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(Abstract) 

The interaction of water vapor with the surface and bulk of poly (imide- 

siloxane) copolymers has been characterized in an attempt to determine the 

important factors in the copolymer's resistance to water ingression. The mullti- 

block copolymers were synthesized from benzophenone tetracarboxylic 

dianhydride, bisaniline P and pre-formed amine-terminated 

poly(dimethylsiloxane) oligomers, with phthalic anhydride as an end-capping 

agent. Similar copolymers had been previously shown to have reduced water 

sorption, increased surface hydrophobicity, and increased adhesive durability in 

hot/ wet environments. 

Inverse gas chromatography was used to conduct surface energetics 

studies on copolymers of different siloxane concentration and a polyimide 

homopolymer. Free energies of specific interaction of water vapor, AGgp°, with 

the polymer surfaces were found to decrease with the incorporation of siloxane 

into the polyimide. The dispersive components of the solid surface free energy of 

the siloxane-containing copolymers were equal within error to that of pure 

poly (dimethylsiloxane), indicating a PDMS-rich, hydrophobic surface. The 

AGsp° of the copolymers were not significantly different, suggesting that the



copolymer surfaces were very similar. This indicated a minimum weight percent 

of siloxane incorporation required to maximize the copolymer's surface water 

resistance. The minimum amount for the studied system was at most ten 

percent. 

Diffusion coefficients of water vapor in the polyimide and copolymers 

were determined from gravimetric sorption experiments. Higher levels of 

siloxane incorporation caused a definite increase in the diffusion coefficient, 

indicating a decreased resistance to water ingression. The increase in diffusion 

was found to be influenced by siloxane block length and was interpreted in terms 

of morphological and free volume theories. The diffusion coefficient of a 10 

weight percent PDMS copolymer, however, was found to be the same within 

error as the polyimide diffusion coefficient. 

The incorporation of siloxane into polyimides has been shown to increase 

water resistance due to the hydrophobicity of the siloxane-rich surface. 

However, high siloxane contents also increased the rate of water ingression in the 

bulk of the polymer. Increased water resistance of the surface may be achieved at 

lower siloxane concentrations without increasing diffusive (or decreasing 

mechanical) properties to undesirable levels.
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1. INTRODUCTION 

The durability of many adhesive-adherend systems is decreased by the 

ingression of water. High humidity environments are considered aggressive 

environments for adhesive joints because the presence of water in the adhesive 

can influence overall bulk polymer properties and, most importantly, can cause 

interfacial failure due to the displacement of the adhesive from the adherend by 

the polar water molecules. The decrease in adhesive strength in hot/ wet 

environments also tends to be accelerated by the application of stress. ! 

Increasing the water resistance and durability of an adhesive joint is therefore of 

great interest. During the past few years, it has been shown that the 

incorporation of poly(dimethylsiloxane) segments into polyimides increases the 

possible-adhesive polymer's resistance to water ingression.2° It is important to 

understand the mechanism of water ingression (or indeed the tendency of water 

resistance) in order to be able to predict and characterize the copolymer adhesive 

durability effectively. 

Aromatic polyimides are heterocyclic polymers which generally have 

thermal and mechanical properties suitable for high-performance, high- 

temperature applications. Some polyimides have been found to exhibit good 

properties as structural adhesives and also as coatings, for example in circuit 

board applications.* One of the limitations to the utilization of polyimides in 

many possible applications has been the poor solubility and processability of the 

polymers. Attempts to decrease polyimide intractability have included the



incorporation in the chemical structure of aromatic diamines that are meta- 

substituted (kinked) or have bulky side groups. These modifications increase the 

solubility and processability of the polyimides by making the overall structure 

more flexible. Incorporating a short, highly flexible structural segment, such a 

poly(dimethylsiloxane) by copolymerization has a similar effect on solubility. 

However, while incorporation of very short segments of siloxane increases 

processability it also undesirably decreases high temperature properties and 

lowers the glass transition temperature. The use of higher molecular weