3-1 and 6.3.8.3-2 for He/CH4 separation.  The trends seen in

these figures were observed for all the gas pairs listed, and none of the 6FDA-

6FpDA polyimides exceeded the “upperbound”.12  In order to understand why

there was a decrease in selectivity with increasing molecular weight, the change

in He/CH4 diffusivity was examined.  Figure 6.3.8.3-3 reveals that as the

molecular weight increases, there is a nonlinear decrease in diffusivity selectivity.

Although not plotted, solubility selectivity was also examined and found to

decrease with increasing molecular weight, which is seen in Table 6.3.8.3-3.  This

decreasing selectivity trend was not observed by Takada et al.4 for the series of

polyacetylenes that they studied.  In fact, they saw increased selectivity with

increasing molecular weight, which contradicts the observation made in this

study.  However this 6FDA-6FpDA polyimide has little charge transfer

complexes (CTCs) because of the presence of the hexafluoroisopropylidene, 6F,

in the backbone of the polyimide.13-15  Therefore, this loss in CTC formation may

account for the decrease in selectivity, but further studies would need to be done

to validate these differences.  An interesting facet of Figure 6.3.8.3-2 is that one

could use it to predict the nM  of a polymer in the same fashion Fox and Flory

predicted the Tg of a polymer based on nM .2
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Figure 6.3.8.3-3 Change in Ideal Diffusivity Selectivity versus 1/ nM  for a

series of 6FDA-6FpDA polyimides.
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Table 6.3.8.3-1 He/O2 Separation components of a series of 6FDA-6FpDA
polyimides as a function of molecular weight.

2He/Oα
2OHe /DD

2OHe /SS

39K 6FDA-6FpDA 11.7 114 0.102
49K 6FDA-6FpDA 9.31 133 0.070
63K 6FDA-6FpDA 9.35 115 0.081
82K 6FDA-6FpDA 8.63 114 0.076

Table 6.3.8.3-2 He/N2 Separation components of a series of 6FDA-6FpDA
polyimides as a function of molecular weight.

2He/Nα
2NHe /DD

2NHe /SS

39K 6FDA-6FpDA 57.0 500 0.114
49K 6FDA-6FpDA 44.4 492 0.090
63K 6FDA-6FpDA 44.4 421 0.106
82K 6FDA-6FpDA 39.7 408 0.097

Table 6.3.8.3-3 He/CH4 Separation components of a series of 6FDA-
6FpDA polyimides as a function of molecular weight.

4He/CHα
4CHHe /DD

4CHHe /SS

39K 6FDA-6FpDA 116 2917 0.040
49K 6FDA-6FpDA 92.9 2797 0.033
63K 6FDA-6FpDA 90.3 2485 0.036
82K 6FDA-6FpDA 78.5 2239 0.035
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Table 6.3.8.3-4 O2/N2 Separation components of a series of 6FDA-6FpDA
polyimides as a function of molecular weight.

22 /NOα
22 NO /DD

22 NO /SS

39K 6FDA-6FpDA 4.87 4.38 1.11
49K 6FDA-6FpDA 4.77 3.71 1.29
63K 6FDA-6FpDA 4.75 3.66 1.30
82K 6FDA-6FpDA 4.60 3.57 1.29

Table 6.3.8.3-5 CO2/CH4 Separation components of a series of 6FDA-
6FpDA polyimides as a function of molecular weight.

42 /CHCOα
42 CHCO /DD

42 CHCO /SS

39K 6FDA-6FpDA 39.3 9.20 4.26
49K 6FDA-6FpDA 37.2 8.50 4.40
63K 6FDA-6FpDA 36.9 8.90 4.14
82K 6FDA-6FpDA 36.2 8.40 4.29
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6.4 Conclusions

The most profound observation made with these 6FDA-6FpDA

polyimides was the increase in permeability and diffusivity with increasing

molecular weight.  In addition to this observation, density was found to decrease

with increasing molecular weight, which was attributed to an increase free

volume.  However, what must be investigated is the role of the type of endgroup

and its affect on permeability, diffusivity, and density.  This statement is made

because these polyimides have a significant decrease in the concentration of

dianhydride endgroups with increasing molecular weight and its affect on

permeability, diffusivity, and density must be evaluated.  Based on Figures

6.3.8.3-2 and 6.3.8.3-3 there appears to be a relationship between nM  and

permeability and diffusivity.  These figures provide insight for why differences in

permeability and diffusivity are observed the literature for identical polymers.

The implication of the relationship between molecular weight and gas transport

properties must be incorporated into future models that attempt to model gas

transport in polymer systems.
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Chapter 7 Gas Transport and Physical Properties of a
Series of Hybrid Inorganic-Organic
Polyimide Composites I

7.1 Introduction

This chapter addresses the synthesis, and the physical and gas transport

properties of a series of inorganic-organic hybrid materials based on a 63K wM

6FDA-6FpDA polyimide and TEOS, MTMOS, and PTMOS.  The remaining

sections of this chapter are devoted to the characterization of these hybrid

materials, discussion of the changes observed as a function of alkoxide type and

content and its relationship to measurable physical and gas transport properties.

7.2 Experimental

The following section describes the steps and techniques used to create

these hybrid materials based on 63K 
w

M  6FDA-6FpDA polyimide and TEOS,
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MTMOS, and PTMOS.  Table 7.2.1-1 summarizes the actual amount of reactants

used to synthesis these hybrid materials.  Other details regarding the synthesis of

this polyimide can be found in Chapter 6 of this dissertation.

7.2.1 Hybrid Inorganic-Organic Synthesis

Hybrid materials were successfully synthesized employing the generalized

synthetic approach given in Figure 7.2.1-1.  This synthetic technique was based

on creating a homogeneous solution of a partially hydrolyzed alkoxide sol and a

functionalized solution of polyimide in tetrahydrofuran (THF) where cross-

linking between polyimide and alkoxide sol was facilitated with 3-

aminopropyltriethoxysilane (APTEOS).  The homogeneous solution was then cast

into @Teflon coated pans, carefully evaporated, and then heat treated to promote

conversion of the alkoxide via condensation reactions.  At the end of this

synthesis scheme, the hybrid films were tested according to the methods and

techniques discussed in the Experimental Methods chapter.  The remainder of this

section provides the details involved in creating these hybrid materials.

Hybrid materials were created using a functionalized polyimide and a

partially hydrolyzed alkoxide, according to the idealized scheme shown in Figure

7.2.1-3.  The functionalized polyimide was created in a 10wt% solution of THF

with a stoichiometric amount of APTEOS.  During this reaction between the

polyimide and APTEOS, an amide was formed when a carbonyl in the

dianhydride-terminated polyimide undergoes a nucleophilic attack by an amine in

the APTEOS.  In a separate solution, a partially hydrolyzed alkoxide was created

and then added to the functionalized polyimide solution, which was then solution

cast and allowed to dry.  Dried films were cured at elevated temperatures
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according to Membrane Fabrication steps detailed in Section 5.4.  At this elevated

film curing temperature the amide formed between the polyimide and APTEOS

was converted to an imide.

The amount of APTEOS used to functionalize 3.05g of polyimide was 7X

the number average molecular weight of the polyimide, which was 68µl.  This

amount was stirred for 30 minutes prior to mixing with the partially hydrolyzed

alkoxide.  The stoichiometric amount of APTEOS employed to functionalize this

polyimide was based on a series of cross-linking experiments designed to find the

minimum amount of APTEOS necessary for gel onset.  Separate 1H NMR

experiments were also completed to evaluate the reaction between APTEOS and

the polyimide anhydride endgroups.  These experiments revealed that the reaction

was complete within 15 minutes at ambient conditions after the addition of

APTEOS.

Partially hydrolyzed alkoxides were created by slowly adding a separate

solution of water, HCl, and THF to an alkoxide that was allowed to mix and react

for 1 hour prior to addition to the functionalized polyimide solution.  The molar

ratios associated with alkoxide, water, and HCl were set at 0.5 moles of water to

every mole of alkoxy group in an alkoxide, and 0.05 moles of water to every mole

of HCl.  The amount of THF used in this solution was equal to the total volume of

alkoxide, water, and HCl employed.  A THF based system was chosen to

compatiblize the system of alkoxide, water, and HCl because it prevented

polyimide precipitation, eliminated occasional sol alkoxide precipitation by

slowing down the hydrolysis and condensation reactions, and permitted higher

alkoxide loading, because an alcohol was not used to compatiblize the alkoxide.

In addition to these benefits, it was assumed that the degree of alkoxide hydrolysis

would be enhanced because alcohol is a product during this reaction, and not

using it as a solvent medium causes the reaction equilibrium to shift more in favor

of hydrolysis instead of esterification.  This change in reaction equilibrium is

referred to as Le Chatelier’s Principle, which describes how a system at
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equilibrium will partially offset an applied stress by adjusting the system.1

During the slow addition of the solution of water, HCl, and THF to the alkoxide, a

very noticeable exothermic hydrolysis reaction was observed by an increase in

solution temperature.  This temperature increase was the largest for MTMOS

followed by TEOS.  The PTMOS based solutions had the smallest exothermic

hydrolysis reaction, which was observed only at compositions of 15wt% and

22.5wt%, while solutions based on MTMOS and TEOS had solution temperature

rises at all compositions.

An example of a typical hybrid material based on 3.05g of polyimide and

22.5wt% TEOS begins with the addition of 947µl of TEOS into a 5ml test-tube.

In a separate 5ml test-tube, 127µl of water, 34µl of 37.5wt% HCl, and 1.1ml of

THF would be mixed and then slowly added to the alkoxide to minimize the

associated exothermic reaction followed by mixing for 1 hour.  Synthesis of the

functionalized polyimide begins by adding 3.05g of polyimide into a 150ml round

bottom flask, and then dissolving it with 30ml of THF.  Once the polyimide has

completely dissolved, 68µl of APTEOS is added and the resulting solution is then

mixed for 30 minutes.  After the required times are met the partially hydrolyzed

alkoxide solution is added to the functionalized polyimide and stirred for an

additional 1 hour.  The resulting homogeneous solution is then filtered with a

5µm nylon filter and cast into a @Teflon coated pan that is covered.  The solution

was allowed to slowly evaporate at ambient conditions over 4 days at an average

evaporation rate of 0.4ml/hr.  This time interval was chosen to provide sufficient

reaction time for the alkoxide, and to minimize solvent concentration gradients in

the film during evaporation.  These concentration gradients create film stresses,

which lead to film curling.  Final curing of a typical hybrid film was performed in

a vacuum oven employing a heating interval of 50oC for 5 hours, 150oC for 5

hours, and then 220oC for 12 hours.  In general, the film had an average thickness

of 3mil or 76.2µm that was controlled by the amount of material cast on the

predefined cross-sectional area of the @Teflon coated pan.  Table 7.2.1-1 is a
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summary of all the hybrid materials synthesized and the amount of reactants and

solvents used in their synthesis.  The remainder of this chapter is dedicated to the

goal of evaluating these hybrid materials.

Partially Hydrolyzed
Inorganic Alkoxide

Functionalized
Polyimide

Homogeneous
Solution

Cast & Evaporate

Heat Treatments

Test Sample

Inorganic Organic

  

Figure 7.2.1-1 Synthetic Route for polyimide synthesis, functionalizing
step, and conversion to an inorganic-organic hybrid.
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Figure 7.2.1-2 Synthetic Route for polyimide synthesis, functionalizing
step, and conversion to an inorganic-organic hybrid.  Idealized representation of
hybrid system, which includes polyimide chains bonding among themselves at
their reactive endgroups and with inorganic domains.
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Table 7.2.1-1 Reactant summary for a series of 63K wM  6FDA-6FpDA

polyimide based hybrid materials.

Polyimide
(g)

Alkoxide
(µµl)

APTEOS
(µµl)

HCl
(µµl)

H2O
(µµl)

THF
(ml)

Pure 3.07 0 0 0 0 31.1
XL 3.03 0 67 0 0 30.7

7.5 wt%  TEOS 3.05 255 68 10 34 31.2
15 wt%  TEOS 3.01 569 67 10 37 31.2

22.5 wt%  TEOS 3.05 947 68 10 37 32.0
7.5 wt%  MTMOS 2.89 245 64 10 35 29.5
15 wt%  MTMOS 2.89 534 64 10 35 29.9

22.5 wt%  MTMOS 2.91 883 65 10 35 30.5
7.5 wt%  PTMOS 2.98 227 66 10 36 30.4
15 wt%  PTMOS 2.92 485 65 10 35 30.1

22.5 wt%  PTMOS 2.87 785 64 10 35 30.0
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7.3 Results and Discussion

The following sections are dedicated to elucidating the chemical structure

of these 6FDA-6FpDA polyimide hybrid materials, and their physical and gas

transport properties.  In order to achieve this goal several characterization

methods were employed.  Fourier-transform Infrared FTIR was used to provide

information regarding the interactions between the polyimide matrix and the

various alkoxides employed in this research.  Dynamic mechanical thermal

analysis (DMTA) was used to gather viscoelastic properties, obtain the Tg (glass

transition temperature), and monitor overall changes in the physical properties of

these hybrid materials.  Differential scanning calorimetry (DSC) was also used to

monitor changes in Tg and (change in heat capacity) ∆Cp.  Transmission electron

microscopy (TEM) and atomic force microscopy in the tapping mode (AFM-TM)

were completed to study the hybrid materials morphology.  Swelling and water

absorption experiments were completed to determine the effectiveness of these

alkoxides in resisting water and solvent intrusion which are known to degrade a

materials’ properties.2-3  Positron Annihilation Life-Time spectroscopy (PALS)

was completed on this series of hybrid materials, permitting the determination of

changes in the total fractional free volume and mean pore size.  Gas transport

properties of these hybrid materials were evaluated at several temperatures in

order to calculate activation energies, and assess changes in gas permeation and

ideal selectivity as a function of alkoxide content and type.
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7.3.1 Structural Characterization of Hybrid Materials

The structural characterization of hybrid materials containing TEOS,

MTMOS, and PTMOS was completed using a BIO-RAD FTS-40A FTIR

spectroscopy instrument.  FTIR-ATR spectra of thin films were collected

employing a wave number resolution of 4cm-1, an open aperture, and a KSR-5

crystal.  Further details regarding the use of this equipment were discussed in

Section 5.5.2.  These spectra were used to evaluate modifications in the local

environment of the polyimide caused by interfacial interactions with the inorganic

domains and to specifically differentiate between the different type of alkoxides

employed in this study.  Hydrogen bonding was the main interaction being probed

with FTIR.  It was proposed to occur between the imide carbonyl and the silanol

groups present in the incompletely condensed silica/xerogel.  These ideas

regarding hydrogen bonding between a polyimide carbonyl and a hydroxyl group

were proposed by Farr4,58 with a series of hydroxyl functionalized polyimides.

However, for these hybrid materials no large wave number shifts in the imide

carbonyl at 1720cm-1 were observed during the evaluation of these hybrid

materials regardless of the type of alkoxide employed.  Although this observation

was made, it does not exclude the possibility of hydrogen bonding that might be

seen at higher wavenumbers for the silanol groups.  All the silicon alkoxides

employed in this study had several similar and unique structural features that were

identified with FTIR.  The remainder of this section is devoted to the discussion

of the differences found among these materials.

The FTIR absorbance spectrum for a hybrid material based on 63K 
w

M

6FDA-6FpDA polyimide and TEOS, collected from 2000cm-1 to 400cm-1 wave

numbers is shown in Figure 7.3.1-1.  Imidization of the polyamic acid was

qualitatively confirmed from the FTIR spectrum shown in Figure 7.3.1-1 where

the appearance of the amide carbonyl at 1690cm-1 was not observed.  Hydrogen

bonding interactions occurring between the polyimide matrix and silica domains
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were considered minimal.  This statement was based on the small imide carbonyl

absorption wave number shift of 0.5cm-1 that occurred at 1720cm-1.

The FTIR spectrum of the silica derived from TEOS within this hybrid

system is shown in Figure 7.3.1-2 and was analyzed from 1470cm-1 to 730cm-1.  It

was apparent from this spectrum that the main type of structures present in the

TEOS derived silica were condensed species, followed by silanol groups, and to a

smaller extent open chain structures.  Although many of the silica absorptions

were convoluted with the polyimide absorptions, it was still possible to

qualitatively state that the alkoxides were not completely condensed. Further

conclusions can not be drawn without solid state 29Si NMR analysis.  This was an

expected result because complete silica formation occurs near 700oC, a

temperature far above the 220oC employed in the curing of these hybrid films.

Incomplete silica conversion was apparent from the Si-O-Si stretching associated

with open chain structures ranging from 1000cm-1 to 1100cm-1 wave numbers.

Silanol stretching for Si-OH occurs from 1020cm-1 to 1040cm-1.  Given the

changes in the absorption intensity in this region with this composition, it was

readily apparent that the Si-OH absorption was present.  Stretches associated with

Si-O-Si cyclic structures occur from 1080cm-1 to 1090cm-1 and were also

observed in this hybrid material.

These conclusions regarding the state of the silica derived from TEOS

were expected because acid catalysis favors hydrolysis.  During the evaporation

of these films, the solvent concentration decreases as the THF is removed, which

results in an enhancement in the condensation of TEOS.5  The final TEOS silica

material was hydrolyzed and tightly cross-linked with a measured pure bulk

density of 1.80 g/ml.  In a separate study completed by Spinu,5 it was observed for

a TMOS-polyimide hybrid material that the presence of the organic species

catalyzed the silica condensation.  In fact, it was found that a film cured at 150oC

had a greater degree of condensation than TMOS derived silica cured at 500oC.

The results found by Spinu were dependent on the sol-gel chemistry employed,
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which included solvent type, water, catalyst, and alkoxide stoichiometry, which

effect the hydrolysis and condensation reactions.6-29  Although polymer molecular

weight may be a variable, it was expected that some catalytic behavior would be

generated by the presence of the polyimide during TEOS condensation.

Figure 7.3.1-3 is the FTIR absorbance spectrum for a hybrid material

based on 63K 
w

M  6FDA-6FpDA polyimide and MTMOS evaluated from

2000cm-1 to 400cm-1 wave numbers.  Hydrogen bonding interactions occurring

between the polyimide matrix and silica domains were the highest for this

alkoxide.  A 1.0cm-1 wave number shift was the maximum shift observed for the

imide carbonyl absorption at 1720cm-1.  This supports the conclusion that

negligible hydrogen bonding occurs with this alkoxide, but further spectral

evaluations are warranted to solidify this statement.

The structure of the silica derived from MTMOS within this hybrid system

was analyzed from 1470cm-1 to 730cm-1 and is shown in Figure 7.3.1-4.  From

this spectrum specific features associated with a methyl group bonded to the

silicon atom are easily identified.  The two absorptions related to MTMOS, and

the Si-CH3 groups were the strong Si-C absorption observed at 774cm-1, and the

CH3 absorption observed at 1268cm-1 with the Si-C absorption being the most

prominent structural feature.  The MTMOS derived silica was different than

TEOS derived silica because there was an additional weight loss associated with

the decomposition of the methyl group occurring between 500oC and 600oC,

followed by the complete silica conversion occurring near 700oC, which was

observed in this research and others.30-31  As stated earlier, the low film curing

temperature of 220oC employed for these materials leads to incomplete silica

conversion.  This incomplete silica conversion is apparent from the Si-O-Si

stretching associated with open chain structures ranging from 1000cm-1 to

1100cm-1 wave numbers.   For the MTMOS derived silica this absorption region

was much broader, and intense than TEOS derived silica.  The open chain

structures in MTMOS derived silica arise because of the lower functionality (f=3),
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and the steric hindrances introduced by the methyl group.  This results in a more

open gel and silica structure.  Silanol group absorptions ranging from 1020cm-1 to

1040cm-1 were present in the MTMOS derived silica.  When this was compared to

the other alkoxides, it was observed to have the greatest concentration of Si-OH

groups.  This high concentration of Si-OH groups was caused by the “alkyl

effect” discussed earlier which promotes hydrolysis.  However, a competing

effect that prevents these hydrolyzed groups from participating in condensation

reactions was the steric hindrance associated with the methyl group, and the lower

MTMOS functionality.  The net effect associated with employing MTMOS was

highly hydrolyzed and loosely cross-linked silica.  Absorption stretches associated

with Si-O-Si cyclic structures occurring from 1080cm-1 to 1090cm-1 were also

observed in this hybrid material, but their intensity appeared to be smaller than

TEOS, but greater than PTMOS derived silica.

These conclusions regarding the state of MTMOS derived silica were

expected because the “alkyl effect”, steric hindrances, and acid catalysis favoring

hydrolysis.  The net result was the highly hydrolyzed and loosely cross-linked

silica that had a measured pure bulk density of 1.2 g/ml.  Catalytic enhancement

by the presence of the polyimide chains discussed earlier for TMOS was not

known to occur for MTMOS.  Catalytic condensation enhancement may in fact be

negated by the steric hindrances of the methyl group.

Figure 7.3.1-5 shows the FTIR absorbance spectrum for a hybrid material

based on 63K 
w

M  6FDA-6FpDA polyimide and PTMOS evaluated from

2000cm-1 to 400cm-1 wavenumbers.  The observed hydrogen bonding interactions

occurring between the polyimide matrix and the PTMOS silica domains were

equivalent to the TEOS silica systems.  A maximum observable shift associated

with the imide carbonyl at 1720cm-1 was only 0.5cm-1, which supports the

original assumption that negligible hydrogen bonding occurs with this alkoxide,

or any of the alkoxides employed in this study.
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The silica structure associated with PTMOS within this hybrid system was

analyzed from 1470cm-1 to 730cm-1 and is shown in Figure 7.3.1-6.  These

spectras reveal specific features associated with a phenyl group bonded to the

silicon atom.  The two absorptions related PTMOS and the Si-Ph group are the

strong dominant Si-Ph absorption observed at 1430cm-1 and a smaller one at

1132cm-1.  Additional absorptions associated with the aromatic group bonded to

the silicon atom were ring stretching observed at 1490cm-1 and 1594cm-1.  From

this spectrum it can be qualitatively stated that the PTMOS derived silica are the

least condensed species of all the alkoxides employed, with the lowest

concentration of silanol groups, and the highest concentration of unhydrolyzed

substituents.  Although the polyimide and silica absorptions are convoluted, it is

still possible to qualitatively state that the silica is not completely reacted.  Further

conclusions regarding the state of the PTMOS silica is only possible with solid

state 29Si NMR analysis.  PTMOS derived silica is similar to MTMOS in that an

additional weight loss is associated with the decomposition of the phenyl group.

This is expected to occur between 500oC and 600oC, followed by complete silica

conversion occurring near 700oC, an event observed in other research.30-31  The

low film curing temperature of 220oC employed during the curing of these hybrid

materials leads to incomplete silica conversion.   Incomplete PTMOS derived

silica conversion is apparent from the Si-O-Si stretching associated with open

chain structures.  These absorptions range from 1000cm-1 to 1100cm-1 wave

numbers, and for the PTMOS derived silica, these stretches were the broadest and

most intense than any alkoxide studied.  Indeed, at 22.5wt% PTMOS these open

chain structures were at a high enough concentration to reveal a specific

absorption at 1029cm-1.  The open chain structures in PTMOS derived silica arise

because of the lower functionality (f=3) and the steric hindrances introduced by

the large phenyl group which results in a more open gel and silica structure.

Silanol group absorptions ranging from 1020cm-1 to 1040cm-1 were on the same

order as TEOS silica, which probably accounts for the identical wave number
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shift occurring with the imide carbonyl.  Complete hydrolysis of PTMOS was not

expected because the “inductive effect” introduced by the phenyl group.  This

effect was discussed in the literature review, and it is known to inhibit the

hydrolysis process, especially in acidic conditions.  In addition to the “inductive

effect”, there were steric hindrances imposed by the bulky phenyl group, which

also inhibit hydrolysis and condensation.  These effects combine and result in the

readily observable Si-O-C absorption at 997cm-1.  This absorption is indicative of

a phenoxy substituent bonded to the silicon atom, which indicates incomplete

hydrolysis.  Absorption stretches associated with Si-O-Si cyclic structures

occurring from 1080cm-1 to 1090cm-1 were not as dominant as in TEOS or

MTMOS derived systems.  Their apparent decrease in intensity is attributed to the

“inductive effect” and steric hindrances.6

These conclusions regarding the state of PTMOS derived silica were

expected because of the roles of the “inductive effect”, steric hindrances, and acid

catalysis.  As stated earlier, acid catalysis of PTMOS is a poor mechanistic route

for hydrolysis because of the inductive effect.  However, if base catalysis is used

to enhance the hydrolysis of PTMOS, it simultaneously promotes the hydrolysis

reaction and chain cleavage of the polyimide.  Because acid catalysis is employed,

the final PTMOS silica material is a poorly hydrolyzed and loosely cross-linked

material, which has a measured pure bulk density of 1.28 g/ml.  Catalytic

enhancement by the presence of the polyimide chains discussed earlier for TMOS

is not known to occur for PTMOS.  However, based on the FTIR spectrum it is

assumed that the “inductive effect” and steric hindrances introduced by the phenyl

group negate the catalytic enhancement.  In a separate set of experiments that

dealt with the hydrolysis and condensation of PTMOS, it was observed that very

long times were required to achieve gelation at room temperature.  The

intermediate form of this alkoxide prior to gelation was a very viscous alkoxy

solution.  After drying this material, the result was a tough material that was not

observed for MTMOS or TEOS derived silica materials.
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Although the silicon absorptions discussed are convoluted with the

polyimide absorption spectrum, Figure 7.3.1-7 accentuates the main structural

differences associated with TEOS, MTMOS, and PTMOS.  These distinct

differences make evaluation and qualitative assessment of the silica in these

materials possible.  However, stated throughout this discussion involving the

FTIR spectrum of these hybrid materials is that only generalizations regarding the

state of the silica is possible.  Indeed, detailed information regarding the degree of

silica condensation is readily available once Q2+Q3 and Q4 species are quantified

with solid state 29Si NMR.6

 2000  1500  1000  500 

Wavenumber (cm-1)

Pure

7.5wt% TEOS

15wt% TEOS

22.5wt% TEOS

Figure 7.3.1-1 FTIR Spectra of Hybrid materials based on a 63K 
w

M

6FDA-6FpDA polyimide and TEOS from 2000cm-1 to 400cm-1.
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Pure

7.5wt% TEOS

15wt% TEOS

22.5wt% TEOS

Wavenumber (cm-1)

Si OH

 1400  1200  1000  800 

Si O Si

Figure 7.3.1-2 FTIR Spectra of Hybrid materials based on a 63K 
w

M

6FDA-6FpDA polyimide and TEOS showing Si-OH and Si-O-Si stretching
associated with TEOS derived silica from 1470cm-1 to 730cm-1.
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 2000  1500  1000  500 

Wavenumber (cm-1)

Pure

7.5wt% MTMOS

15wt% MTMOS

22.5wt% MTMOS

Figure 7.3.1-3 FTIR Spectra of Hybrid materials based on a 63K 
w

M

6FDA-6FpDA polyimide and MTMOS from 2000cm-1 to 400cm-1.
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Pure

7.5wt% MTMOS

15wt% MTMOS

22.5wt% MTMOS

Wavenumber (cm-1)

 1400  1200  1000  800 

Si CSi CH3 Si OH
Si O Si

Figure 7.3.1-4 FTIR Spectra of Hybrid materials based on a 63K 
w

M

6FDA-6FpDA polyimide and MTMOS showing Si-OH, Si-O-Si, Si-C, and Si-
CH3 silica domain stretching.
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 2000  1500  1000  500 

Wavenumber (cm-1)

Pure

7.5wt% PTMOS

15wt% PTMOS

22.5wt% PTMOS

Figure 7.3.1-5 FTIR Spectra of Hybrid materials based on a 63K 
w

M

6FDA-6FpDA polyimide and PTMOS from 2000cm-1 to 400cm-1.



250

Pure

7.5wt% PTMOS

15wt% PTMOS

22.5wt% PTMOS

Wavenumber (cm-1)

 1400  1200  1000  800 

Si OH

Si O SiSi

Figure 7.3.1-6 FTIR Spectra of 63K 
w

M  6FDA-6FpDA PTMOS Hybrid

Systems.
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Pure

22.5wt% TEOS

22.5wt% PTMOS

22.5wt% MTMOS

Wavenumber (cm-1)

 1400  1200  1000  800 

Si-Ph

Si-CH3

Si-CH3
Si-OH
Si-O-Si

Figure 7.3.1-7 FTIR 63K 
w

M  6FDA-6FpDA spectra for a 22.5wt%

TEOS, MTMOS, and PTMOS Hybrid Systems.  Highlighted areas indicate
absorbances associated with silica and the specific alkoxide.
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7.3.2 Hybrid Morphology

The morphologies of a series of hybrid materials synthesized from an

endgroup functionalized 63K 
w

M  6FDA-6FpDA polyimide and TEOS, MTMOS,

and PTMOS were investigated.  Transmission electron microscopy TEM and

atomic force microscopy in the tapping mode AFM-TM were employed for

evaluating the hybrid morphology.  These techniques revealed a bimodal

distribution of macro and micro inorganic domains randomly distributed

throughout a polyimide matrix.  This type of phase separation is typical when a

high molecular weight polymer and an alkoxide are reacted together, and cast into

films.  The trend for these organic and inorganic systems is an increasing silica

domain size with increasing alkoxide content which was also observed in this

study.32-40  A general rule of thumb associated with AFM-TM phase images is that

“softer” domains appear darker than the “harder” domains, and the relative

difference in “hard” and “soft” is dependent on the magnitude of the phase degree

shift.  This generality is an oversimplification of what constitutes an AFM-TM

phase image because these images are a product of the viscoelastic properties of

the domain, coulombic forces, experimental conditions, and the instrument set-up

employed while collecting an image.  However, applying this rule of thumb aids

in appreciating the hybrid materials’ morphology.  With that brief introduction,

the following discussion will delineate some of the subtle differences observed

among these hybrid composite materials which help explain some of the observed

properties that will be discussed later.

Hybrid materials employing TEOS and a 63K 
w

M  6FDA-6FpDA

polyimide resulted in a bimodal morphology which is shown in Figure 7.3.2-1.

These micrographs illustrate the trend of increasing silica domain size with

increasing silica content.  In Figure 7.3.2-1 the TEM micrograph A2 reveals

irregular shaped silica domains randomly distributed throughout the polyimide
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matrix with the largest domains approaching 25nm at 2.0vol% silica.  The AFM-

TM phase image A1 was unable to conclusively define these small silica domains

seen with TEM.  At 6.8vol% silica the TEM micrograph B2 revealed the same

type of morphology seen in A1 which were irregular shaped silica domains

randomly distributed throughout the polyimide matrix with the largest domain

sizes now approaching 100nm instead of 25nm.  The AFM-TM phase image B1

did reveal that there were small silica domains on the order of 100nm which was

seen with TEM, and AFM-TM showed that these silica domains were harder than

the matrix.  A subtle difference in the TEM micrograph images A2 and B2 is the

electron density associated with the silica domains where B2 has more electron

density than A2.  The difference in electron density could be due to differences in

silica porosity, irregularities in the sample thickness, thickness of the silica

domain, or all these variables.

The morphology of a 63K 
w

M  6FDA-6FpDA polyimide based on

MTMOS gave rise to a bimodal morphology shown in Figure 7.3.2-2.  This figure

also shows the appearance of a modified silica domain that is visualized with the

AFM-TM phase image.  As seen with the TEOS base hybrids, these micrographs

illustrate the trend of increasing silica domain size with increasing silica content

with the additional feature of gross differences between silica domain sizes.  In

Figure 7.3.2-2 the TEM micrograph A2 associated with 6.2vol% silica revealed

different sized silica domains randomly distributed throughout the polyimide

matrix, where the larger domains dominated and had domain sizes approaching

50nm.  The AFM-TM phase image A1 only revealed the largest domain sizes and

the phase image showed that these domains were slightly harder than the

polyimide matrix.  At 12.5vol% silica the TEM micrograph B2 revealed a

bimodal distribution of spherical silica domains with an average domain size of

2µm.  The B2 TEM micrograph also revealed the presence of a secondary silica

domain size with an average size of 25nm.  From this micrograph it is clear that

the main morphology at 12.5vol% silica are large silica domains.  Further
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examination of B2 reveals the existence of some type of interface between the

polyimide matrix and the silica domain is formed, a feature not seen with the

TEOS hybrid.  The AFM-TM phase image B1 confirmed the morphology

observed in B2, which is very large silica domains and smaller domains

distributed randomly throughout the polyimide matrix.  It also revealed that the

silica domains are similar in hardness to the polyimide matrix and that these silica

domains have their own unique internal morphology.  Comparison of the

12.5vol% and 19.1vol% silica reveals an increase in size of the smaller silica

domains with increase MTMOS concentration, but the large 2µm silica domains

remain relatively constant in size.  The AFM-TM phase image C1 of a 19.1vol%

silica system provides insight regarding the silica domains’ unique morphology.

This figure reveals the large micron sized silica domains have a smaller internal

particle core.  C1 also shows that outer domain of this particle is softer than the

polyimide matrix, while the internal domain has approximately the same hardness

as the polyimide matrix.  The phase image C1 also reveals the appearance of sub-

micron domains that are either softer than the polyimide matrix, or approximately

equal in hardness to the polyimide matrix.

This multiphase system suggests that a small fraction of polyimide chains

may be incorporated into the inorganic phase.  If this were assumed to be correct,

then it would explain the “hard” and “soft” domains visualized with the AFM

phase images.  “Softer” domains would be formed when the microstructure of the

silica was more open because polymer chains were incorporated into it.  Thus,

higher levels of polymer incorporation into a silica domain would cause a looser

cross-linked network to form, which would appear “softer” than the polyimide

matrix in the AFM-TM phase image.  These “softer” domains would also help

explain the variation in electron density within a silica domain seen with TEM.

This conclusion may be warranted based on the morphology revealed by the

AFM-TM phase images and TEM micrographs images, but it is acknowledged

that some of these morphological variations could be due to silica porosity, or
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some unknown artifact.  However, the differences in the hardness of these silica

domains relative to the polymer matrix, and the morphology visualized with

AFM-TM, can not be explained simply with porosity arguments.

Hybrid materials employing PTMOS and a 63K 
w

M  6FDA-6FpDA

polyimide based on PTMOS gave rise to a bimodal morphology shown in Figure

7.3.2-3.  As seen with the TEOS and MTMOS based hybrids, these micrographs

illustrate the trend of increasing silica domain size with increasing silica content.

The TEM micrographs also show the same trend seen with MTMOS based

hybrids, which are the gross differences between silica domain sizes.  At 6.4vol%

silica, Figure 7.3.2-3 shows in the TEM micrograph A2 that the silica domains are

more uniform in size and the domains are randomly distributed throughout the

polyimide matrix with an average domain size of 100nm.  The AFM-TM phase

image A1 only revealed a uniform matrix with a few sub-micron domains that

were softer than the overall matrix.  At 13.0vol% silica the AFM-TM phase image

B1 revealed a distribution of spherical silica domains that were either softer than

the polyimide matrix or on the same order of hardness.  These domains were

smaller than 1µm and their size distribution was somewhat uniform, especially

when it is compared to the MTMOS hybrid.  The morphology associated with

13.0vol% silica is very different when it is compared to the other PTMOS

hybrids.  This difference is probably due to polyimide chains being incorporated

into the silica domains causing it to become loosely cross-linked.  Although there

is no evidence to prove this point, it is assumed that the softer domains are

somewhat elastomeric.  Elastomeric behavior was observed in a separate series of

experiments where TEOS and dimethyldiethoxysilane (DMDEOS) were reacted

together at different molar ratios.  What was observed is the glassy TEOS derived

silica became tougher, and shrank less during drying with increasing DMDEOS

content.  At approximately 70mol% DMDEOS and 30mol% TEOS, the final

silica material when compressed would return to its original shape, but these

materials would crumble if they were compressed too much.  Based on these
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observations, it is assumed that this PTMOS composition had some elastomeric

like properties.  It is interesting to note that this composition had the highest

swelling ratio, and extractable content than any of the hybrids made in this study.

The TEM micrograph B2 confirmed the spherical silica domain morphology

observed in B1, it also showed that these domains were sub-micron with the

largest domains approaching 0.5µm.  At 19.7vol% silica the TEM micrograph C2

revealed smaller sub-micron silica domains, and larger 1µm silica domains that

were relatively uniform in size.  In addition to these silica features, there is also a

distinct variation in the electron density of the core of these silica particles.  The

AFM-TM phase image C1 of the 19.7vol% silica system again shows that these

silica domains consist of an outer shell and core, which are very close to the same

hardness as the polymer matrix.  C1 also shows the existence of smaller sub-

micron silica domains that are randomly distributed throughout the polymer

matrix, which were harder than the polymer matrix.  The smaller sub-micron

domains are harder than the matrix, which is assumed to be caused by condensed

PTMOS that was not disrupted by polyimide chains.  At this composition for the

MTMOS hybrid, these smaller sub-micron domains were either softer than the

polyimide matrix, or approximately equal in hardness.  However, for this PTMOS

hybrid they are harder than the polyimide matrix, which distinguishes it from the

other hybrid materials.

The assumption that polyimide chains are being incorporated into the

inorganic network of PTMOS may be a plausible explanation for these different

silica morphologies seen with AFM-TM phase images, and TEM micrographs.

Such a mechanistic event would interfere with the condensation reaction of the

alkoxide sol, resulting in a looser cross-linked silica network.  Variations in the

cross-link density of the silica domains would explain the silica domain

morphology seen with the AFM-TM phase images, and the TEM electron density

variations.  Assuming that polyimide chains are being incorporated in the silica

domains may be a justifiable explanation.  However, there still exists a very
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important fact regarding PTMOS, which is the significant reduction in the

hydrolysis and condensation reactions associated with this alkoxide.

Consequently, this fact would also account for the observed morphology of the

PTMOS derived silica.  Distinguishing between these two possible events would

require further studies to specifically define the morphology of inorganic

materials domains.  A possible analytical tool that could indirectly define these

changes would be solid-state 29Si NMR and 13C NMR.

The morphology of the hybrid materials created from 63K 
w

M  6FDA-

6FpDA polyimide and the alkoxides TEOS, MTMOS, and PTMOS leads to one

clear conclusion.  These hybrid materials can be categorized as composite

materials.  Figure 7.3.2-4 clearly shows the differences in morphology, and final

silica volume present in a hybrid material at an almost identical 22.5wt% alkoxide

loading.  In a separate set of experiments it was found that TEOS lost about 65%

of its mass, MTMOS lost 44% of its mass, and PTMOS lost 26% of its mass.

These differences in hydrolysis, condensation, and weight loss for these different

alkoxides resulted in measurable pure bulk densities of 1.80g/ml for TEOS,

1.20g/ml for MTMOS, and 1.28g/ml for PTMOS.
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A1 A2

B1 B2
100
nm

100
nm

Figure 7.3.2-1 Hybrid morphology of a 63K 
w

M  6FDA-6FpDA

polyimide and TEOS system.  A1 and B1 are 2µm x 2µm and 1µm x 1µm AFM-
TM Phase images and A2 and B2 are TEM images taken at a magnification of
63,500X with a 100nm reference marker.  The designations A and B are used to
represent 2.0vol% and 6.8vol% silica.  All images are from cross sectional cut
samples.
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Figure 7.3.2-2 Hybrid morphology of a 63K 
w

M  6FDA-6FpDA

polyimide and MTMOS system.  A1, B1, and C1 are 5µm x 5µm AFM-TM phase
images.  A2, B2, and C2 are TEM images taken at a magnification of 63,500X
with a 100nm a reference marker.  The designations A, B, and C are used to
represent 6.2vol%, 12.5vol% and 19.1vol% silica.  All images are from cross
sectional cut samples.
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Figure 7.3.2-3 Hybrid morphology of a 63K 
w

M  6FDA-6FpDA

polyimide and PTMOS system.  A1, B1, and C1 are 5µm x 5µm AFM-TM phase
images.  A2, B2, and C2 are TEM images taken at a magnification of 18,400X
with a 1µm reference marker.  The designations A, B, and C are used to represent
6.4vol%, 13.0vol% and 19.7vol% silica.  All images are from cross sectional cut
samples.
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Figure 7.3.2-4 Hybrid morphology of a 63K 
w

M  6FDA-6FpDA

polyimide and TEOS, MTMOS, and PTMOS system.  A, B, and C are TEM
images taken at a magnification of 18,400X with a 1µm reference marker.  The
designations A, B, and C are used to represent the initial 22.5wt% alkoxide used
to make TEOS (A), MTMOS (B), and PTMOS (C).  All images are from cross
sectional cut samples.
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7.3.3 Hybrid Thermal Stability TGA

Thermal gravimetric analysis was completed on a series of hybrid

materials created from a 63K 
w

M  6FDA-6FpDA polyimide and TEOS, MTMOS,

and PTMOS utilizing a High-Resolution TA 2950 TGA instrument.

Thermograms were collected for these materials because FTIR qualitatively

revealed incomplete silica conversion and the film curing temperatures employed

were well below the 700oC temperature necessary for complete conversion of the

silica xerogel to glass.  By contrasting the material property changes as a function

of cross-linking and alkoxide content versus the pure polyimide it was readily

apparent that these silica domains were incompletely converted and that the cross-

linking agent APTEOS lowered the thermal stability of this polyimide.

Thermograms were collected using thin films having an average sample

mass of 15mg.  The scan rate was 20oC per minute, and the temperature range

was 30oC to 900oC in the presence of a N2 purge.  The results of this thermal

stability experiment are summarized in Table 7.3.3-1.  The pure 63K 
w

M  6FDA-

6FpDA polyimide had a total weight loss of 48.8% weight loss at 900oC, while a

temperature of 517.7oC was observed at a weight loss of 95%.  Stated earlier was

the fact that the cross-linking agent APTEOS appears to catalyze the

decomposition of the polyimide.  Its presence in the polyimide caused a 16.6%

decrease in the temperature at 95% weight loss and a 6.8% increase in the total

weight loss at 900oC recorded at 432.0oC and 52.1%.  It is believed that the bond

formed between the dianhydride group and APTEOS is cleaved at higher

temperatures.  The decomposition products of this process serve as an organic

source which causes more of the polyimide to decompose as a volatile organic

instead of a carbonaceous residue.5,41  This decomposition mechanism would also

lead to a lower molecular weight polyimide which appears to be supported by the

low Tg found with DSC, which will be discussed later.
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The overall trend associated with all these hybrid materials was an

enhancement in the total weight loss with increasing alkoxide content.  This

means that there are smaller carbonaceous residues at the end of a test and that

more volatile organics are being formed because of the hybrid’s decomposition

products.  When the temperature was elevated above the initial film curing

temperature, the incompletely converted silica underwent further condensation

reactions producing alcohol and water shown in equations 1 and 2.6

Si OH Si OH Si O Si+
- H2O

(1)

Si OR Si OH Si O Si+
- ROH

(2)

These products can serve as weak bases and they are oxygen sources, which cause

further cleaving and thermal decomposition of the polyimide, which results in the

formation of more volatile organic compounds.  However, without a TGA

apparatus fitted with a mass spectrometer, characterization of the types of organic

volatile products formed during the thermal decomposition process of these

hybrid materials was not possible.

All these hybrid materials exhibited the trend of increasing weight loss

with increasing inorganic content.  This was attributed to the enhanced formation

of volatile organic compounds (VOCs) caused by the APTEOS and the alkoxides.

In fact, when any given TGA experiment is performed in air instead of N2, a

larger weight loss result is observed because the O2 catalyzed the formation of

more VOCs.  When these alkoxides are integrated into these hybrid materials, it

should be recognized that these molecules contain oxygen.  Therefore, it is not

unreasonable to assume that increasing the source of oxygen in these hybrid

materials would cause the observed increases in weight loss. The changes

observed in these hybrid materials are statistically significant when compared to
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the pure polyimide.  However, further conclusions are not statistically valid

because of the large error inherent with this measurement technique.

Table 7.3.3-1 63K wM  6FDA-6FpDA and Hybrid Material TGA Summary

Weight Loss 95% wt Loss Tonset

% oC oC

63K 6FDA-6FpDA 48.82 517.71 529.84
XL 52.14 431.98 523.48

7.5 wt%  TEOS 53.43 484.56 500.90
15 wt%  TEOS 56.74 484.04 504.12

22.5 wt%  TEOS 56.73 465.68 511.04
7.5 wt%  MTMOS 53.62 483.73 506.99
15 wt%  MTMOS 55.56 496.45 499.90

22.5 wt%  MTMOS 57.76 497.87 507.96
7.5 wt%  PTMOS *** 464.81 510.31
15 wt%  PTMOS 55.50 483.24 502.84

22.5 wt%  PTMOS 57.88 495.67 495.39
*** Not measured,  Data collected at 20o/min with a N2 Purge,  Relative Error ~7%



265

40

50

60

70

80

90

100

W
ei

g
h

t 
(%

)

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

–––––––   Pure
–––––––   XL
–––––––   7.5 wt% TEOS
–––––––   15 wt% TEOS
–––––––   22.5 wt% TEOS

Figure 7.3.3-1 Dynamic TGA response for a 63K 
w

M  6FDA-6FpDA

TEOS Hybrid.  7.5wt%, 15wt%, and 22.5wt% TEOS represent 2.0vol%, 4.2vol%,
and 6.8vol% silica after heat treatments. Data collected with a heating rate of
20oC/min with a N2 purge.



266

40

50

60

70

80

90

100
W

ei
g

h
t 

(%
)

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

–––––––   Pure
–––––––   XL
–––––––   7.5 wt% MTMOS
–––––––   15 wt% MTMOS
–––––––   22.5 wt% MTMOS

Figure 7.3.3-2 Dynamic TGA response for a 63K 
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M  6FDA-6FpDA

MTMOS Hybrid.  7.5wt%, 15wt%, and 22.5wt% TEOS represent 6.2vol%,
12.5vol%, and 19.1vol% silica after heat treatments.  Data collected with a
heating rate of 20oC/min with a N2 purge.
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Figure 7.3.3-3 Dynamic TGA response for a 63K 
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M  6FDA-6FpDA

PTMOS Hybrid.  7.5wt%, 15wt%, and 22.5wt% TEOS represent 6.4vol%,
13.0vol%, and 19.7vol% silica after heat treatments. Data collected with a heating
rate of 20oC/min with a N2 purge.
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7.3.4 Hybrid Water Absorption Properties

Water absorption experiments are summarized in Table 7.3.4-1 for pure

and cross-linked 63K wM  6FDA-6FpDA polyimide.  These results were

compared to hybrid films containing silica derived from TEOS, MTMOS, and

PTMOS.  The objective of this experiment was to determine how the degree of

hydrolysis, and the hydrophilic, aliphatic, and aromatic character associated with

these alkoxides, altered the water absorption behavior.  Decreases in water

absorption were attributed to the aliphatic and aromatic character of silica

generated from MTMOS and PTMOS.  Increases in water absorption for TEOS

based hybrids were attributed to the high concentration of silanol groups.

Water absorption experiments were conducted with 35mm x 25mm x

0.06mm samples with an average mass of 140mg.  These samples were dried for 7

days at 180oC in a vacuum oven prior to testing.  Samples with a high surface area

to volume ratio of 128 were employed to enhance water absorption equilibrium.

The test samples were immersed for 10 days in deionized water at 25oC.  After the

test period, film samples were dried and immediately weighed to assess the total

water uptake.  The water absorption behavior of these materials is shown in

Figure 7.3.4-1, where the percent water uptake is plotted versus the volume

percent inorganic after film heat treatments.  From this plot it can be clearly seen

that TEOS derived hybrid materials have the highest increase in water absorption

uptake.  This absorption occurs even at very low volume fractions of TEOS

present in comparison to MTMOS and PTMOS containing hybrids.

The maximum reduction in water absorption for these hybrid materials

was approximately 20%, which occurred at 2.0vol% TEOS, 12.5vol% MTMOS,

and 19.7vol% PTMOS.  MTMOS based hybrids decreased water absorption at all

compositions, while PTMOS based hybrids had a 21% increase in water

absorption at 6.4vol%.  This higher water absorption is attributed to poor

dispersion of the PTMOS phase throughout the hybrid material.  TEOS based
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hybrid materials had a 160% and 190% increase in the water absorption at

4.2vol% and 6.8vol%.  These large increases in water absorption are statistically

significant, supporting the conclusion that the hydrophilic silanol groups increase

water absorbency in hybrids employing this alkoxide.  An interesting fact

regarding all these alkoxides is their inherent porosity.  This porosity should cause

increases in the water uptake results, which should be the greatest for MTMOS

and PTMOS because of their more open microstructures.  However, these

materials have the lowest water absorption uptakes compared to the lower

porosity TEOS hybrid.  This is a consequence of the hydrophobic properties that

are imparted to the MTMOS and PTMOS based hybrids because of the aliphatic

methyl groups and aromatic phenyl groups contained in these alkoxides.

This test clearly demonstrates the competing effects of water absorption

enhancement of silanol groups and silica porosity, versus the aliphatic and

aromatic character inhibiting this process.  Incorporation of MTMOS and PTMOS

effectively compensates for the porosity and silanol groups associated with an

acid catalyzed sol-gel process.  TEOS derived materials demonstrate how porosity

and hydrophilic character can increase the water absorbency in a hybrid material.

The differences in water absorbency among these alkoxides could be utilized to

control the amount of water absorbed by a material.  Overall, these water

absorption results emphasize the importance of surface chemistry, and how it

effects the hybrids’ water absorption properties.42
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Table 7.3.4-1 Water Absorption summary for a series of 63K wM  6FDA-

6FpDA polyimide based hybrid materials.

Wt% Vol%
% Uptake

(gWater /gHybrid)

Pure 0.0 0.0 0.760%
XL 0.0 0.0 0.785%

7.5 wt%  TEOS 2.74 1.99 0.620%
15 wt%  TEOS 5.77 4.23 1.997%

22.5 wt%  TEOS 9.15 6.77 2.185%
7.5 wt%  MTMOS 4.34 6.18 0.610%
15 wt%  MTMOS 8.99 12.5 0.690%

22.5 wt%  MTMOS 14.0 19.1 0.754%
7.5 wt%  PTMOS 5.66 6.40 0.922%
15 wt%  PTMOS 11.6 13.0 0.620%

22.5 wt%  PTMOS 17.7 19.7 0.774%
* Relative Error ~10% in Water Absorption Data
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Figure 7.3.4-1 Water absorption characteristics for a series of 63K wM

6FDA-6FpDA polyimide hybrid materials.
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7.3.5 Hybrid Material Swelling

In order to estimate if inorganic material had interpenetrated into a 63K

wM  6FDA-6FpDA polyimide network, swelling experiments were performed on

thin cross-linked polyimide and hybrid material films.  These experiments were

completed to contrast the changes in swelling and extractable content due to

alkoxide type and amount, versus a cross-linked sample.  Increases in swelling

and higher extractable fractions are indicative of poorly incorporated inorganic

material into the hybrid composite.  Decreases in the extractable fraction and

swelling ratio are indicative of good inorganic material incorporation into the

hybrid composite.  The changes in swelling and extractable fraction are not

absolute, but they are indirect indicators of the effectiveness of each inorganic

material being cross-linked and integrated into the polyimide matrix.

Tests were carried out on film samples using the protocol previously

described in section 5.5.8.  This section provides details associated with the

thorough sample preparation and measurement techniques for this test.  Films had

a nominal dimension of 35mm x 25mm x 0.06mm.  These films were dried for 7

days at 180oC in a vacuum oven prior to testing.  Samples were allowed to absorb

distilled and dried NMP and to equilibrate in NMP at 25oC for 10 days.  In order

to enhance the extraction of uncross-linked polymer, 200 grams of solvent were

used for every gram of material.  After the 10 days, swollen samples were

immediately weighed after lightly blotting the excess NMP from their surfaces.

Weighing time was kept to a minimum because once the samples were removed

from their equilibrium state with NMP the absorbed NMP will begin diffusing

from the swollen film surface in an attempt to reestablish equilibrium.  When

NMP diffuses out of the swollen sample, it resembles sweating.  The extractable

fraction was determined by weighing the remaining swollen hybrid material after

drying it for 7 days in a vacuum oven at 180oC.  Prior to drying a swollen film,

methanol was used to extract as much NMP as possible to aid in solvent removal.
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The swelling characteristics of hybrid materials based on a 63K wM

6FDA-6FpDA polyimide employing TEOS, MTMOS and PTMOS as the

inorganic phase are shown in Figure 7.3.5-1.  Figure 7.3.5-1 is a plot of the ratio

of the mass of solvent uptake to the corrected mass of hybrid material versus the

volume percent of the inorganic phase after film heat treatments.  The corrected

hybrid mass is the original mass minus the extracted mass, which is determined at

the end of a swelling experiment.  This plot clearly demonstrates that MTMOS

based hybrid materials were the most effective at decreasing material swelling,

followed by TEOS and then PTMOS.  The maximum swelling ratio decreases for

these hybrid materials was 66% for a 15wt% MTMOS hybrid, 21% for a 15wt%

TEOS hybrid, and 7% for a 22.5wt% PTMOS hybrid.  An interesting anomaly

associated with the swelling of these hybrid materials is found at 15wt% PTMOS

and 22.5wt% TEOS, where the swelling ratio increased by 180% for PTMOS and

45% for TEOS.  The anomaly associated with 15wt% PTMOS is believed to be

due to a small fraction of functionalized polyimide chains reacting with PTMOS.

Therefore, the amount of cross-linkable material decreases because the covalently

bonded polyimide chains are now ineffective because they are attached to the

poorly hydrolyzed and condensed PTMOS domain.  The end result of this event is

a higher concentration of extractable material.  Higher swelling ratios for

22.5wt% TEOS and 15wt% PTMOS could be the result of poor incorporation of

the inorganic phase into the hybrid material, or may be due to the coupling agent

APTEOS reacting with itself instead of the hydrolyzed alkoxide sol.  In order to

fully assess the effectiveness of alkoxide incorporation into the final hybrid

material, examination of the changes in the extractable fraction as a function of

alkoxide type and amount was carried performed.

The extractable fraction results parallel the results associated with the

swelling experiments.  Figure 7.3.5-2 is a plot of the weight percent of material

extracted from a hybrid material versus the volume percent of the inorganic phase

after film heat treatments.  MTMOS based hybrids were the most effective
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alkoxide for decreasing the amount of extractable material.  This was the same

conclusion arrived at for MTMOS based hybrids for reducing the overall

swelling.

Overall, it appears from this simple swelling experiment that MTMOS is

the most effective alkoxide at being incorporated into a hybrid network followed

by TEOS and PTMOS.  The reasons that MTMOS is the best modifier for these

hybrid materials is due to its lower functionality (f = 3), steric hindrances

associated with the attached methyl group, and the alkyl effect.  These effects

lend themselves to the formation of a looser cross-linked inorganic network.  The

looser network inorganic network increases the probability that a polyimide chain

will penetrate and become trapped within the inorganic network.  This would

effectively increase the cross-link density of the system via physical cross-links.

Secondly, the alkyl effect enhances the degree of hydrolysis of the MTMOS

alkoxide facilitating a more favorable site for chemically cross-linking the

functionalized polyimide chain ends with a silanol group.  Together these factors

contribute to the lower swelling and extractable fractions observed for MTMOS

based hybrids.  TEOS based hybrids were the second best hybrid material

modifier based on the swelling and the extractable fraction results.  It was

originally believed that TEOS based hybrids would have the lowest swelling and

extractable fractions.  The basis for this belief is that TEOS has a high degree of

hydrolysis and excellent gelation because of the enhanced functionality (f = 4).

However, these same attributes for TEOS decreased the probability that a

polyimide chain would penetrate and become trapped in an inorganic network.

This decreased probability is because the faster gelation kinetics and the

formation of a tightly cross-linked inorganic network hinder polyimide chains

from being incorporated into the inorganic network.  The net result is a decrease

in the concentration of physical cross-links formed between TEOS derived silica,

and the polyimide chains.  Therefore, the main type of interaction between

polymer and TEOS inorganic domains is provided via the chemical bonds formed
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at the functionalized polyimide chain ends, and the silanol groups on the surface

of the silica.  This causes the TEOS derived hybrid to have a low concentration of

physical cross-links, which diminishes the reinforcement mechanism observed

with MTMOS based hybrids.  The loss of this reinforcement mechanism is why

TEOS based hybrids have only moderate decreases in swelling and extractable

fraction.  Conversely, PTMOS hybrid materials are the worst at preventing

swelling and decreasing the extractable fraction.  This is because the phenyl group

inhibits hydrolysis, and their bulky size introduces steric hindrances that make sol

condensation unfavorable.  A decrease in the concentration of silanol groups in a

PTMOS sol increases the probability that a functionalized polyimide chain will

bond to itself.  This is why the swelling and extractable materials of PTMOS

derived systems were similar to a pure cross-linked polyimide.  The very low

cross-link density, and slow gelation kinetics associated with PTMOS does

necessary increase the probability that a polyimide chain will become trapped in

an inorganic network.  It is believed that this event occurs when a polyimide chain

becomes chemically bonded to inorganic materials via the APTEOS group.

Several conclusions are arrived at from this swelling and extraction

experiment.  Firstly, it appears that MTMOS is the best inorganic modifier

followed by TEOS and then PTMOS.  This conclusion seems appropriate based

on the swelling and extraction results, and the clarity of the extracting solvent at

the end of a test.  Secondly, TEOS based hybrid systems were not the best at

preventing swelling and reducing the extractable content even though they had the

greatest functionality.  TEOS derived hybrid systems also had clear solutions at

the end of the swelling test.  Finally, PTMOS based hybrids were the worst

alkoxides for preventing swelling and reducing the extractable content.  At the

end of a PTMOS hybrid swelling experiment, the solvent was slightly cloudy,

implying that some of the inorganic domains diffused out.  This observation

supports the statement regarding the degree of hydrolysis in PTMOS derived

silica, and that polyimide chains bond with themselves instead of an inorganic
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domain.  Because of the very low concentration of polyimide functionalized

endgroups, 29Si and 13C NMR were not considered effective techniques for

evaluating the bonding of a polyimide chain to a silica domain.  However, from

this simple experiment a wealth of information is obtained, which aids in

interpretation of other physical properties observed for these hybrid materials.



277

0 5 10 15 20
0

5

10

15

20

25

 XL
 TEOS
 MTMOS
 PTMOS

g
 N

M
P 

/ g
 H

yb
ri

d 

Vol% Inorganic
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Table 7.3.5-1 Swelling characteristic summary for a series of 63K wM

6FDA-6FpDA polyimide based hybrid materials.

Wt% Vol% gNMP /gHybrid
%

Extractable

XL 0.0 0.0 6.90 25.1
7.5 wt%  TEOS 2.74 1.99 6.33 19.8
15 wt%  TEOS 5.77 4.23 5.43 21.5

22.5 wt%  TEOS 9.15 6.77 10.0 42.2
7.5 wt%  MTMOS 4.34 6.18 2.79 8.56
15 wt%  MTMOS 8.99 12.5 2.35 5.67

22.5 wt%  MTMOS 14.0 19.1 2.51 9.28
7.5 wt%  PTMOS 5.66 6.40 7.22 24.6
15 wt%  PTMOS 11.6 13.0 19.2 41.4

22.5 wt%  PTMOS 17.7 19.7 6.41 21.5
* Relative error ~10% in Swelling & Extractable Data
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7.3.6 Hybrid Density

The densities of a series of hybrid materials created from a 63K 
w

M

6FDA-6FpDA polyimide and TEOS, MTMOS, and PTMOS were measured.  By

employing the “Rule of Mixtures” the density of the polymer and inorganic

phases were estimated.  A Mettler AJ100 analytical balance fitted with a Mettler

ME-33360 density determination kit was used to gather density data.  This density

determination technique is based on Archimede’s Principle.  This technique can

be used to relate the mass of a material measured in air and a liquid through the

density of the liquid.  It is through this interrelationship that the unknown sample

density can be determined.  Further details regarding this method for determining

density is found in section 5.5.9 of the Experimental Methods chapter.  The

remainder of this section is explains the sample preparation, assumptions

associated with the “Rule of Mixtures”, and the results from this study.2-3

Equation 3 is the traditional form for the “Rule of Mixtures” where

ρρcomposite, ρρPolymer, and ρρInorganic are the densities of the hybrid composite, polymer,

and inorganic phase.  This equation provides a relationship between the density of

the composite ρρcomposite, and the individual polymer and inorganic densities

ρρPolymer and ρρInorganic, through the volume fractions φφPolymer and φφInorganic.

InorganicInorganicPolymerPolymerComposite ρφρφρ += (3)

A more convenient form of the “Rule of Mixtures” employed in this study for the

analysis of these hybrid materials is given by Equation 4.  This equation uses the

polymer and inorganic weight fractions ωωPolymer and ωωInorganic and their individual

densities ρρPolymer and ρρInorganic to predict the density of the composite ρρcomposite.

InorganicInorganicPolymerPolymerComposite ρωρωρ += (4)



281

Equations 3 and 4 are equivalent to each other through the relationship that exists

between their volume fractions and weight fractions shown in Equation 5.

Employing this relationship is how this untraditional form of the “Rule of

Mixtures” is derived.

InorganicInorganicPolymerPolymer

PolymerPolymer
Polymer φρφρ

φρ
ω

+
= (5)

A major assumption inherent to the “Rule of Mixtures” is that the individual

densities of each phase do not change when they are combined as a mixture or

composite.  However, the morphology of these hybrid systems reveals that the

silica domains are not homogeneous, and this complexity is expected to impact

the overall density of the inorganic phase.  In order circumvent this complexity

and arrive at an average solution for the density, Equation 5 was linearized to the

form given by Equation 6.

Inorganic

Polymer

Inorganic
Polymer

Polymer

Composite ρ
ω

ω
ρ

ω

ρ
+= (6)

This form of the “Rule of Mixtures” only requires that the weight fractions and

hybrid densities are known and when they are plotted with this relationship the

resulting intercept and slope define the average density of the polymer and

inorganic phase.

The density measurements for these polyimide and hybrid materials were

performed on thin films.  These films were dried for 1 day in a vacuum oven at

180oC.  The average film mass used for these measurements was 100mg.  The

results from this experiment are summarized in Table 7.3.6-1.  Figure 7.3.6-1 is a

plot of the predicted hybrid densities from Equations 4 and 6 versus the measured

hybrid densities.  This was done in order to determine how well Equation 6
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predicted the density of the inorganic and polymer phases, which is then modeled

with Equation 4.  An obvious linear relationship appears to exist between the

amount of inorganic within a hybrid material, and its overall density.  Indeed,

Figure 7.3.6-1 demonstrates that this empirical method is adequate for predicting

the density of the hybrid composites.

The polymer density predicted with Equation 8 varied significantly for

each type of alkoxide employed in the synthesis of a hybrid material.  TEOS

based hybrid materials had a predicted polymer density of 1.446 g/ml, which is a

2.1% lower than the pure uncross-linked polyimide density.  PTMOS based

hybrids had a predicted polymer density of 1.460 g/ml, which corresponds to a

1.2% reduction in the pure uncross-linked polyimide density.  The MTMOS based

hybrid had a predicted polymer density of 1.479 g/ml.  This represents a very

small 0.1% increase in the pure uncross-linked polyimide density.  The results for

TEOS and PTMOS based hybrids are statistically significant, but the polymer

density associated with a MTMOS hybrid may not be significant because the error

associated with this measurement is 0.12%.  Figure 7.3.6-2 is a plot of the

predicted polymer density with respect to the type of alkoxide used to create the

hybrid material.  This figure shows that the predicted density is highest for

MTMOS based hybrids, followed by PTMOS, and TEOS based hybrid materials.

The density of the silica derived from each alkoxide was predicted with

Equation 8.  These predicted densities were then compared to the density of an

alkoxide that was not reacted within a functionalized polyimide solution.  The

predicted inorganic densities were 2.01 g/ml for TEOS, 1.02 g/ml for MTMOS,

and 1.28 g/ml for PTMOS.  An 11.7% increase in the silica density of TEOS was

predicted when compared to the silica derived from TEOS in the absence of other

materials.  The silica density predicted for MTMOS resulted in a 15.0% decrease

in its density when compared to the silica derived from MTMOS in the absence of

other materials.  However, an insignificant change occurred with the PTMOS

derived predicted silica density.  The inorganic density changes for TEOS and
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MTMOS are statistically significant, while the density determined for PTMOS

was the same as the pure PTMOS.  Pure silica has a density of 2.2 g/ml, and the

increase in TEOS density from 1.80 g/ml to 2.01 g/ml implies that the silica has

undergone further condensation reactions.  This supports the assumption that the

presence of the polymer chains would enhance the degree of condensation for

TEOS, a result found by Spinu.5  The decrease in MTMOS density is probably

due to increased porosity, which is created when polymer chains are incorporated

into the silica network.  It is assumed that these polymer chains hinder the

formation of a tightly cross-linked silica network, which is created during solvent

removal and film curing.  The predicted density for PTMOS is equivalent to its

pure density.  This may be result of better compatibility with the polyimide, in

other studies PTMOS was used to increase the compatibility between inorganic

and organic phases.43

The predicted densities for the inorganic and organic phases are averages

of the entire system because of the nature of the linearized equation, and

interpolation of these values.  However, this fact should not distract one from the

usefulness of this technique, and the trends it provides.  Figure 7.3.6-1

demonstrates the excellent fit between measured and predicted hybrid densities.

Based on the success of these individual fits, it seems plausible that the predicted

densities for the inorganic and polymer phases are realistic.
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Table 7.3.6-1 Density summary for a series of 63K wM  6FDA-6FpDA

polyimide based hybrid materials.

Wt% Measured
Density
(g/ml)

Predicted Density
(g/ml)

TEOS
Hybrid

MTMOS
Hybrid

PTMOS
Hybrid

TEOS 100 1.80 2.01 - -
MTMOS 100 1.20 - 1.02 -
PTMOS 100 1.28 - - 1.28

Pure 0 1.477 1.446 1.479 1.460
XL 0 1.454 - - -

7.5 wt%  TEOS 2.74 1.462 1.462 - -
15 wt%  TEOS 5.77 1.477 1.477 - -

22.5 wt%  TEOS 9.15 1.500 1.499 - -
7.5 wt%  MTMOS 4.34 1.460 - 1.460 -
15 wt%  MTMOS 8.99 1.435 - 1.437 -

22.5 wt%  MTMOS 14.0 1.419 - 1.417 -
7.5 wt%  PTMOS 5.66 1.449 - - 1.449
15 wt%  PTMOS 11.6 1.440 - - 1.439

22.5 wt%  PTMOS 17.7 1.426 - - 1.427
* Relative Error ~0.5% Error in Density Data
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7.3.7 Hybrid Materials PALS

Free volume was directly determined using Positron Annihilation Lifetime

Spectroscopy (PALS) on a series of hybrid materials created from a 63K 
w

M

6FDA-6FpDA polyimide, and TEOS, MTMOS, and PTMOS.  The PALS data

presented in this section was furnished by Dr. Anita Hill, located at the Materials

Characterization Group, Polymer Performance, CSIRO Manufacturing Science

and Technology in Victoria, Australia.  In order to discuss the results obtain from

PALS, is appropriate to provide some background information regarding this

analytical technique.

PAL spectroscopy (PALS) is based on the decay mode of a positron

(positively charged electron) within a condensed material.44-46  The source of

positrons for this experiment is 22Na which has a half-life of 2.7 years.  After the

emission of a positron, 22Na decays to 22Ne, releasing a gamma ray with 1.28MeV

of kinetic energy about 3 picoseconds (ps) later.  When a gamma ray counter

detects this emission, a ps timer is initiated to begin measuring the lifetime of the

positron within the medium before it annihilates.  A desirable feature of positrons

is that they quickly reach thermal equilibrium when they enter a liquid or solid

media before they annihilate.  It is this relatively long lifetime that permits

probing of the molecular environment of the medium.  Because a positron has a

positive charge, it is repulsed from the nucleus and found mainly in the free

volume between molecules, rather than the bulk of the material.  Therefore, the

molecular environment PALS is probing is the free volume of the material.

There are three distinct modes of annihilation for a positron, and

depending on the mode of annihilation there is a characteristic lifetime before a

0.511MeV gamma ray is emitted.  The first mode of positron annihilation occurs

when a positron and an electron with opposite spins and the same quantum state

form a bounded state.  The particle that forms is known as a para positronium (p-

Ps), and has a diameter of 1.06Å and a characteristic lifetime of 0.120ns.  When it
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decays, two 0.511MeV gamma rays are emitted.  The second mode of

annihilation occurs when a positron directly collides with an electron forming a

positron with a characteristic lifetime 0.4ns and a decay mode that results in the

emission of two 0.511MeV gamma rays.  The third from of annihilation occurs

when a positron and electron with parallel spins and the same quantum state form

a bounded state.  The particle that forms is known as ortho positronium (o-Ps),

and this particle has a characteristic lifetime of 142ns before three 0.511MeV

gamma rays are emitted.  An o-Ps particle has the longest lifetime of these

annihilation modes because it forms three gamma rays instead of two gamma

rays, and the parallel spin of the o-Ps shields it from other neighboring electrons

which increases its overall lifetime.  The shielding phenomenon created by the

parallel spin limits the molecular environment it probes by causing the o-Ps to

become trapped in void sites.  These voids have a diameter between 0.2pm

(picometer) and 0.5pm.  In addition to this limitation, the characteristic lifetime of

142ns of an o-Ps in condensed matter is significantly reduced.  This is because the

electron-positron cloud interacts with other electrons, which causes the decay

process to occur much earlier.  Therefore, a PALS experiment begins when a

gamma ray is detected during the decay of 22Na to 22Ne, and ends when a gamma

ray is detected signaling the annihilation of a positronium particle.

In polymer science the lifetime of o-Ps is the quantity of interest because it

is proportional to the free volume in a material.  The proportionality between free

volume, and the lifetime of an o-Ps is based on the overlap of the wave function

of the positronium particle with the electrons within a free volume cavity wall.

Large positronium wave function overlaps occur when the free volume cavity is

small, which results in a faster annihilation rate or shorter lifetime of o-Ps.  It is

this dependence of o-Ps lifetime and free volume cavity size that is used to

calculate free volume.  The lifetime of o-Ps within polymers is between 0.5ns and

3ns.  This time frame can be related to the free volume, where 0.5ns is associated

with a system that does not have any voids.
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In an ideal homogeneous material, all the positrons are exposed to the

same molecular environment resulting in a single annihilation mode.  However, a

polymeric system is not a homogeneous material because it has a distribution of

molecular weights, and other features that create a distribution of local molecular

environments for the entering positrons, and the formed positronium particles.

Consequently, a complex decay curve is generated from the three annihilation

modes that can be mathematically fitted with Equation 7.44-46

DCeBeAe)t(Y ttt +++= −−− γβα (7)

This equation relates the number of positron annihilations Y(t) at time t to the

three different annihilation modes using three exponential decay functions.  In

Equation 7 p-Ps annihilation is fitted with curve Ae-ααt, annihilation caused by the

direct collision of a positron with an electron is modeled with curve Be-ββt, and the

annihilation mode of o-Ps is modeled with curve Ce-γγt.  The preexponential

constants A, B, and C are used to represent the number of positrons annihilated

for each decay mode at time t = 0 (zero time) with D being the background decay

recorded by the instrument.  Positron annihilation rates for the three different

annihilation modes are the slopes of each exponential decay function curve

represented by αα, ββ, and γγ, and the characteristic time of each annihilation mode is

the reciprocal of these slopes.  These characteristic times are represented by ττ1, ττ2,

and ττ3 where the indexes 1, 2, and 3 are used to represent the annihilation mode

for p-Ps (1), the annihilation mode caused by the direct collision of a positron

with an electron (2), and the annihilation mode of o-Ps (3).  Because the size of a

free volume void is related to the characteristic time ττ3 an average hole size can

be estimated semi-empirically with Equation 8 which assumes the free volume

void is spherical.44-46
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In Equation 8 the spherical void’s average radius is R and Ro = R + ∆∆R where ∆∆R

is equal to the thickness of the electron layer, which is approximately 1.656Å.

The intensity measured during a PALS experiment is directly related to

probability of a positronium forming by one of the three different annihilation

modes.  For o-Ps annihilation the region that this occurs is not only related to the

probability of a positronium forming by this mode, but it is also related to the

concentration of free volume voids.  In a PALS experiment I1, I2, and I3 represent

the area under the exponential decay curve used to fit the data in that region.  I3 is

the area under the exponential decay function curve, which used to fit the

annihilation of o-Ps, which is also proportional to the concentration of void sites

in a given material.  A typical PALS spectrum is shown in Figure 7.3.7-1, where

all the relevant parameters abstracted from an experiment are indicated.

Equation 8 was used to calculate the average pore radius R from the

characteristic time ττ3 obtained from this PALS experiment.  Figure 7.3.7-2 is a

plot of R versus the weight percent inorganic material.  This figure reveals that all

the hybrid materials have a decrease in the value of R except at the composition

of 14wt% MTMOS, where a small 2.2% increase in R was observed.  If the slope

of each type of alkoxide were calculated, then the sign and magnitude of the slope

would indicate the rate of increase or decrease in R.  For TEOS based hybrids, the

rate of decrease in R would be the largest followed by PTMOS.  However,

MTMOS based hybrids have a positive slope, which implies that increasing the

content of MTMOS leads to larger values of R.  How R relates to the total

fractional free volume of a material is the next topic of this section.

The total fraction free volume (FFV) in a sample can be assessed using the

PALS data associated with o-Ps.  The product of the characteristic time ττ3 and the

concentration of void sites I3 can be related to the total FFV with a proportionality
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constant.  This interrelationship between total FFV and ττ3 x I3 is modeled with

Equation 9, where h is the total FFV in a sample expressed as a percentage, and C

is an empirically determined constant from Pressure-Volume-Temperature (PVT)

data, and V is the average free volume of a hole.

33 3
4

IRCCVIh 





== π

(9)

C is typically found to be equal to 1.80E-3/(ns * %) for polymers, and was used in

this study to evaluate h for these hybrid materials.44  Although PVT data is

required to accurately assess h, using the same value of C for all the materials

should not significantly skew the trends seen for these hybrid materials.  Table

7.3.7-1 is a summary of all the PALS data for these hybrid materials.

The total FFV for the 63K wM  6FDA-6FpDA polyimide employed in this

study was 4.3%.  When this polyimide was cross-linked the total FFV decreased

by 40.5%.  This is probably due to the decrease in polyimide endgroups that

contributed to free volume.  Because these materials are solution cast, it is

expected that the resulting cross-linked material will be more ordered.  In fact,

when a cross-linked sample is heated to approximately 450oC, its radius will

shrink approximately 25%, which causes the film to increase in thickness.

However, when an uncross-linked sample is heated to approximately 450oC, only

negligible dimensional changes on the order of 2% are observed.  Because only

the cross-linked samples shrank in this manner, it is believed that some level of

orientation may exist.  However, in order to validate this statement, the Herman’s

Orientation function must be calculated using birefringence.  If this were

completed, the actual amount of sample orientation could be assessed.  It has been

proven in different studies that the thermally induced motions of a polymer chain

contributes to the total free volume in a material, and the polymer chain

endgroups sweep out a given amount of volume during these thermal motions.2-
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3,47-48  This may be the main reason why the Fox-Flory equation is successful at

predicting the Tg of a polymer based on its nM .2-3  Together these facts form the

basis for the conclusion regarding the decrease in total FFV for the cross-linked

sample.  Figure 7.3.7-3 is a plot of the total FFV as a function of alkoxide type

and content.  This figure shows how the total FFV for TEOS and PTMOS based

hybrid decreases, and how the total FFV in MTMOS based hybrid increases.  It

can be clearly seen from this figure that the MTMOS based hybrid materials were

the only hybrids in this study that exhibited an increase the total FFV above the

pure polyimide.  A maximum observed increase in the total FFV was 17.8% at a

composition of 14.0wt% MTMOS while an average decrease of 40% in the total

FFV was found for TEOS and PTMOS based hybrids.  These losses in total FFV

for TEOS and PTMOS materials are due to decreases in both ττ3 and I3.  As stated

earlier, this implies that the total concentration of free volume, and average free

volume pore size decreased.

When the PALS data in Table 7.3.7-1 is examined it is evident from the I3

values that increasing the inorganic content decreases the concentration of free

volume sites when TEOS and PTMOS are employed for a hybrid material.  The

size of a free volume site also decreases with increasing content of TEOS and

PTMOS based on the decreasing values of ττ3.  However, MTMOS shows

increasing trends for I3 and ττ3 with increasing MTMOS content, and based on

these results this material should have the highest permeability.  These results

should be used cautiously because they are the average measurements of the

material.  In addition to this fact, there is no information regarding what portion of

the distribution of free volume voids and sizes are being occupied or changed by

the presence of these alkoxides.
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Table 7.3.7-1 PALS data summary for a series of 63K wM  6FDA-6FpDA

polyimide based hybrid materials.

Wt% I3 ττ3 R1 h2

% ns Å %Total FFV

Pure 0 2.59 15.42 3.33 4.30
XL 0 2.33 11.05 3.13 2.56

7.5 wt%  TEOS 2.74 2.44 11.46 3.22 2.88
15 wt%  TEOS 5.77 2.37 9.74 3.17 2.33

22.5 wt%  TEOS 9.15 2.26 10.95 3.08 2.40
7.5 wt%  MTMOS 4.34 2.54 14.87 3.30 4.04
15 wt%  MTMOS 8.99 2.57 16.49 3.32 4.55

22.5 wt%  MTMOS 14.0 2.68 17.02 3.41 5.07
7.5 wt%  PTMOS 5.66 2.39 10.42 3.18 2.53
15 wt%  PTMOS 11.6 2.35 10.47 3.15 2.47

22.5 wt%  PTMOS 17.7 2.33 12.67 3.13 2.94
* Relative Error Unknown
R1 determined by Equation 8
h2 determined by Equation 9
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7.3.8 DSC of Hybrid Materials

The changes in heat capacity, ∆Cp, and the glass transition, Tg, of a series

of hybrid materials created from a 63K wM  6FDA-6FpDA polyimide and TEOS,

MTMOS, and PTMOS were measured.  A TA 2920 Modulated DSC instrument

was employed for evaluating the ∆Cp and Tg of these hybrid materials on thin

films having an average mass of 15mg.  Data was collected at a scan rate of 10oC

per minute from an equilibrated temperature of 220oC, to a final temperature of

360oC using a 20ml per minute N2 purge.  The Tg was defined at the inflection

point of this thermal transition.  This software automatically calculated ∆Cp based

on a normalized area underneath the thermal transition that defined Tg with

respect to a nonsample baseline file.  Tonset and Tend defined the temperature

interval used to calculate ∆Cp.  The ∆Cp and Tg reported in this section of this

chapter are from the second scan of a DSC experiment.  These results are

summarized in Table 7.3.8-1, and the individual DSC scans for these hybrid

materials are shown in Figures 7.3.8-3, 7.3.8-4, and 7.3.8-5.  The remainder of

this section describes the results associated with this experiment.

Changes in the Tg of these hybrid materials based on DSC are plotted in

Figure 7.3.8-1 as a function of alkoxide type and content.  Although no

statistically significant changes in Tg were observed for PTMOS hybrid materials

at compositions of 11.6wt% and 17.7wt% PTMOS, all other hybrid materials did

have statistically significant changes in Tg.  The only material in this series that

had a reduction in the Tg was the cross-linked polyimide.  The Tg for the cross-

linked material was 276oC, which corresponds to a 5.9% reduction in the Tg

compared to the pure polyimide.  This reduction in Tg implies that some type of

cleaving mechanism created by APTEOS reduced the molecular weight of the

polyimide.  Indeed, when the results from Chapter 6 dealing with nM  and Tg are

used in conjunction with the Fox-Flory equation, a predicted nM  and wM  for the
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cross-linked polyimide are 14,800 nM  and 28,000 wM  which corresponds to a

55% reduction in the nM .  The major assumption in the prediction of wM  is that

the polydispersity of the polyimide was conserved during the degradation process

and that the material being analyzed can still be considered a 6FDA-6FpDA

polyimide.  This result raises questions regarding which Tg should be used (Pure

vs. XL) when comparing changes in Tg for these hybrid materials.  However,

since one of the goals of this research was to create more robust materials, the Tg

of the pure polyimide is used throughout this section to gauge changes in Tg as a

function of alkoxide type and content.

The changes in Tg are plotted as a function of alkoxide type and content

shown in Figure 7.3.8-1.  In general, the Tg associated with TEOS had the highest

rise followed by MTMOS and to a lesser extent PTMOS.  Maximum rises in Tg

occurred at 5.8wt% TEOS, 14wt% MTMOS, and 5.7wt% PTMOS.  This

corresponds to rises in Tg of 13.0 oC for TEOS, 7.7 oC for MTMOS, and 3.1oC for

PTMOS derived hybrids.  These are modest rises in Tg, but when they are

referenced to the cross-linked samples, the rises in Tg are 30.2 oC, 24.9 oC, and

20.3oC.  The Tg evaluated with DSC for these hybrid materials suggests that there

is not a strong correlation between Tg and alkoxide content.

The changes in ∆Cp for these hybrid materials are plotted in Figure 7.3.8-2

as a function of alkoxide type and content.  Unlike the results associated with the

Tg of these hybrid materials, there was a statistically significant change in ∆Cp.  In

general, there was an average 20% reduction in ∆Cp for all these hybrid materials.

Even the cross-linked polyimide had a reduction in ∆Cp, which was 181mJ/(g oC),

which corresponds to a 5.1% reduction when compared to the pure polyimide.

This reduction in ∆Cp is again attributed to a decrease in the molecular weight of

the polyimide.  The decrease in molecular weight is believed to be the result of

degradation products that cause additionally cleaving of the polyimide chains.
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The main trend for all these hybrid materials was a linearly decreasing

∆Cp with increasing inorganic content.  This linear behavior appears to be

reasonable because all these silica materials are poor thermal conductors.  When

they are synthesized into the more thermally conductive polyimide, an overall

decrease in thermal conductivity results.  An additional contributor to the

decreasing value of ∆Cp is the decreasing amount of organic material present in a

hybrid material.  In addition to these observed decreases in ∆Cp, it can be clearly

seen in Figure 7.3.8-2 that each alkoxide decreases ∆Cp at different rates.  These

different decreases in ∆Cp are believed to be a consequence of the different

thermal conductivity of each alkoxide.  Hence, from this figure it appears that

TEOS derived silica must have the poorest thermal conductivity, and MTMOS

and PTMOS derived silica have similar thermal conductivity.  Overall, it is

believed that both thermal conductivity and decreasing polymer content

contribute to the linear behavior seen for ∆Cp versus alkoxide content.  However,

the lack of a correlation between Tg and alkoxide content is believed to be a

consequence of polymer degradation.
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Figure 7.3.8-1 Tg of a series of hybrid materials based on 63K wM  6FDA-

6FpDA and TEOS, MTMOS and PTMOS.  The value of Tg is reported from the
second scan of a DSC run at 10oC/min with a N2 purge.
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Figure 7.3.8-2 ∆Cp of a series of hybrid materials based on 63K wM

6FDA-6FpDA and TEOS, MTMOS and PTMOS.  The value of ∆Cp is reported
from the second scan of a DSC run at 10oC/min with a N2 purge.
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Figure 7.3.8-3 DSC scan for a 63K 
w

M  6FDA-6FpDA TEOS Hybrid.

7.5wt%, 15wt%, and 22.5wt% TEOS represents 2.7wt%, 5.8wt%, and 9.2wt%
silica after heat treatments.  Data were collected from the second scan with a
heating rate of 10oC/min and a N2 purge.
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Figure 7.3.8-4 DSC scan for a 63K 
w

M  6FDA-6FpDA MTMOS Hybrid.

7.5wt%, 15wt%, and 22.5wt% MTMOS represents 4.3wt%, 9.0wt%, and
14.0wt% silica after heat treatments.  Data were collected from the second scan
with a heating rate of 10oC/min and a N2 purge.
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Figure 7.3.8-5 DSC scan for a 63K 
w

M  6FDA-6FpDA PTMOS Hybrid.

7.5wt%, 15wt%, and 22.5wt% PTMOS represents 5.7wt%, 11.6wt%, and
17.7wt% silica after heat treatments.  Data were collected from the second scan
with a heating rate of 10oC/min and a N2 purge.
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Table 7.3.8-1 63K wM  6FDA-6FpDA and Hybrid Material DSC Summary

Wt% Tg ∆∆Cp Tonset Tend

oC mJ/(g oC) oC oC

63K 6FDA-6FpDA 0 293.3 190.9 285.5 299.4
XL 0 276.1 181.1 265.2 285.0

7.5 wt%  TEOS 2.74 295.7 187.3 287.2 302.3
15 wt%  TEOS 5.77 306.3 154.6 299.3 311.2

22.5 wt%  TEOS 9.15 304.5 140.9 297.7 309.6
7.5 wt%  MTMOS 4.34 299.4 154.9 293.4 304.2
15 wt%  MTMOS 8.99 299.6 152.7 293.0 304.8

22.5 wt%  MTMOS 14.0 301.0 143.5 294.6 305.4
7.5 wt%  PTMOS 5.66 296.4 164.1 287.9 303.6
15 wt%  PTMOS 11.6 294.2 153.7 286.0 300.5

22.5 wt%  PTMOS 17.7 294.0 144.1 285.7 299.8
* Relative Error ~ 0.7% in ∆Cp and Tg data.
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7.3.9 DMTA of Hybrid Materials

Changes in the mechanical properties of a series of hybrid materials

created from a 63K wM  6FDA-6FpDA polyimide and TEOS, MTMOS, and

PTMOS as a function of alkoxide type and content were measured with a DMTA

instrument.  A Rheometric Scientific Mark IV DMTA was used to characterize

the glass transition Tg and molecular transitions in the polyimides and hybrid

materials.  Tests were performed on film samples that had a predefined length and

width of 15mm and 4mm, while the nominal thickness was 0.07mm.  The

experimental conditions were set such that all film samples were tested with a

strain of 0.01%, a constant static force of 0.015N, and a heating rate of 2oC per

minute in air.  A low strain and force were chosen in order to ensure a linear

viscoelastic response (stress proportional to strain) during an experimental run

and the sample dimensions were set to exceed a length to width ratio of three to

minimize sample edge effects during a DMTA test.  Because all samples

underwent various degrees of elongation during a test, the data reported from this

experiment is only from the first heating run instead of the conventional second

heating run.  These results are summarized in Table 7.3.9.3-1 and the individual

DMTA scans for these hybrid materials are shown in Figures 7.3.9.3-6 through

Figure 7.3.9.3-13.  The remainder of this section summarizes the experimental

results observed with this test.
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7.3.9.1 E’ (Storage Modulus) of Hybrid Materials

The effect of alkoxide type and content on the mechanical properties of

these hybrid materials was evaluated by studying the changes in the storage

modulus E’.  It was observed that the type of alkoxide employed was either

reinforcing or nonreinforcing filler within the polyimide matrix.  These changes

were observed in the overall stiffness of the material, evaluated at an arbitrary

temperature.  Examination of the transition into the rubbery plateau region that

occurs near 375oC for these hybrid materials also provides information regarding

the role of the alkoxide in the polyimide matrix.  The magnitude of E’ in this

region is known to be proportional to the cross-link density, the entanglement

molecular weight of a polymer.  Reptation Theory could also be employed to

describe the polymeric friction coefficient ζ between the chains.47-48  The analysis

of this region leads to only one safe conclusion, which is that the effective cross-

link density has changed as a result of the presence of alkoxide.  Further

evaluation and characterization of these hybrid materials in this region is beyond

the scope of this study.  However, deconvolution of all the dynamic variables in

these hybrid systems would require advanced mathematical modeling and

powerful computer systems.

Figure 7.3.9.1-1 is a plot of the lowest initial loading of each alkoxide

versus E’.  In this figure it can be seen that 7.5wt% TEOS actually decreases E’

while MTMOS and PTMOS cause a slight increase in E’.  At this composition

MTMOS based hybrids stiffened the materials the most followed with PTMOS

and then TEOS based hybrids.  This reveals that at low contents, MTMOS and

PTMOS are reinforcing fillers, while TEOS is a nonreinforcing filler.

Examination of the rubbery plateau region near 375oC for these hybrid materials

reveals that TEOS and PTMOS essentially provide the same amount of

enhancement in the effective cross-link density.  However, MTMOS dominates

these systems at this composition by having the highest value of E’ at this
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temperature.  What is notable regarding this region is that TEOS has the lowest

volume fraction present in this hybrid material, yet the effective cross-link density

is almost the same as the higher volume fraction PTMOS.  The fact that PTMOS

and MTMOS have similar volume fractions, but different E’ values in this region

suggests that MTMOS is distributed throughout the polyimide matrix more

effectively.  This result for PTMOS and MTMOS helps support the conclusions

drawn from the morphology studies.  Furthermore, based on the swelling and

extraction experiments for MTMOS, and the results for E’, together suggest that

there may be covalent bonds between the inorganic and polyimide matrix.

The effect of increasing the alkoxide loading to 15wt% on E’ is shown in

Figure 7.3.9.1-2.  At this loading only PTMOS reinforces the hybrid material,

while TEOS and MTMOS causes a decreases in E’.  At this higher composition

PTMOS based hybrids stiffened the material the most, followed by TEOS and

then MTMOS based hybrids, which is a change from the previous trend.

Examination of the rubbery plateau region near 375oC for these hybrid materials

reveals the same trend seen at 7.5wt% alkoxide.  This trend was that MTMOS has

the largest increase in the effective cross-link density based on the value of E’ at

375oC, while TEOS and PTMOS were essentially equivalent.

The effect of increasing the alkoxide loading to 22.5wt% on E’ is shown

in Figure 7.3.9.1-3.  At this composition only TEOS reinforces the hybrid material

while, both MTMOS and PTMOS a cause decrease in E’ at temperatures below

Tg.  The new trend in E’ at this content is that TEOS > MTMOS > PTMOS when

these are compared to each other with respect to stiffening the hybrid material.

This is a change in the previous trend observed for these alkoxides.  Examining

the rubbery plateau region near 375oC for these hybrid materials reveals that

MTMOS has the largest increase in the effective cross-link density, followed by

PTMOS.  This figure suggests that TEOS is not as effective as MTMOS and

PTMOS at increasing the effective cross-link density at this content.
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The main conclusions that can be gleaned from E’ and the role of

alkoxides at stiffening the polyimide matrix are summarized in Figure 7.3.9.1-4.

An arbitrary reference temperature of 200oC was chosen for comparing the

differences in E’ among theses hybrid materials.  This figure shows that a critical

content is associated with these alkoxides, and this content determines whether

the alkoxide will be reinforcing or nonreinforcing.  It is believed that these

changes must be linked to the overall hybrid materials morphology.

Morphological changes were observed with the silica based on MTMOS and

PTMOS, while no appreciable changes were observed with TEOS.  It is

speculated that the morphological changes in MTMOS and PTMOS are indicative

of polymer incorporation into the silica domain, and some level of inorganic

incorporation into the polyimide matrix.  The assumption regarding the

incorporation of inorganic materials’ into the polyimide matrix is a very plausible

explanation, which is suggested by the hybrid materials dynamic mechanical

responses observed in the rubbery plateau region.
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Figure 7.3.9.1-1 E’ as a function of temperature for Pure 63K 
w

M  6FDA-

6FpDA polyimide and 7.5wt% TEOS, 7.5wt%MTMOS, 7.5wt% PTMOS which
represents 2.7wt%, 4.3wt%, and 5.7wt% silica after heat treatments.  Data were
collected from the first scan at 2oC/min, 0.01% strain, constant static force of
0.015N, and an air purge.
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Figure 7.3.9.1-2 E’ as a function of temperature for Pure 63K 
w

M  6FDA-

6FpDA polyimide and 15wt% TEOS, 15wt%MTMOS, 15wt% PTMOS which
represents 5.8wt%, 9.0wt%, and 11.6wt% silica after heat treatments.  Data were
collected from the first scan at 2oC/min, 0.01% strain, constant static force of
0.015N, and an air purge.
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Figure 7.3.9.1-3 E’ as a function of temperature for Pure 63K 
w

M  6FDA-

6FpDA polyimide and 22.5wt% TEOS, 22.5wt%MTMOS, 22.5wt% PTMOS
which represents 9.2wt%, 14.0wt%, and 17.7wt% silica after heat treatments.
Data were collected from the first scan at 2oC/min, 0.01% strain, constant static
force of 0.015N, and an air purge.
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7.3.9.2 α (Alpha Relaxation / Tg) of Hybrid Materials

The effect of alkoxide type and content on the cooperative motion of the

polymer chains at Tg, and the breadth of this relaxation process was evaluated for

these hybrid materials.  In addition to these changes, the magnitude of tanδδ at Tg

was investigated to observe how the presence of these different alkoxides

impacted the overall damping behavior of these hybrid materials.  In particular,

these evaluations were completed to see if these different alkoxides were able to

decrease the segmental motion of the polymer chains.  According to gas

permeation theory, restricting the segmental motion of the polymer chains should

increase the selectivity.  If this criterion is independent of other variables, then

there should be an increase in gas selectivity.  This concept will be discussed later

in this chapter.

Figure 7.3.9.2-1 is a plot of the lowest initial loading of each at 7.5wt%

alkoxide versus Tg.  This figure demonstrates three different responses associated

with these hybrid materials, namely the magnitude of tanδδ at Tg, the breadth and

increase in Tg.  The value of tanδδ at Tg is higher for all the hybrid materials at this

composition, which suggests that these alkoxides have increased the damping

property of the pure polyimide.  Secondly, it can be qualitatively observed that the

breadth of the tanδδ has been decreased by all the alkoxides employed, with

PTMOS having the smallest impact on the reduction in the tanδδ breadth.  The

breadth of tanδδ event is indicative of the cooperative nature of the relaxation

process of the polymer chains, where very noncooperative materials are

characterized by a very broad of tanδδ.47-49  Conceptually, cooperativity can be

related to the ease at which polymer chains move in concert through the glass

transition, while noncooperative materials have polymer chains that resist

concerted motion.  Finally, the Tg shifts to higher temperatures by 8oC in the case

of TEOS and an approximately 7oC in the case of MTMOS and PTMOS.  This
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type of rise in Tg is typical for a particle filled system, but the accompanying

increase in the magnitude of tanδδ was not expected.  The increase in tanδδ for these

hybrid materials is attributed to the degradation of the polyimide.  It is assumed

that the degradation products caused plasticization of the hybrid material, which

causes the higher tanδδ.  However, a plasticized material would account for the

reduction in E’, which occurred with these hybrid materials.48  The fact that there

is a rise in Tg, and an increase tanδδ suggests that these silica particles may be

simultaneously plasticizing, lowering the molecular weight, and causing a rise in

Tg based on the behavior associated with a particle filled system.  These

competing mechanisms may cancel each other in such a way that only moderate a

rise in Tg is observed.  Brennan50 observed these same types of responses in Tg,

where increasing alkoxide content in a polyimide hybrid system lead to a decrease

in Tg.  These changes provide further support for the conclusion suggesting that

the presence of APTEOS and the alkoxide condensation products degrade the

molecular weight of the polyimide.

Figure 7.3.9.2-2 is a plot of 15wt% alkoxide versus Tg.  As seen with the

7.5wt% alkoxide loading, three distinct responses can be gleaned from this figure.

Firstly, at 15wt% alkoxide only MTMOS and PTMOS increased the magnitude of

tanδδ at Tg, while TEOS decreased the magnitude of tanδδ at Tg.  At 7.5wt%

alkoxide all the hybrid materials increased tanδδ at Tg.  Secondly, it can be

qualitatively stated that the breadth of the tanδδ peak has decreased, and these

changes are approximately equivalent for all these alkoxides.  The third property

to change is the Tg, where an 18oC rise in Tg is seen with TEOS, and only 6oC and

5oC rises in Tg are seen with MTMOS and PTMOS based hybrid materials.  This

contrasting response in Tg for TEOS based hybrids versus MTMOS and PTMOS

based hybrid materials, suggests that only the TEOS based hybrid materials have

responses similar to a particle filled system.  The lower Tg for PTMOS and

MTMOS based hybrids is believed to be a consequence of higher plasticization of

the polyimide by their condensation byproducts.  Therefore, it is assumed based
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on the morphology of the different alkoxides, that TEOS is essentially a particle

filled system, while MTMOS and PTMOS based hybrid materials cannot be

exclusively defined by this criterion.

Figure 7.3.9.2-3 is a plot of the changes in Tg as a function of alkoxide

type at 22.5wt% alkoxide.  The three responses associated with these hybrid

materials are very distinguishable at this level of alkoxide loading.  The

magnitude of tanδδ at Tg decreases for all these hybrid materials such that TEOS >

MTMOS > PTMOS with respect to decreasing the dampening properties of the

pure polyimide.  This is the normal behavior associated with a particle filled

system.  Secondly, there still appears to be no significant change in the breadth of

the tanδδ peak, and the changes that are observed are approximately equivalent for

all these alkoxides.  If these hybrid materials were filled with inert silica particles,

then a broadening in the tanδδ peak would be observed.  However, the fact that

there is no broadening in the tanδδ peak, suggests that these silica domains are

somehow altering the polyimide.  It is assumed in this study that the changes in

tanδδ are a consequence of a lowering in the molecular weight of the polyimide.

The third property to change in these hybrid materials is the Tg, where a 13oC rise

in Tg is seen with TEOS and only 6oC and 2oC rises in Tg are seen with MTMOS

and PTMOS based hybrid materials.  The rise in Tg for the TEOS based hybrid

provides additional credibility to the suggestion that this hybrid material is

essentially a particle filled system.  Additionally, the small changes in Tg for

MTMOS and PTMOS based hybrid materials supports the suggestion that these

materials are being simultaneously plasticized and degraded, which leads to these

moderate changes in Tg.

Figures 7.3.9.2-4 and 7.3.9.2-5 are a summary of the changes in Tg and the

magnitude of tanδδ at Tg.  From these figures it is clearly shown how the Tg

changes based on the type and amount of alkoxide employed.  Figure 7.3.9.2-4

shows that the TEOS based hybrids have the highest Tg, while both MTMOS and

PTMOS have a decrease the Tg.  The change in the magnitude of tanδδ at Tg is
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shown Figure 7.3.9.2-5 as a function of alkoxide type and content.  This figure

demonstrates that the rate of decrease in the magnitude of tanδδ at Tg is

approximately equivalent for MTMOS and PTMOS based hybrids.  The most

significant fact regarding these changes is that at 22.5wt% alkoxide the TEOS

based hybrid has the lowest silica content in the hybrid series.  However, even at

this low content, larger changes in Tg and in the value of tanδδ at Tg are observed.

Indeed, from this simple study it is very clear that the type of alkoxide employed

in a hybrid material can be more critical than the amount of alkoxide.
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Figure 7.3.9.2-1 Tg as a function of temperature for Pure 63K 
w

M  6FDA-

6FpDA polyimide and 7.5wt% TEOS, 7.5wt%MTMOS, 7.5wt% PTMOS which
represents 2.7wt%, 4.3wt%, and 5.7wt% silica after heat treatments.  Data were
collected from the first scan at 2oC/min, 0.01% strain, constant static force of
0.015N, and an air purge.
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Figure 7.3.9.2-2 Tg as a function of temperature for Pure 63K 
w

M  6FDA-

6FpDA polyimide and 15wt% TEOS, 15wt%MTMOS, 15wt% PTMOS which
represents 5.8wt%, 9.0wt%, and 11.6wt% silica after heat treatments.  Data were
collected from the first scan at 2oC/min, 0.01% strain, constant static force of
0.015N, and an air purge.
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Figure 7.3.9.2-3 Tg as a function of temperature for Pure 63K 
w

M  6FDA-

6FpDA polyimide and 22.5wt% TEOS, 22.5wt%MTMOS, 22.5wt% PTMOS
which represents 9.2wt%, 14.0wt%, and 17.7wt% silica after heat treatments.
Data were collected from the first scan at 2oC/min, 0.01% strain, constant static
force of 0.015N, and an air purge.
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Figure 7.3.9.2-4 Tg as a function of alkoxide type and content for a Pure
63K 

w
M  6FDA-6FpDA polyimide based on TEOS, MTMOS, and PTMOS.  Data

were collected from the first scan at 2oC/min, 0.01% strain, constant static force
of 0.015N, and an air purge.



322

0 5 10 15 20 25
1.4

1.5

1.6

1.7

1.8

  Pure
  XL
  Hybrid (TEOS) 
  Hybrid (MTMOS)
  Hybrid (PTMOS)

ta
n

 δδ
 @

 T
g 

Wt% Inorganic

Figure 7.3.9.2-5 tan δδ at Tg as a function of alkoxide type and content for a
Pure 63K 

w
M  6FDA-6FpDA polyimide based on TEOS, MTMOS, and PTMOS.

Data were collected from the first scan at 2oC/min, 0.01% strain, constant static
force of 0.015N, and an air purge.
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7.3.9.3 β (Beta Relaxation) of Hybrid Materials

The beta relaxation ββ for these hybrid materials was investigated as a

function of alkoxide type and content.  This relaxation process occurs below Tg

and its manifestation is associated with the local motions of molecular segments

along the polymer backbone, which are usually ascribed to bond rotations.49  The

magnitude of this relaxation process is proportional to the probability that these

rotations occur, the number of repeat units involved in the rotation, and the

concentration of chains contributing to the relaxation.49  In general, these bond

rotations are considered to be primarily due to the type of diamine in the

polyimide.  Briefly discussed in the literature review was how the type of diamine

effects the gas transport properties of the material.  Because gas permeation

measurements are typically performed well below the Tg of the material, it was of

interest to investigate the changes in the ββ transition and see if it correlates with

the gas transport properties.  The remainder of the section is directed at the

evaluating the changes in the ββ transition, while the gas permeation results are

discussed in the next section.

Figure 7.3.9.3-1 is a plot of the hybrid materials at 7.5wt% alkoxide versus

tanδδ at the ββ transition.  This figure demonstrates three different properties

associated with these hybrid materials.  Firstly, there was an observed 3oC and

12oC decrease in the ββ temperature for TEOS and MTMOS based hybrids, while a

2oC rise in the ββ temperature was observed for the PTMOS based hybrid.  The

changes in the ββ temperature are indicative of how the distribution of molecular

segments involved in this rotation has either shifted to a higher or lower energy

state.  Higher energy bond rotations are indicative of higher ββ temperatures.

Secondly, it can be qualitatively observed that the breadth of the ββ transition

decreased for all the hybrid materials.  The breadth of the ββ transition is related to

the number of repeat units involved in a bond rotational process.  Since these



324

hybrid materials decreased the breadth of the ββ transition, this implies that the

number of repeat units involved in a bond rotation have decreased.  However, this

should not be confused with the total concentration or the amount of material that

participates in the ββ relaxation.  Finally, the third property that changed was the

area underneath the ββ transition, which is proportional to the concentration of

material involved in a bond rotation.  The area underneath the ββ transition was the

greatest for MTMOS based hybrid materials, followed by PTMOS and then

TEOS hybrid materials.  The larger area underneath the ββ transition for the

MTMOS based hybrid implies that more polymer chains are involved in the bond

rotations than PTMOS or TEOS.  Indeed, not only does MTMOS based hybrids

increase the amount of material that participates in this ββ relaxation, but this

alkoxide lowers the concentration of higher energy material involved in this bond

rotation mechanism.

A plot of the hybrid materials at 15wt% alkoxide versus tanδδ at the ββ

transition is shown in Figure 7.3.9.3-2.  This figure shows a dramatic change in

the previously discussed properties associated with these hybrid materials.

Firstly, there is a 1oC and 15.5oC decrease in ββ temperature for the PTMOS and

MTMOS based hybrids, while a 2.5oC rise in ββ temperature was associated with

the TEOS based hybrid.  Secondly, it can be qualitatively observed that the

breadth of the ββ transition is narrower for all the hybrid materials, and the order of

increasing breadth is MTMOS > TEOS > PTMOS.  Finally, the area underneath

the ββ transition curve increases by alkoxide type in the following manner:

MTMOS > TEOS > PTMOS.  These changes still imply that MTMOS based

hybrids have more polymer involved in bond rotations than PTMOS or TEOS.

However, it is clearly evident by the apparent area under these curves that the ββ

transition associated with TEOS and PTMOS based hybrid materials is much

more significant than the equivalent 7.5wt% hybrid materials.

Changes in tanδδ at the ββ transition for these hybrid materials at 22.5wt%

alkoxide are shown in Figure 7.3.9.3-3.  This figure shows further changes not
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seen in the previous alkoxide contents.  Firstly, there are 10.4oC and 16.7oC

decreases in the ββ temperature for the PTMOS and MTMOS based hybrids.

There were no significant changes in the ββ temperature for the TEOS based

hybrid.  Secondly, it can be qualitatively stated that the breadth of the ββ transition

is approximately equivalent to the pure polyimide, as well as the area underneath

the ββ curve.  Although the area under the ββ curve, and the breadth of this peak are

approximately equivalent, the temperature of this transition varies depending on

the type of alkoxide employed.

Figures 7.3.9.3-4 and 7.3.9.3-5 are plots of the ββ temperature and the

magnitude of tanδδ at the ββ temperature as a function of alkoxide type and content.

Figure 7.3.9.3-4 shows that TEOS based hybrids have the highest ββ temperature,

while both MTMOS and PTMOS decrease the ββ temperature at approximately the

same rate.  However, it is also apparent from this figure that the MTMOS based

hybrid materials cause the largest reduction in the ββ temperature.  This figure

implies that the MTMOS based hybrid materials reduced the overall activation

energy associated with bond rotations the most indicated by the lower ββ transition

temperature.  The changes in the magnitude of tanδδ at the ββ temperature are

shown Figure 7.3.9.3-5 as a function of alkoxide type and content.  While there

are large increases in the magnitude of tanδδ at ββ the temperature, the total area

underneath this transition is equally important.  This is because it is related to the

concentration of material involved in the bond rotation.  From this qualitative

study, it is evident that the type of alkoxide employed in a hybrid material can be

more critical than the amount of alkoxide.
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Figure 7.3.9.3-1 tanδδ at ββ as a function of temperature for Pure 63K 
w

M

6FDA-6FpDA polyimide and 7.5wt% TEOS, 7.5wt% MTMOS, 7.5wt% PTMOS
which represents 2.7wt%, 4.3wt%, and 5.7wt% silica after heat treatments.  Data
were collected from the first scan at 2oC/min, 0.01% strain, constant static force
of 0.015N, and an air purge.
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Figure 7.3.9.3-2 tanδδ at ββ as a function of temperature for Pure 63K 
w

M

6FDA-6FpDA polyimide and 15wt% TEOS, 15wt% MTMOS, 15wt% PTMOS
which represents 5.8wt%, 9.0wt%, and 11.6wt% silica after heat treatments.  Data
were collected from the first scan at 2oC/min, 0.01% strain, constant static force
of 0.015N, and an air purge.
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Figure 7.3.9.3-3 tanδδ at ββ as a function of temperature for Pure 63K 
w

M

6FDA-6FpDA polyimide and 22.5wt% TEOS, 22.5wt% MTMOS, 22.5wt%
PTMOS which represents 9.2wt%, 14.0wt%, and 17.7wt% silica after heat
treatments.  Data were collected from the first scan at 2oC/min, 0.01% strain,
constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-4 ββ as a function of alkoxide type and content for a Pure 63K

w
M  6FDA-6FpDA polyimide based on TEOS, MTMOS, and PTMOS.  Data

were collected from the first scan at 2oC/min, 0.01% strain, constant static force
of 0.015N, and an air purge.
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Figure 7.3.9.3-5 Magnitude of tanδδ at ββ as a function of alkoxide type and
content for a Pure 63K 

w
M  6FDA-6FpDA polyimide based on TEOS, MTMOS,

and PTMOS.  Data were collected from the first scan at 2oC/min, 0.01% strain,
constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-6 E’ for a Pure and cross-linked (XL) 63K 
w

M  6FDA-

6FpDA polyimide.  Data were collected from the first scan at 2oC/min, 0.01%
strain, constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-7 tanδδ for a Pure and cross-linked (XL) 63K 
w

M  6FDA-

6FpDA polyimide.  Data were collected from the first scan at 2oC/min, 0.01%
strain, constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-8 E’ for a 63K 
w

M  6FDA-6FpDA TEOS Hybrid. 7.5wt%,

15wt%, and 22.5wt% TEOS represents 2.7wt%, 5.8wt%, and 9.2wt% silica after
heat treatments.  Data were collected from the first scan at 2oC/min, 0.01% strain,
constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-9 tanδδ for a 63K 
w

M  6FDA-6FpDA TEOS Hybrid. 7.5wt%,

15wt%, and 22.5wt% TEOS represents 2.7wt%, 5.8wt%, and 9.2wt% silica after
heat treatments.  Data were collected from the first scan at 2oC/min, 0.01% strain,
constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-10 E’ for a 63K 
w

M  6FDA-6FpDA MTMOS Hybrid. 7.5wt%,

15wt%, and 22.5wt% MTMOS represents 4.3wt%, 9.0wt%, and 14.0wt% silica
after heat treatments.  Data were collected from the first scan at 2oC/min, 0.01%
strain, constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-11 tanδδ for a 63K 
w

M  6FDA-6FpDA MTMOS Hybrid.

7.5wt%, 15wt%, and 22.5wt% MTMOS represents 4.3wt%, 9.0wt%, and
14.0wt% silica after heat treatments.  Data were collected from the first scan at
2oC/min, 0.01% strain, constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-12 E’ for a 63K 
w

M  6FDA-6FpDA PTMOS Hybrid.  7.5wt%,

15wt%, and 22.5wt% PTMOS represents 5.7wt%, 11.6wt%, and 17.7wt% silica
after heat treatments.  Data were collected from the first scan at 2oC/min, 0.01%
strain, constant static force of 0.015N, and an air purge.
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Figure 7.3.9.3-13 E’ for a 63K 
w

M  6FDA-6FpDA PTMOS Hybrid.  7.5wt%,

15wt%, and 22.5wt% PTMOS represents 5.7wt%, 11.6wt%, and 17.7wt% silica
after heat treatments.  Data were collected from the first scan at 2oC/min, 0.01%
strain, constant static force of 0.015N, and an air purge.
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Table 7.3.9.3-1 DMTA data summary for a series of 63K wM  6FDA-

6FpDA and Hybrid Material

 α  β ''E
oC tanδδ oC tanδδ oC

63K 6FDA-6FpDA 321.7 1.590 113.5 0.03232 305.8 100.9
XL 322.2 1.632 127.9 0.03139 311.9 94.6

7.5 wt%  TEOS 330.2 1.728 110.4 0.03333 316.1 99.1
15 wt%  TEOS 338.7 1.457 116.0 0.03571 323.6 98.8

22.5 wt%  TEOS 335.3 1.429 113.3 0.03561 322.1 103.6
7.5 wt%  MTMOS 329.2 1.662 101.5 0.03616 315.7 89.7
15 wt%  MTMOS 327.5 1.600 97.9 0.03814 312.6 88.6

22.5 wt%  MTMOS 328.1 1.441 96.8 0.03606 314.6 90.4
7.5 wt%  PTMOS 329.6 1.685 115.4 0.03366 313.6 98.9
15 wt%  PTMOS 326.2 1.676 112.4 0.03828 311.4 103.3

22.5 wt%  PTMOS 324.3 1.466 103.1 0.03818 309.3 85.6
* 2o/min, 0.01% Strain, Relative Error ~0.2%
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7.3.10 Gas Transport Properties of Hybrid Materials

The gas transport properties for a series of hybrid materials synthesize

from a 63K wM  6FDA-6FpDA polyimide employing the alkoxides TEOS,

MTMOS, and PTMOS were evaluated.  Tests were completed on film thickness

that were nominally 3mil or 76.2µm using the test equipment described in Section

5.5.10.  Permeation tests were performed using He, O2, N2, CO2, and CH4 gases

that were 99.999% pure, at various temperatures, and a constant pressure of 4atm.

Apparent permeability, diffusivity, and solubility coefficients P, D, and S

were calculated using the equations presented in Chapter 6.  The apparent

activation energies for permeation, diffusivity, and solubility EP, ED, and ∆∆HS

were also calculated.  In addition to these quantities, the ideal selectivities for

He/O2, He/N2, He/CO2, He/CH4, O2/N2, and CO2/CH4 were also investigated for

these hybrid materials.  The main objective of these studies was to gain an

appreciation of the contribution of the different alkoxides to the overall gas

transport properties.  The gas transport properties for all the hybrid materials

presented in this study are summarized in tables at the end of the section.
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7.3.10.1 Gas Permeability, Diffusivity, & Solubility of
Hybrid Materials

In order to appreciate the contribution of the different alkoxides employed

in this study on the permeability P of these hybrid materials, the diffusivity D and

solubility S components that constitute P were evaluated.  The properties of D and

S represent the kinetic and thermodynamic contributions to permeability.

Individual consideration of D and S will demonstrate whether the kinetics or the

thermodynamics of gas permeation dominate the gas permeation of these hybrid

materials.  The kinetic diameter of a gas molecule can be used to probe the

distribution of free volume in these hybrid materials.  This is possible because the

gas permeability and free volume are interrelated, and the rate of permeation of a

penetrant is inversely related to its size.

Changes in P are plotted as a function of the kinetic diameter for He, O2,

N2, CO2, and CH4 with respect to a series of 7.5wt% hybrid materials shown in

Figure 7.3.10.1-1.  This figure demonstrates the differences in permeability

between these alkoxides when they are employed in a hybrid.  The only hybrid

material that increased the overall permeability was the MTMOS based hybrid,

while PTMOS materials caused the greatest reduction in permeability.  PALS data

presented earlier showed that the average total FFV, and the average free volume

pore radius increased for the MTMOS based hybrids, while these quantities

decreased for the other hybrids.  Interesting features associated with the MTMOS

hybrid material were the reduction in He permeability, and the trend of increasing

permeability with increasing penetrant size.  This behavior can only be explained

by a change in the distribution of free volume, such that the distribution is

weighted towards fewer pores, which are larger in size.  Since I3 from the PALS

decreased for these hybrid materials at this composition, the implication of this

observation is a decrease in the concentration of free volume material.

Consequently, it is assumed that the presence of fewer pores, and the reduction in
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the concentration in free volume material, contributes to the reduction in He

permeability.  Likewise, the change in the distribution of free volume favoring

larger pores explains the trend of increasing permeability with increasing

penetrant size.  This trend would exist because the increase in the concentration of

larger pores would enhance the transport of larger molecules.  However, the

reduction in the concentration of free volume, which was used exclusively by He

would be reduced, would cause a decrease in He permeability.  This trend

between penetrant size and permeability becomes more apparent at higher

alkoxide concentrations.  The loss in the concentration of free volume material

also relates to a loss in the concentration of material involved in gas transport.

Considering the relationship between the surface area and volume of a sphere

provides an analogy that can be used to explain the loss in the concentration of

free volume.  If a system has a fixed volume of 4190cm3, then a single sphere of

radius 10cm would describe it, and its surface area would be 1260cm2.  When 8

spheres are used to represent this same system volume, then the radius becomes

5cm and the total surface area increases 100% to 2500cm2.  Therefore, based on

this example, it is clear that the concentration of material involved in creating free

volume decreases when larger pores are formed, because the free volume is

proportional to the pore size and surface area.  This statement is implied by the

relationships between PALS and free volume previously presented, where the

total FFV ∝ I3 x ττ3.  In a study by Bohlen et al.,51 PALS was used to characterize

the gas sorption of CO2 and Ar in Bisphenol-A-polycarbonate, BPA-PC.

Although not the goal of the study, the data from the research showed that the

amount of gas sorbed into BPA-PC was inversely related to the pore size.  In

addition to this finding, the concentration of free volume was dependent on

pressure.  The concentration of free volume decreased with increasing pressure

until a minimum was reached near 4.9 atm, at which point the concentration of

free volume increased with increasing pressure for BPA-PC.  These research

findings support the idea of a reduction in the concentration of free volume with



343

increasing pore size, and since P is dependent on the magnitude of S, any

reduction in S would result in a reduction in P.  Therefore, it is possible that the

concentration of material involved in gas transport is reduced even though the

total free volume is preserved.  At a composition of 7.5wt% TEOS and PTMOS,

these hybrid materials caused a reduction in the permeability for all the gases, but

the reduction in CH4 permeability was smaller.  Indeed, this result provides

additional support to the idea that these hybrid materials are reducing the

concentration of the smaller pore sizes, while increasing the concentration of

larger pores.  Furthermore, the reduction it is known that the reduction of surface

area in two incompatible systems is thermodynamically favorable.52-53  Thus, it is

believed that the reduction in surface area which accompanies larger pores is also

a thermodynamically favored mechanism.

Figure 7.3.10.1-2 is a plot of the change in P versus the kinetic diameter of

He, O2, N2, CO2, and CH4 for a series of 15wt% hybrid materials.  This figure

differs from the 7.5wt% hybrid material by several noticeable responses.  The first

noticeable change is that PTMOS has become more permeable than TEOS, even

though the volume fraction of PTMOS is higher than TEOS.  Secondly, there is

an overall increase in the permeability for all the hybrid materials, and this

increase in permeability is dependent on the penetrant size such that the greatest

increases occur with the largest penetrants.  This trend of increasing permeability

with increasing penetrant size implies that there is an increase in the concentration

of larger pores at the expense of smaller pores.  This trend was observed for the

7.5wt% hybrid material, which provides further support for a shift in the

distribution of free volume, which favors larger pore sizes.  Thirdly, there is a

positive increase in the permeability for CH4 in the PTMOS based hybrids, which

was not present at the 7.5wt% composition.  Finally, there is an increase in CO2

permeation, but this increase is seen with all the materials.  At first glance this

permeation behavior appears to contradict the statement regarding the distribution

of free volume favoring larger pores, which is used to explain the increasing
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permeability with increasing penetrant size.  However, CO2 causes plasticization

of polymeric materials, which results in a decrease in Tg and an increase in free

volume.  Therefore, the reason for this anomalous increase in CO2 permeation is a

direct consequence of the increase in free volume caused by CO2 plasticization.

Figure 7.3.10.1-3 is a plot of the change in P versus the kinetic diameter of

He, O2, N2, CO2, and CH4 for a series of 22.5wt% hybrid materials.  This figure is

identical to the hybrid material behavior at 15wt% hybrid material.  The main

difference between 15wt% and this 22.5wt% composition is that the 22.5wt%

hybrid materials are more permeable, and the TEOS based hybrid materials

continue to decrease in permeability.  What is very clear from at this composition

is the trend of increasing permeability with increasing penetrant size.  This trend

can only be explained in terms of the change in free volume distribution favoring

larger pores.  If these increases in permeability were only due to silica porosity,

then the existence of the trend of increasing permeability with increasing

penetrant size would not be present.  This trend would disappear because the

silica porosity would favor smaller penetrants, instead of larger penetrants seen in

throughout this study.

Several interesting results are associated with the use of different

alkoxides and their effect on the overall materials’ permeability.  The main

conclusion that can be drawn from these hybrid materials is that employing

MTMOS enhances permeability, while employing TEOS causes the most

significant reduction in permeability.  In addition to these large reductions in

permeability for the TEOS based hybrids, it is important to note that these

systems have the lowest volume fraction of silica.  The TEOS based hybrids’

morphology was a fine dispersion of silica throughout the polyimide matrix.  The

other hybrid systems morphology was a bimodal distribution of large and small

particles distributed throughout the polyimide matrix.  It is very probable that this

finer dispersion of TEOS derived silica results in more polyimide matrix

interfacial interactions, since these smaller particles have a higher surface area to
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volume ratio than the larger particles.  Thus, these smaller particles not only

occlude more of the material that participates in gas transport, but their

interactions with the polyimide matrix creates an interface that is less permeable

than the pure material.  Hence, an overall decrease in permeability is observed for

the TEOS based hybrids.  The trend of increasing permeability with increasing

penetrant size can only be explained by a shift in the distribution of free volume.

This shift results in a reduction in the concentration of free volume, with larger

mean pore sizes.  Thermodynamically, larger pore sizes are favorable because the

reduction in surface area that accompanies a larger pore decreases the free energy

∆∆G of the system.  In order to provide additional support to these ideas, D and S

will be compared in tandem, in order to differentiate their contribution in the

overall changes in permeability.

Figures 7.3.10.1-4 and 7.3.10.1-5 are plots of the change in D and S,

versus the kinetic diameter of He, O2, N2, CO2, and CH4 for a series of 7.5wt%

hybrid materials.  These figures reveal that the increases in permeability are due

to an increase in D.  Figure 7.3.10.1-4 shows that the 7.5wt% MTMOS based

hybrid has the largest increase in penetrant diffusion, and that these increases are

directly related to the penetrant size, such that increasing diffusion is associated

with increasing kinetic diameter.  This result provides further support of the

assumption of a redistribution of free volume towards larger pore sizes.  The

changes in the diffusivity of TEOS and PTMOS based hybrid materials were

approximately equivalent, and the trend of increasing diffusion with increasing

penetrant size is clearly evident in these samples.  Figure 7.3.10.1-5 reveals that

an additional cause for the reduction in permeability with PTMOS and TEOS

based hybrids is the significant reduction in their solubility.  The Dual Mode

Sorption (DMS) Theory, predicts that gas sorption or solubility in a material is

associated with the free volume of the material.54-56  Therefore, the reduction in

total FFV predicted by PALS for PTMOS and TEOS based hybrids is why there

is a decrease in solubility, and ultimately a reduction in permeability.  At this
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composition, the PTMOS based hybrid materials have the largest decrease in

solubility, which continue to decrease with increasing penetrant size.

Changes in D and S versus the kinetic diameter of He, O2, N2, CO2, and

CH4 were plotted for the series of 15wt% hybrids in Figures 7.3.10.1-6 and

7.3.10.1-7.  These figures provide additional evidence that the increases in

permeability are due to increases in D.  Figure 7.3.10.1-6 is a plot of diffusivity

versus kinetic diameter shows that the 15wt% MTMOS based hybrid material has

the largest increase in diffusivity.  In addition to this increase, the trend of

increasing gas diffusion with increasing penetrant size is observed.  This trend

supports the statements regarding a redistribution of free volume towards larger

free volume pores.  The differences between 7.5wt% and 15wt% alkoxide were

more than the observed increases in diffusivity.  Unlike the lower composition

hybrid, the PTMOS based hybrid increased the diffusivity of all the gases studied

and the TEOS based hybrid increased the diffusivity for CH4.  Similar to the

7.5wt% material, Figure 7.3.10.1-7 reveals that the solubility is decreasing even

more with the addition of more alkoxide.  Therefore, the observed decreases in

permeability are caused by the decreases in the concentration of free volume,

which results in the observable decreases in solubility.

Figures 7.3.10.1-8 and 7.3.10.1-9 summarize the changes in D and S

versus the kinetic diameter of He, O2, N2, CO2, and CH4 for the 22.5wt% hybrids.

Figure 7.3.10.1-8 shows the trend of increasing diffusivity with increasing kinetic

diameter can only be rationalized based on a change in free volume size.  The

diffusivity of the MTMOS based hybrid continues to increase at this composition,

and has the largest increase in diffusivity than any of the hybrid materials.

Diffusivity also increases for the PTMOS based hybrid, while the TEOS based

hybrid causes a reduction in diffusivity.  The trend of increasing diffusivity with

increasing penetrant size does not appear to be valid for the TEOS based hybrid,

but the reduction in CH4 diffusivity is smaller than O2 and N2.  Figure 7.3.10.1-9

reveals further decreases in solubility for these hybrid materials.  This figure also
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reveals that the PTMOS based hybrid material causes the largest reduction in

solubility.  However, even with the large reduction in solubility, the PTMOS

based hybrid materials still had a positive increase in CH4 permeability at this

composition.  The TEOS based hybrid material had decreases in both diffusivity

and solubility, which accounts for the large decreases in permeability observed for

this alkoxide.

The main conclusion that can be drawn from this study is, a change in the

distribution of free volume that favors larger pore sizes, and a reduction in the

concentration of material that contributes to the total free volume.  When these

ideas are invoked, they explain the trends of increasing permeability and

diffusivity with increasing penetrant size.  In a separate research study, it was

shown that gas solubility for BPA-PC was related to both the size of the free

volume pores, and the concentration of free volume.51  In this study, decreases in

the solubility of these hybrid materials could also be explained in terms of

increasing free volume pores sizes, and reductions in the concentration of free

volume material.  As stated earlier, larger pore sizes result in less surface area,

which is related to the reduction in the concentration of free volume material.

Consequently, this reduction in the concentration of free volume and larger pore

sizes leads to the decreases in gas solubility observed for these hybrid materials.

It was also demonstrated that using MTMOS to create a hybrid material leads to

more permeable materials, and the mechanism responsible for this enhancement is

an increase in D.  PTMOS based hybrid materials also had large increases in D,

but these enhancements were negated by a reduction in S, except for CH4 where

the increases in D counteracted the losses in S.  Tables 7.3.10.1-1 through

7.3.10.1-5 summarize the P, D, and S data presented in this section.
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Figure 7.3.10.1-1 %Change in Permeability P as a function of Kinetic
Diameter for Pure 63K 

w
M  6FDA-6FpDA polyimide and 7.5wt% TEOS, 7.5wt%

MTMOS, 7.5wt% PTMOS which represents 2.7wt%, 4.3wt%, and 5.7wt% silica
after heat treatments.  Data were collected at 4atm absolute and 35oC.



349

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
-50

-25

0

25

50

75

100

125

CO2

He

O2

N2

CH4

  Pure
  15wt% TEOS
  15wt% MTMOS
  15wt% PTMOS

%
 C

h
an

g
e 

in
 P

er
m

ea
b

ili
ty

Kinetic Diameter ( Å )

Figure 7.3.10.1-2 %Change in Permeability P as a function of Kinetic
Diameter for Pure 63K 

w
M  6FDA-6FpDA polyimide and 15wt% TEOS, 15wt%

MTMOS, 15wt% PTMOS which represents 5.8wt%, 9.0wt%, and 11.6wt% silica
after heat treatments.  Data were collected at 4atm absolute and 35oC.
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Figure 7.3.10.1-3 %Change in Permeability P as a function of Kinetic
Diameter for Pure 63K 

w
M  6FDA-6FpDA polyimide and 22.5wt% TEOS,

22.5wt% MTMOS, 22.5wt% PTMOS which represents 9.2wt%, 14.0wt%, and
17.7wt% silica after heat treatments.  Data were collected at 4atm absolute and
35oC.
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Figure 7.3.10.1-4 %Change in Diffusivity D as a function of Kinetic
Diameter for Pure 63K 

w
M  6FDA-6FpDA polyimide and 7.5wt% TEOS, 7.5wt%

MTMOS, 7.5wt% PTMOS which represents 2.7wt%, 4.3wt%, and 5.7wt% silica
after heat treatments.  Data were collected at 4atm absolute and 35oC.
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Figure 7.3.10.1-5 %Change in Solubility S as a function of Kinetic Diameter
for Pure 63K 

w
M  6FDA-6FpDA polyimide and 7.5wt% TEOS, 7.5wt%

MTMOS, 7.5wt% PTMOS which represents 2.7wt%, 4.3wt%, and 5.7wt% silica
after heat treatments.  Data were collected at 4atm absolute and 35oC.
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Figure 7.3.10.1-6 %Change in Diffusivity D as a function of Kinetic
Diameter for Pure 63K 

w
M  6FDA-6FpDA polyimide and 15wt% TEOS, 15wt%

MTMOS, 15wt% PTMOS which represents 5.8wt%, 9.0wt%, and 11.6wt% silica
after heat treatments.  Data were collected at 4atm absolute and 35oC.



354

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
-50

-40

-30

-20

-10

0

10

20

CO2

He

O2
N2 CH4

  Pure
  15wt% TEOS
  15wt% MTMOS
  15wt% PTMOS

%
 C

h
an

g
e 

in
 S

o
lu

b
ili

ty

Kinetic Diameter ( Å )

Figure 7.3.10.1-7 %Change in Solubility S as a function of Kinetic Diameter
for Pure 63K 

w
M  6FDA-6FpDA polyimide and 15wt% TEOS, 15wt% MTMOS,

15wt% PTMOS which represents 5.8wt%, 9.0wt%, and 11.6wt% silica after heat
treatments.  Data were collected at 4atm absolute and 35oC.
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Figure 7.3.10.1-8 %Change in Diffusivity D as a function of Kinetic
Diameter for Pure 63K 

w
M  6FDA-6FpDA polyimide and 22.5wt% TEOS,

22.5wt% MTMOS, 22.5wt% PTMOS which represents 9.2wt%, 14.0wt%, and
17.7wt% silica after heat treatments.  Data were collected at 4atm absolute and
35oC.
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Figure 7.3.10.1-9 %Change in Solubility S as a function of Kinetic Diameter
for Pure 63K 

w
M  6FDA-6FpDA polyimide and 22.5wt% TEOS, 22.5wt%

MTMOS, 22.5wt% PTMOS which represents 9.2wt%, 14.0wt%, and 17.7wt%
silica after heat treatments.  Data was collected at 4atm absolute and 35oC.
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Table 7.3.10.1-1 He Mobility and Solubility components for a 63K wM

6FDA-6FpDA and its Hybrid Material

HeP HeD HeS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

63K 6FDA-6FpDA 120 1137 0.0802
XL 86.2 1120 0.0585

7.5 wt%  TEOS 93.8 1255 0.0568
15 wt%  TEOS 89.5 1204 0.0565

22.5 wt%  TEOS 78.4 1153 0.0517
7.5 wt%  MTMOS 118 1229 0.0730
15 wt%  MTMOS 125 782 0.1215

22.5 wt%  MTMOS 124 1186 0.0795
7.5 wt%  PTMOS 79.7 1180 0.0513
15 wt%  PTMOS 91.2 1176 0.0590

22.5 wt%  PTMOS 80.0 1052 0.0578
* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%

Table 7.3.10.1-2 O2 Mobility and Solubility components for a 63K wM

6FDA-6FpDA and its Hybrid Material

2OP
2OD

2OS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

6FDA-6FpDA 12.9 9.88 0.992
XL 8.18 9.05 0.687

7.5 wt%  TEOS 9.52 8.55 0.846
15 wt%  TEOS 10.2 8.60 0.901

22.5 wt%  TEOS 8.86 7.72 0.872
7.5 wt%  MTMOS 14.8 11.5 0.978
15 wt%  MTMOS 18.0 13.9 0.984

22.5 wt%  MTMOS 18.7 16.6 0.856
7.5 wt%  PTMOS 8.35 8.04 0.789
15 wt%  PTMOS 12.2 11.0 0.843

22.5 wt%  PTMOS 11.9 12.3 0.735
* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%
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Table 7.3.10.1-3 N2 Mobility and Solubility components for a 63K wM

6FDA-6FpDA and its Hybrid Material

2NP
2ND

2NS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

6FDA-6FpDA 2.71 2.70 0.763
XL 1.64 2.18 0.572

7.5 wt%  TEOS 2.06 2.40 0.652
15 wt%  TEOS 2.17 2.42 0.681

22.5 wt%  TEOS 1.91 2.13 0.682
7.5 wt%  MTMOS 3.37 3.41 0.751
15 wt%  MTMOS 4.17 4.58 0.692

22.5 wt%  MTMOS 4.39 4.86 0.687
7.5 wt%  PTMOS 1.81 2.46 0.559
15 wt%  PTMOS 2.66 3.13 0.646

22.5 wt%  PTMOS 2.68 3.69 0.552
* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%

Table 7.3.10.1-4 CH4 Mobility and Solubility components for a 63K wM

6FDA-6FpDA and its Hybrid Material

4CHP
4CHD

4CHS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

6FDA-6FpDA 1.33 0.46 2.21
XL 0.86 0.46 1.42

7.5 wt%  TEOS 1.02 0.47 1.65
15 wt%  TEOS 1.15 0.58 1.51

22.5 wt%  TEOS 1.00 0.43 1.77
7.5 wt%  MTMOS 1.98 0.68 2.21
15 wt%  MTMOS 2.53 0.94 2.05

22.5 wt%  MTMOS 2.73 1.10 1.89
7.5 wt%  PTMOS 1.02 0.49 1.58
15 wt%  PTMOS 1.76 0.72 1.86

22.5 wt%  PTMOS 1.86 0.86 1.64
* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%
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Table 7.3.10.1-5 CO2 Mobility and Solubility components for a 63K wM

6FDA-6FpDA and its Hybrid Material

2COP
2COD

2COS

( )












⋅⋅

⋅−

cmHgscm

cmSTPcm
2

3
1010

s

cm2
810− ( )













⋅ atmcm

STPcm
3

3

6FDA-6FpDA 49.2 4.08 9.16
XL 32.3 3.12 7.87

7.5 wt%  TEOS 37.8 3.52 8.16
15 wt%  TEOS 41.0 3.59 8.68

22.5 wt%  TEOS 36.6 3.33 8.35
7.5 wt%  MTMOS 61.3 4.94 9.43
15 wt%  MTMOS 74.8 6.60 8.61

22.5 wt%  MTMOS 77.9 7.18 8.25
7.5 wt%  PTMOS 36.1 3.43 8.00
15 wt%  PTMOS 52.9 4.94 8.13

22.5 wt%  PTMOS 51.7 5.54 7.09
* Evaluated at 4atm absolute and 35oC, Relative Error ~ 4%
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7.3.10.2 Arrhenius and van’t Hoff Relationships to the Gas
Permeation Properties of Hybrid Materials

The previous section demonstrated that D was the main factor, which

contributes to an increase in permeability with these hybrid materials.  It was also

shown that permeability and diffusivity increased with increasing penetrant size,

which can be explained in terms of shifts in the distribution of free volume that

favors larger pore sizes.  Further information regarding the specific gas

permeation nature of these hybrid materials is only accessible by probing their

temperature dependence.  Arrhenius and van’t Hoff relationships can be

employed to calculate the apparent activation energy of permeation EP, diffusion

ED, and the heat of sorption of sorption ∆∆HS.  These parameters not only describe

the temperature dependence of permeation, but also provide explicit information

regarding the property of the material.

The gas solubility in a material is determined by the affinity or

condensibility of a gas molecule in that material, which is directly related to ∆∆HS.

Increasing solubility occurs when ∆∆HS becomes more negative which indicates

that the gas condensation is not only more endothermic, but results in a reduction

in ∆∆GS, which makes this process more favorable.  The relationship between ED

and d were discussed in Chapter 6.  These values were also examined with these

hybrid materials to estimate their changes, and probe for relationships to gas

permeation.  Together ED and ∆∆HS contribute to the final permeation temperature

dependence, which is characterized by EP.  An increase in the temperature

dependence of P is characterized by larger values of EP.  When EP becomes large,

then there is a greater increase in P for a given rise in temperature.  Tables

7.3.10.2-1 to 7.3.10.2-5 summarize the data for EP, ED, and ∆∆HS, while Table

7.3.10.2-6 summarizes the results of modeling EP and the predictions for c, f, and

d for these hybrid materials.  With this brief introduction, the remainder of this

section is devoted at explaining the observed changes in EP, ED, ∆∆HS, and d.
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The observed changes in EP as a function of alkoxide type and content are

plotted versus the kinetic diameter of the gas in Figures 7.3.10.2-1 through

7.3.10.2-3.  Changes in the EP for He in all these hybrid materials gradually

increase in their dependence on temperature with increasing inorganic content.  At

7.5wt% alkoxide, Figure 7.3.10.2-1 shows that the PTMOS based hybrid has the

greatest change in EP for He, followed by TEOS and then MTMOS.  In fact, the

PTMOS based hybrids have the greatest effect on the EP for He in this series of

hybrids, which is then followed by the TEOS and finally the MTMOS based

hybrids.  The changes in EP for CO2 are very interesting because it has the largest

change in EP than any of the other gases for all the hybrid materials.  It can be

generally stated that PTMOS creates the most temperature sensitive hybrid,

followed by TEOS and then MTMOS.  An anomalous result for the change in EP

for CO2 occurs with the 15wt% PTMOS hybrid material shown in Figure

7.3.10.2-2.  This figure shows that at only this composition is the PTMOS hybrid

material no longer has the most significant change in EP for CO2.  However, the

AFM-TM phase image at 15wt% PTMOS hybrid material revealed that its

morphology appeared to consist almost entirely of domains that were significantly

softer than the polyimide matrix.  It was assumed that these domains were

“rubbery”.  However, it is readily admitted that there is no direct supporting data

other than the AFM-TM phase image, and other mixed alkoxide studies that

displayed elastomeric properties.  If it is assumed that these domains are rubbery,

it is curious to note that at only at this composition does the PTMOS hybrid

appear to lose some of its CO2 permeation temperature dependence.  The 15wt%

PTMOS based hybrid will be discussed when the changes in ∆∆HS are addressed.

The remaining trend that is apparent from these figures is that the changes in EP

decrease with increasing penetrant size for O2, N2, and CH4, and these changes

seem to be exaggerated at 7.5wt% and 22.5wt% alkoxide which are seen in

Figures 7.3.10.2-1 and 7.3.10.2-3.  In addition to this trend of decreasing EP with

increasing penetrant size for O2, N2, and CH4, the changes in EP follow the order
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of PTMOS > TEOS > MTMOS with respect to increasing change in EP based on

alkoxide type.  The appearance of this trend seems to support the proposed idea of

a redistribution of free volume that emphasizes larger pores.  Thus, the larger

diameter CH4 should have smaller changes in EP because there is a higher

concentration of larger free volume pores that was detected with PALS.  The

PALS data showed that the concentration of free volume in these materials was

decreasing with increasing content, except for the MTMOS based hybrid.  Since

the concentration of material used to make up the free volume is reduced, it

should be exaggerated with decreasing penetrant size, which is exactly what is

observed for these hybrid materials.

Changes in ED as a function of alkoxide type and content are plotted

versus the kinetic diameter of the gas in Figures 7.3.10.2-4 through 7.3.10.2-6.

These figures demonstrate the relationship between ED and its final contribution

to the overall temperature dependence of P and EP for each gas studied.  Helium

was not plotted in the following figures because the changes in ED were dramatic,

and overshadowed the responses associated with O2, N2, CO2, and CH4.  The

excluded He data is included in the tables at the end of this section.  It should be

noted that the exclusion of this data should not detract from the trends or

conclusions arrived at regarding these hybrids and ED.  The main trend found

among these hybrid materials was that PTMOS > TEOS > MTMOS with respect

to causing the greatest increase in ED.  Changes in the magnitude of ED for CO2

were very alkoxide dependent.  The only alkoxide that resulted in a negative

change in ED at 7.5wt% alkoxide was the MTMOS based hybrid, and this hybrid

reduced the value of ED for CO2 at all compositions.  At 15wt% both TEOS and

PTMOS based hybrids began to reduce ED for CO2, and at 22.5wt% both TEOS

and PTMOS based hybrids reduced ED for CO2 below the value of the pure

system.  The changes in ED for O2 were always negative for the MTMOS based

hybrid and positive for the TEOS and PTMOS based hybrids, where the PTMOS

based hybrid had the largest increase in ED for O2.  When N2 was examined all the
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alkoxides increased the value of ED and this increase followed the trend of

increasing ED for O2 of PTMOS > TEOS > MTMOS.  The change in the

magnitude of ED for CH4 at 7.5wt% was negative for both the TEOS and

MTMOS based hybrids, but the PTMOS based hybrid had an increase in ED for

CH4.  However, at higher alkoxide compositions, which are shown in Figures

7.3.10.2-5, the change in ED for CH4 is negative for all the hybrid materials.  At

15wt% alkoxide the MTMOS based hybrid had the largest decrease in ED.  At

22.5wt% alkoxide ED was reduced for CH4 by all the alkoxides, where TEOS had

the greatest reduction followed by MTMOS and PTMOS.  The most significant

result that can be gleaned from these figures is that the largest reductions in ED

occurred for CH4.  This observation explains the changes in EP for CH4, and

supports the idea of larger free volume pores.  Brandt’s model was used to

estimate the mean interchain distance d that was introduced in Section 6.3.9.2.

These estimations of d were performed to characterize the changes in the

polyimide matrix that resulted from creating these hybrids.  Figure 7.3.10.2-7 is a

plot of the estimated changes in d as a function of alkoxide content and type.  This

figure clearly demonstrates that increasing the content of TEOS in these hybrid

materials results in a significant reduction in d.  What is significant regarding this

observation is that the TEOS based hybrids have the lowest volume fraction than

any of the other hybrids, yet they have the largest change in d.  One reason that

this may be present with the TEOS based hybrids is because it has the smallest

domains than any of the hybrid materials.  Alluded to earlier was the high surface

area to volume ratio for these small particles, which results in more interactions

with the polyimide matrix.  Based on these results, the interactions of the TEOS

based silica results in a significant reduction in d and the other gas transport

parameters.  Changes in d for the PTMOS based hybrids resulted in reductions,

but not on the order seen with the TEOS based hybrid.  Finally, the MTMOS

hybrids had reductions in d as well, but they were still smaller than any of the
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other alkoxide based hybrids.  In order to complete the evaluation of these hybrid

materials, changes in ∆∆HS will now be discussed.

In order to appreciate the observed changes in EP, ∆∆HS was plotted as a

function of alkoxide type and content, versus the kinetic diameter of the gas

shown Figures 7.3.10.2-8 through 7.3.10.2-10.  These figures did not demonstrate

any significant trends, but they did show universally that these alkoxides cause a

reduction in ∆∆HS at almost all compositions.  These reductions in ∆∆HS signify that

there is a reduction in gas affinity for these hybrid materials.  The result of this

reduction in ∆∆HS would be a larger EP because EP is the sum of ED and ∆∆HS,

which would result in a more temperature dependent permeation process.  This

increase in temperature dependence for permeation was observed for all these

hybrid materials, which can now be understood to be a consequence of a loss in

gas affinity.  The impacts of this on ideal selectivity will be discussed in the

section.  As mentioned earlier, there were larger changes in EP for CO2, and from

these figures it can be clearly seen that ∆∆HS has decreased for CO2.  The reduction

in ∆∆HS also signifies that there is a reduction in the concentration of materials that

can be plasticized by CO2.  Consequently, changes associated with CO2 become

more exaggerated because of its high solubility in polymeric materials.54-56  When

these materials are generalized, it can be said that TEOS based hybrids cause the

greatest reduction in ∆∆HS, followed by PTMOS and then MTMOS based hybrids.
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Figure 7.3.10.2-1 %Change in EP as a function of Kinetic Diameter for Pure
63K 

w
M  6FDA-6FpDA polyimide and 7.5wt% TEOS, 7.5wt%MTMOS, 7.5wt%

PTMOS which represents 2.7wt%, 4.3wt%, and 5.7wt% silica after heat
treatments.  Data were collected at 4atm absolute and at temperature intervals of
35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-2 %Change in EP as a function of Kinetic Diameter for Pure
63K 

w
M  6FDA-6FpDA polyimide and 15wt% TEOS, 15wt%MTMOS, 15wt%

PTMOS which represents 5.8wt%, 9.0wt%, and 11.6wt% silica after heat
treatments.  Data were collected at 4atm absolute and at temperature intervals of
35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-3 %Change in EP as a function of Kinetic Diameter for Pure
63K 

w
M  6FDA-6FpDA polyimide and 22.5wt% TEOS, 22.5wt%MTMOS,

22.5wt% PTMOS which represents 9.2wt%, 14.0wt%, and 17.7wt% silica after
heat treatments.  Data were collected at 4atm absolute and at temperature intervals
of 35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-4 %Change in ED as a function of Kinetic Diameter for Pure
63K 

w
M  6FDA-6FpDA polyimide and 7.5wt% TEOS, 7.5wt%MTMOS, 7.5wt%

PTMOS which represents 2.7wt%, 4.3wt%, and 5.7wt% silica after heat
treatments.  Data were collected at 4atm absolute and at temperature intervals of
35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-5 %Change in ED as a function of Kinetic Diameter for Pure
63K 

w
M  6FDA-6FpDA polyimide and 15wt% TEOS, 15wt%MTMOS, 15wt%

PTMOS which represents 5.8wt%, 9.0wt%, and 11.6wt% silica after heat
treatments.  Data were collected at 4atm absolute and at temperature intervals of
35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-6 %Change in ED as a function of Kinetic Diameter for Pure
63K 

w
M  6FDA-6FpDA polyimide and 22.5wt% TEOS, 22.5wt%MTMOS,

22.5wt% PTMOS which represents 9.2wt%, 14.0wt%, and 17.7wt% silica after
heat treatments.  Data were collected at 4atm absolute and at temperature intervals
of 35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-7 Mean interchain distance d predictions for a series of 63K
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M  6FDA-6FpDA polyimide hybrids based on TEOS, MTMOS and PTMOS.

Wt% Inorganic represents final silica content after film heat treatments.
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Figure 7.3.10.2-8 %Change in ∆∆HS as a function of Kinetic Diameter for
Pure 63K 

w
M  6FDA-6FpDA polyimide and 7.5wt% TEOS, 7.5wt% MTMOS,

7.5wt% PTMOS which represents 2.7wt%, 4.3wt%, and 5.7wt% silica after heat
treatments.  Data were collected at 4atm absolute and at temperature intervals of
35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-9 %Change in ∆∆HS as a function of Kinetic Diameter for
Pure 63K 

w
M  6FDA-6FpDA polyimide and 15wt% TEOS, 15wt% MTMOS,

15wt% PTMOS which represents 5.8wt%, 9.0wt%, and 11.6wt% silica after heat
treatments. Data were collected at 4atm absolute and at temperature intervals of
35oC, 50oC, 75oC, 100oC, and 125oC.
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Figure 7.3.10.2-10 %Change in ∆∆HS as a function of Kinetic Diameter for
Pure 63K 

w
M  6FDA-6FpDA polyimide and 22.5wt% TEOS, 22.5wt%MTMOS,

22.5wt% PTMOS which represents 9.2wt%, 14.0wt%, and 17.7wt% silica after
heat treatments.  Data were collected at 4atm absolute and at temperature intervals
of 35oC, 50oC, 75oC, 100oC, and 125oC.
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Table 7.3.10.2-1 He Arrhenius and van’t Hoff parameters for a 63K wM

6FDA-6FpDA and Hybrid Material

HePE
HeDE

HeSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

6FDA-6FpDA 7.12 7.36 -0.24
XL 8.47 7.16 1.31

7.5 wt%  TEOS 8.13 10.6 -2.47
15 wt%  TEOS 8.66 9.10 -0.44

22.5 wt%  TEOS 9.02 10.2 -1.18
7.5 wt%  MTMOS 7.62 8.03 -0.41
15 wt%  MTMOS 8.10 8.36 -0.26

22.5 wt%  MTMOS 8.68 9.35 -0.67
7.5 wt%  PTMOS 9.09 8.13 0.96
15 wt%  PTMOS 8.60 9.98 -1.38

22.5 wt%  PTMOS 9.78 11.4 -1.62
* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%

Table 7.3.10.2-2 O2 Arrhenius and van’t Hoff parameters for a 63K wM

6FDA-6FpDA and Hybrid Material

2OPE
2ODE

2OSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

6FDA-6FpDA 6.60 22.8 -16.2
XL 8.25 24.3 -16.1

7.5 wt%  TEOS 7.68 23.8 -16.1
15 wt%  TEOS 7.54 23.3 -15.8

22.5 wt%  TEOS 7.61 23.3 -15.7
7.5 wt%  MTMOS 7.10 22.4 -15.3
15 wt%  MTMOS 6.78 22.7 -15.9

22.5 wt%  MTMOS 7.00 21.4 -14.4
7.5 wt%  PTMOS 8.91 24.0 -15.1
15 wt%  PTMOS 7.73 23.0 -15.3

22.5 wt%  PTMOS 8.79 23.5 -14.7
* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%
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Table 7.3.10.2-3 N2 Arrhenius and van’t Hoff parameters for a 63K wM

6FDA-6FpDA and Hybrid Material

2NPE
2NDE

2NSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

6FDA-6FpDA 11.2 29.6 -18.4
XL 13.5 32.2 -18.7

7.5 wt%  TEOS 12.5 30.7 -18.2
15 wt%  TEOS 12.5 30.2 -17.7

22.5 wt%  TEOS 12.6 29.1 -16.5
7.5 wt%  MTMOS 12.0 29.9 -17.9
15 wt%  MTMOS 11.6 30.2 -18.6

22.5 wt%  MTMOS 11.3 30.0 -18.7
7.5 wt%  PTMOS 13.7 32.7 -19.0
15 wt%  PTMOS 12.9 30.3 -17.4

22.5 wt%  PTMOS 13.8 30.0 -16.2
* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%

Table 7.3.10.2-4 CH4 Arrhenius and van’t Hoff parameters for a 63K wM

6FDA-6FpDA and Hybrid Material

4CHPE
4CHDE

4CHSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

6FDA-6FpDA 15.0 35.0 -20.0
XL 16.9 35.1 -18.2

7.5 wt%  TEOS 16.3 34.1 -17.8
15 wt%  TEOS 16.0 32.4 -16.4

22.5 wt%  TEOS 16.0 31.1 -15.1
7.5 wt%  MTMOS 14.8 34.1 -19.3
15 wt%  MTMOS 14.7 33.8 -19.1

22.5 wt%  MTMOS 14.4 32.4 -18.0
7.5 wt%  PTMOS 17.0 36.2 -19.2
15 wt%  PTMOS 15.4 34.0 -18.6

22.5 wt%  PTMOS 16.4 34.0 -17.6
* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%
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Table 7.3.10.2-5 CO2 Arrhenius and van’t Hoff parameters for a 63K wM

6FDA-6FpDA and Hybrid Material

2COPE
2CODE

2COSH∆

(kJ/mol) (kJ/mol) (kJ/mol)

6FDA-6FpDA 1.35 24.4 -23.1
XL 2.85 26.5 -23.7

7.5 wt%  TEOS 2.33 25.1 -22.8
15 wt%  TEOS 2.21 24.6 -22.4

22.5 wt%  TEOS 2.14 24.0 -21.9
7.5 wt%  MTMOS 1.53 23.2 -21.7
15 wt%  MTMOS 1.17 23.1 -21.9

22.5 wt%  MTMOS 1.48 23.0 -21.5
7.5 wt%  PTMOS 2.90 25.4 -22.5
15 wt%  PTMOS 1.82 24.3 -22.5

22.5 wt%  PTMOS 2.89 24.3 -21.4
* Evaluated at 4atm absolute and 35oC, 50oC, 75oC, 100oC, and 125oC.  Relative Error ~ 2%

Table 7.3.10.2-6 c, f, and mean interchain d predictions for the 63K wM

6FDA-6FpDA Hybrid Materials

f c d

(cal/gmol) (cal/gmol/Å2) (Å)

6FDA-6FpDA 8660 1180 2.71
XL 6590 1050 2.51

7.5 wt%  TEOS 6050 991 2.47
15 wt%  TEOS 4870 886 2.35

22.5 wt%  TEOS 3380 759 2.11
7.5 wt%  MTMOS 8140 1140 2.68
15 wt%  MTMOS 7350 1080 2.61

22.5 wt%  MTMOS 7490 1070 2.64
7.5 wt%  PTMOS 8280 1190 2.64
15 wt%  PTMOS 7170 1070 2.59

22.5 wt%  PTMOS 6500 1020 2.53
* Evaluated with Equation 10, Relative Error ~ 2%
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Figure 7.3.10.2-11 ED versus Kinetic Diameter for a pure and cross-linked
63K 

w
M  6FDA-6FpDA polyimide.
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Figure 7.3.10.2-12 ED versus Kinetic Diameter for a 63K 
w

M  6FDA-6FpDA

TEOS Hybrid. 7.5wt%, 15wt%, and 22.5wt% TEOS represents 2.7wt%, 5.8wt%,
and 9.2wt% silica after heat treatments.
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Figure 7.3.10.2-13 ED versus Kinetic Diameter of gas for a 63K 
w

M  6FDA-

6FpDA MTMOS Hybrid. 7.5wt%, 15wt%, and 22.5wt% MTMOS represents
4.3wt%, 9.0wt%, and 14.0wt% silica after heat treatments.
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Figure 7.3.10.2-14 ED versus Kinetic Diameter for a 63K 
w

M  6FDA-6FpDA

PTMOS Hybrid.  7.5wt%, 15wt%, and 22.5wt% PTMOS represents 5.7wt%,
11.6wt%, and 17.7wt% silica after heat treatments.
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7.3.10.3 Ideal Gas Selectivity of Hybrid Materials

In order to discuss the ideal gas selectivity of these hybrid materials, the

preceding sections were completed in order to appreciate the changes in P, D, S,

EP, ED, ∆∆HS, and d.  Reiterating the observations made from these sections, it was

observed that D was the main contributor to increases in permeability, while S

decreased.  EP increased for these materials because ED increased, and ∆∆HS

became more positive.  The more positive ∆∆HS meant that S should decrease,

which was observed for these hybrid materials.  It was estimated that d decreased

significantly for the TEOS based hybrid materials.  These changes in d were

attributed to change in the distribution in free volume, which had a higher

concentration of larger free volume pores.  Noting these changes, the final effect

on the gas selectivity of these hybrid materials will now be addressed.

The ideal selectivities of He/O2, He/N2, He/CH4, CO2/CH4, and O2/N2

were plotted with respect to their “upper bound” are shown in Figures 7.3.10.3-1

through 7.3.10.3-5.  These plots readily reveal the difficulty of simultaneous

increases in permeability, and selectivity for all the gas pairs.  What is universally

seen with these hybrid materials is that the MTMOS based hybrid materials have

the greatest increases in permeability, but a loss in selectivity that is commonly

referred to as the “trade-off” relationship.55,57  The “trade-off” relationship was

mentioned in the literature review, which is denoted by a decrease in selectivity

when permeability is increased and vice versa.  The ideal selectivities for the gas

pairs of He/O2, He/N2, He/CH4, CO2/CH4, and O2/N2 are summarized in Tables

7.3.10.3-1 through 7.3.10.3-5 at the end of this section.

Figure 7.3.10.3-1 reveals that improvements in He/O2 selectivity occur

only for the cross-linked polyimide, and the 7.5wt% TEOS and PTMOS based

hybrids.  Also shown in this figure was that the greatest increases in permeability

occurred for the 15wt% and 22.5wt% MTMOS based hybrids.  When He/N2

selectivities are considered in Figure 7.3.10.3-2, only the cross-linked polyimide
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had the largest improvement in selectivity, while there were slight increases in

selectivity for the 7.5wt% and 15wt% PTMOS based hybrids.  The largest

permeability increases for He/N2 are again seen with the MTMOS based hybrid

materials at a composition of 15wt% and 22.5wt% alkoxide.  Indeed, this is the

expected result for any of the He/XX separations, because these were the only

hybrid compositions that increased the permeability of He.  The remaining hybrid

materials decreased both He permeability and He/N2 selectivity.  The final ideal

selectivity calculated for He was for the gas pair He/CH4, shown in Figure

7.3.10.3-3.  Only the cross-linked polyimide, and the 7.5wt% TEOS based hybrid

have improvements in He/CH4 selectivity, while improvements in permeability

are only found with the MTMOS based hybrid materials.  The hybrid material that

had the greatest reduction in selectivity and permeability was the 22.5wt%

PTMOS based hybrid material.  In fact, the 22.5wt% PTMOS based hybrid had

the largest reduction in selectivity and permeability for all He based separations.

These responses for He/CH4 selectivity are shown in Figures 7.3.10.3-1 through

7.3.10.3-3.  The O2/N2 ideal selectivities for the hybrid materials considered in

these studies are shown in Figure 7.3.10.3-4.  Selectivity improvements were

found only for the cross-linked sample, while improvements in permeability were

found to increase with increasing inorganic content for the MTMOS based hybrid

materials.  The remaining hybrid materials decreased selectivity and permeability,

but at different rates.  TEOS based hybrids had the largest decreases in

permeability than the PTMOS based hybrids, but the TEOS based hybrids has

smaller decreases in O2/N2 selectivity than PTMOS based hybrids.  The only

exception to this observation was at 7.5wt% PTMOS, where there was a small

decrease in selectivity, but the largest reduction in permeability of all the hybrid

materials.  Selectivity and permeability performance was also determined for

CO2/CH4 and is plotted against its “upper bound” in Figure 7.3.10.3-5.  MTMOS

based hybrid materials had increasing permeability with increasing inorganic

content, while there was a simultaneous reduction in selectivity with increasing
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inorganic content.  TEOS based hybrid materials appeared to be only effective at

reducing permeability, while no significant changes were observed for

improvements of the selectivity.  At higher PTMOS contents, there was an

improvement in permeability, but a corresponding loss in selectivity.

Increases and decreases in the permselectivity for the gas pairs He/O2,

He/N2, He/CH4, CO2/CH4, and O2/N2 were probed with respect to the size of each

penetrant.  In order to complete this analysis, ratios of kinetic diameter of the

largest penetrant to the smallest penetrant were calculated.  These ratios were then

plotted versus the percent change in the ideal selectivity of the aforementioned

gas pairs.  These plots demonstrate the effect of penetrant size on permselectivity,

which are plotted in Figures 7.3.10.3-6 through 7.3.10.3-8.  A very distinct trend

is observable for these hybrid materials, which is that upon increasing the

difference between penetrant sizes leads to a decreasing permselectivity.  This is a

very significant result based on the statement regarding the formation of larger

free volume holes and a reduction in the concentration of smaller free volume

holes.  The fact that this trend is present with all the gas pairs provides further

evidence that there must be a shift in the distribution of free volume towards

larger holes.  MTMOS based hybrid materials cause the greatest decrease in

permselectivity of all the hybrids, followed by PTMOS and then TEOS based

hybrid materials.  The only exception is found at 22.5wt% PTMOS, where the

rate of decrease in permselectivity is approximately equivalent to the 22.5w%

MTMOS based hybrid, shown in Figure 7.3.10.3-8.  Within this series of hybrid

materials, the 7.5wt% TEOS based hybrid, shown in Figure 7.3.10.3-6, was the

only hybrid that improved permselectivity, and did not have a decreasing

selectivity with increasing penetrant size.  However, the TEOS hybrid did

demonstrate this trend at higher compositions.

Assessment of the changes in permselectivity was completed by

qualitatively examining the percent changes in diffusivity and solubility

selectivity.  These plots are shown in Figures 7.3.10.3-9 through 7.3.10.3-11 for
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diffusivity selectivity, and Figures 7.3.10.3-12 through 7.3.10.3-14 for solubility

selectivity.  Earlier it was shown that the creation of these hybrid materials lead to

a loss in S, and a decrease in the magnitude of ∆∆HS.  Together these parameters

contribute to the permeability and selectivity, and their losses are manifested as

losses in permselectivity.  What can be generally stated from these figures is that

there is a loss in solubility selectivity, and an increase in diffusivity selectivity,

which appears to be dependent on the Kinetic Diameter Ratio of the penetrants.

Although not absolute, it appears that in the Kinetic Diameter Ratio range of 1.05

to 1.15, there is an increase in solubility selectivity and a decrease in diffusivity

selectivity.  When the Kinetic Diameter Ratio is in the range of 1.30 to 1.45, there

is a reversal in this relationship such that diffusivity selectivity increases, while

solubility selectivity decreases.  These trends appear to be valid for the solubility

selectivities of TEOS and PTMOS based hybrids, but the MTMOS based hybrid

has increases in solubility selectivity at 15wt% and 22.5wt% alkoxide.  At

22.5wt% TEOS, the solubility selectivity is the lowest in the hybrid series, while

the 22.5wt% MTMOS based hybrid has the greatest increase in solubility

selectivity.  However, the 22.5wt% PTMOS based hybrid appears to be

unchanged at this composition.  The diffusivity selectivity of the TEOS based

hybrids appears to have the same effect on the diffusivity selectivity at all

compositions.  The MTMOS based hybrids cause a decrease in diffusivity

selectivity that increases with increasing Kinetic Diameter Ratio.  Diffusivity

selectivity changes for the PTMOS based hybrids appear to be somewhere

between the responses of TEOS and MTMOS based hybrids.

The changes in the permselectivity for these hybrid materials appear to be

dependent not only on D, S, ED, ∆∆HS, and d, but on the differences in the sizes of

the penetrants being separated.  These facts appear to be linked to the idea of a

distribution of free volume favoring larger pore sizes.  The presence of the

reoccurring trend associated with the size of the penetrant molecule provides

circumstantial evidence for a distribution of free volume favoring larger pore
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sizes.  In addition, these results demonstrate the utility of gas permeation for

detecting the changes in free volume based on penetrant size.



387

70 80 90 100 200 300
6

7

8

9

1010

20
  Upperbound
  Pure
  XL
  7.5wt% TEOS
  15wt% TEOS
  22.5wt% TEOS
  7.5wt% MTMOS
  15wt% MTMOS
  22.5wt% MTMOS
  7.5wt% PTMOS
  15wt% PTMOS
  22.5wt% PTMOS

αα (He/O
2
) 

P
He

 (Barrers) 

Figure 7.3.10.3-1 He/O2 ideal permselectivity for a series of 63K 
w

M  6FDA-

6FpDA hybrids based on 7.5wt%, 15wt%, and 22.5wt% of TEOS, MTMOS, and
PTMOS prior to film heat treatments.
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Figure 7.3.10.3-2 He/N2 ideal permselectivity for a series of 63K 
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M  6FDA-

6FpDA hybrids based on 7.5wt%, 15wt%, and 22.5wt% of TEOS, MTMOS, and
PTMOS prior to film heat treatments.
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Figure 7.3.10.3-3 He/CH4 ideal permselectivity for a series of 63K 
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6FDA-6FpDA hybrids based on 7.5wt%, 15wt%, and 22.5wt% of TEOS,
MTMOS, and PTMOS prior to film heat treatments.
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6FpDA hybrids based on 7.5wt%, 15wt%, and 22.5wt% of TEOS, MTMOS, and
PTMOS prior to film heat treatments.
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6FDA-6FpDA hybrids based on 7.5wt%, 15wt%, and 22.5wt% of TEOS,
MTMOS, and PTMOS prior to film heat treatments.
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Figure 7.3.10.3-6 %Change in Ideal Permselectivity as a function of Kinetic
Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 7.5wt% TEOS,

7.5wt% MTMOS, 7.5wt% PTMOS which represents 2.7wt%, 4.3wt%, and
5.7wt% silica after heat treatments.
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Figure 7.3.10.3-7 %Change in Ideal Permselectivity as a function of Kinetic
Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 15wt% TEOS,

15wt% MTMOS, 15wt% PTMOS which represents 5.8wt%, 9.0wt%, and
11.6wt% silica after heat treatments.
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Figure 7.3.10.3-8 %Change in Ideal Permselectivity as a function of Kinetic
Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 22.5wt% TEOS,

22.5 wt%MTMOS, 22.5wt% PTMOS which represents 9.2wt%, 14.0wt%, and
17.7wt% silica after heat treatments.
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Figure 7.3.10.3-9 %Change in Ideal Diffusivity selectivity as a function of
Kinetic Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 7.5wt%

TEOS, 7.5wt% MTMOS, 7.5wt% PTMOS which represents 2.7wt%, 4.3wt%,
and 5.7wt% silica after heat treatments.
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Figure 7.3.10.3-10 %Change in Ideal Diffusivity selectivity as a function of
Kinetic Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 15wt%

TEOS, 15wt% MTMOS, 15wt% PTMOS which represents 5.8wt%, 9.0wt%, and
11.6wt% silica after heat treatments.
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Figure 7.3.10.3-11 %Change in Ideal Diffusivity selectivity as a function of
Kinetic Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 22.5wt%

TEOS, 22.5wt% MTMOS, 22.5wt% PTMOS which represents 9.2wt%, 14.0wt%,
and 17.7wt% silica after heat treatments.
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Figure 7.3.10.3-12 %Change in Ideal Solubility selectivity as a function of
Kinetic Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 7.5wt%

TEOS, 7.5wt% MTMOS, 7.5wt% PTMOS which represents 2.7wt%, 4.3wt%,
and 5.7wt% silica after heat treatments.
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Figure 7.3.10.3-13 %Change in Ideal Solubility selectivity as a function of
Kinetic Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 15wt%

TEOS, 15wt% MTMOS, 15wt% PTMOS which represents 5.8wt%, 9.0wt%, and
11.6wt% silica after heat treatments.
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Figure 7.3.10.3-14 %Change in Ideal Solubility selectivity as a function of
Kinetic Diameter Ratio for Pure 63K 

w
M  6FDA-6FpDA polyimide and 22.5wt%

TEOS, 22.5wt% MTMOS, 22.5wt% PTMOS which represents 9.2wt%, 14.0wt%,
and 17.7wt% silica after heat treatments
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Table 7.3.10.3-1 He/O2 Separation components for a 63K wM  6FDA-

6FpDA and Hybrid Material

2He/Oα
2OHe /DD

2OHe /SS

6FDA-6FpDA 9.30 115 0.0808
XL 10.54 124 0.0852

7.5 wt%  TEOS 9.85 147 0.0671
15 wt%  TEOS 8.77 140 0.0627

22.5 wt%  TEOS 8.85 149 0.0593
7.5 wt%  MTMOS 7.97 107 0.0746
15 wt%  MTMOS 6.94 56.3 0.1235

22.5 wt%  MTMOS 6.63 71.4 0.0929
7.5 wt%  PTMOS 9.54 147 0.0650
15 wt%  PTMOS 7.48 107 0.0700

22.5 wt%  PTMOS 6.72 85.5 0.0786
* Evaluated at 4atm absolute and 35oC.  Relative Error ~ 2%

Table 7.3.10.3-2 He/N2 Separation components for a 63K wM  6FDA-

6FpDA and Hybrid Material

2He/Nα
2NHe /DD

2NHe /SS

6FDA-6FpDA 44.3 421 0.105
XL 52.6 514 0.102

7.5 wt%  TEOS 45.5 523 0.087
15 wt%  TEOS 41.2 498 0.083

22.5 wt%  TEOS 41.0 541 0.076
7.5 wt%  MTMOS 35.0 360 0.097
15 wt%  MTMOS 30.0 171 0.176

22.5 wt%  MTMOS 28.2 244 0.116
7.5 wt%  PTMOS 44.0 480 0.092
15 wt%  PTMOS 34.3 376 0.091

22.5 wt%  PTMOS 29.9 285 0.105
* Evaluated at 4atm absolute and 35oC.  Relative Error ~ 2%
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Table 7.3.10.3-3 He/CH4 Separation components for a 63K wM  6FDA-

6FpDA and Hybrid Material

4He/CHα
4CHHe /DD

4CHHe /SS

6FDA-6FpDA 90.2 2472 0.0363
XL 100 2435 0.0412

7.5 wt%  TEOS 92.0 2670 0.0344
15 wt%  TEOS 77.8 2076 0.0374

22.5 wt%  TEOS 78.4 2681 0.0292
7.5 wt%  MTMOS 59.6 1807 0.0330
15 wt%  MTMOS 49.4 832 0.0593

22.5 wt%  MTMOS 45.4 1078 0.0421
7.5 wt%  PTMOS 78.1 2408 0.0325
15 wt%  PTMOS 51.8 1633 0.0317

22.5 wt%  PTMOS 43.0 1223 0.0352
* Evaluated at 4atm absolute and 35oC.  Relative Error ~ 2%

Table 7.3.10.3-4 O2/N2 Separation components for a 63K wM  6FDA-6FpDA

and Hybrid Material

22 /NOα
22 NO /DD

22 NO /SS

6FDA-6FpDA 4.76 3.66 1.30
XL 4.99 4.15 1.20

7.5 wt%  TEOS 4.62 3.56 1.30
15 wt%  TEOS 4.70 3.55 1.32

22.5 wt%  TEOS 4.64 3.62 1.28
7.5 wt%  MTMOS 4.39 3.37 1.30
15 wt%  MTMOS 4.32 3.03 1.42

22.5 wt%  MTMOS 4.26 3.42 1.25
7.5 wt%  PTMOS 4.61 3.27 1.41
15 wt%  PTMOS 4.59 3.51 1.30

22.5 wt%  PTMOS 4.44 3.33 1.33
* Evaluated at 4atm absolute and 35oC.  Relative Error ~ 2%
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Table 7.3.10.3-5 CO2/CH4 Separation components for a 63K wM  6FDA-

6FpDA and Hybrid Material

42 /CHCOα
42 CHCO /DD

42 CHCO /SS

6FDA-6FpDA 37.0 8.87 4.14
XL 37.6 6.78 5.54

7.5 wt%  TEOS 37.1 7.49 4.95
15 wt%  TEOS 35.7 6.19 5.75

22.5 wt%  TEOS 36.6 7.74 4.72
7.5 wt%  MTMOS 31.0 7.26 4.27
15 wt%  MTMOS 29.6 7.02 4.20

22.5 wt%  MTMOS 28.5 6.53 4.37
7.5 wt%  PTMOS 35.4 7.00 5.06
15 wt%  PTMOS 30.1 6.86 4.37

22.5 wt%  PTMOS 27.8 6.44 4.32
* Evaluated at 4atm absolute and 35oC.  Relative Error ~ 2%
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7.4 Conclusions

Hybrid materials based on a 63K wM  6FDA-6FpDA polyimide and

TEOS, MTMOS and PTMOS were successfully synthesized in this study.  Clear

films resulted from this sol-gel method except for high concentrations of MTMOS

and PTMOS, where variations in phase separation occurred.  Overall, these films

were tough, but became brittle with increasing inorganic content, a problem

encountered in other polyimide hybrid materials.5,50  Although permeability and

selectivity values were beneath the upper-bound curve, the use of inorganic-

organic hybrid materials provided a route in which to improve permeability.57

However, there was a loss in selectivity for all these materials, except for the

cross-linked polyimide.  Losses in selectivity were attributed to decreases in

solubility selectivity, and a decrease in the concentration of free volume and a

shift in the distribution of free volume holes to larger pore sizes.  An interesting

observation was that the MTMOS based hybrid should have more free volume in

the polyimide based on PALS.  However, this increase in free volume for the

MTMOS based hybrid was not observed in the predicted polyimide density.

Instead, the MTMOS based hybrid materials had densities that were very close to

the original uncrosslinked polyimide.  This contradiction in density and free

volume for the MTMOS based hybrid material can not be explained by any of the

physical property measurements made in this study.

In general, the MTMOS hybrids had the greatest improvements in gas

permeability followed by PTMOS and TEOS.  Solubility was also affected by the

presence of inorganic alkoxide.  This study revealed that the PTMOS had the

largest improvements in gas solubility, followed by TEOS and MTMOS based

hybrids.  It is promising to observe that solubility and diffusivity are affected

differently depending on the type of alkoxide.  The differences in solubility and

diffusivity signify the possibility of controlling the degree of solubility and

diffusivity by employing different alkoxides, or alkoxide mixtures.  If solubility
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or gas affinity can be controlled while selective improvements in the gas diffusion

are controlled, then it is not hard to imagine the possibility of creating gas

selective materials that may exceed the upperbound.
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Chapter 8 Conclusions & Recommendations

The main objective of this research was to create a hybrid material that

had improved permeability, while the selectivity improved or at least remained

constant.  This study showed that it was possible to create manageable polyimide

based membranes with improved permeability.  This hybrid inorganic-organic

material synthesis strategy overcomes several of the problems encountered by

others when they attempted to create a polyimide hybrid material from a low

molecular weight polyimide, which led to brittle materials.1-2  Another interesting

result from this study was based on PALS data: the trend of increasing

permeability with increasing penetrant size.  The rationale for this trend was the

assumption of a distribution in free volume, which favored larger holes.  When

these ideas were invoked, the reoccurring trend of increasing permeability with

increasing penetrant size can be explained.  In this study, it was shown that the

morphology of the TEOS based hybrids was relatively homogeneous, while both

PTMOS and MTMOS based hybrids had gross macro phase separation.  The

observation made in this study was that the homogeneity of the dispersed phase

does not seem as critical as the type of alkoxide being employed.  To understand

this observation, a series of hybrid materials were made based on 3,5-

diaminobenzoic acid (DABA) and the 6FDA-6FpDA polyimide.3-4  This data was
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not included in this dissertation because of the size of the DABA containing

hybrid composite study, which is documented elsewhere.3  From the study

involving the use of DABA, there were ideal gas pair selectivities that went over

the upperbound.  Figure 8-1 shows the simultaneous improvement in He/CH4

permeability and ideal gas selectivity for the DABA containing hybrid composite.

The mechanism that was responsible for these hybrid materials exceeding the

upperbound was a simultaneous enhancement in solubility and diffusivity.

Comparison of Figures 8-1 and 8-2 contrast the differences associated with

altering the type of polyimide employed in the synthesis of a hybrid material.

Based on the results associated with the 6FDA-6FpDA polyimide and the

preliminary results just discussed, there is a real opportunity that lies in finding

the correct combination of polymer and inorganic materials that will further

extend the solubility and diffusivity selectivities.  Indeed, future studies would be

of interest to explore these variables of polymer type and inorganic type to see

what the limitations are for simultaneous improvements in selectivity and

permeability.  In general, the materials made with DABA varied from being very

homogeneous, to very heterogeneous characterized by large micron-sized

particles based on TEM.  In fact, the most permeable and selective materials were

those that had large micron sized particle, while those that were very

homogeneous actually became less permeable.  This observation of particle size

and improvements in selectivity and permeability were made for a series of

polymer loaded with various sized Zeolites.5-6  What was observed in both studies

were that the largest improvements in selectivity and permeability occurred

because of the type of Zeolite employed.  This is the exact same conclusion made

in this study, which is the type of alkoxide is very important for improvements in

selectivity and permeability.

In addition to these studies, 6FDA-6FpDA polyimide molecular weights

were changed from 19.3K nM  to 35.3K nM  to probe its role on gas transport and

physical properties.  These studies revealed that permeability, diffusivity, and
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solubility increased with increasing molecular weight, while density decreased

with increasing molecular weight.  These results suggest that there is an increase

in free volume with increasing 6FDA-6FpDA polyimide molecular weight.  It

would be of great value to further explore the role of molecular weight and gas

transport properties.  The findings from this study may resolve many conflicting

studies regarding the permeability and selectivity of a given polymer.
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Figure 8-1 He/CH4 Ideal gas selectivity versus He permeability based
upon a 6FDA-6FpDA-DABA-32 polyimide.
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Figure 8-2 He/CH4 Ideal gas selectivity versus He permeability based
upon a 6FDA-6FpDA polyimide.
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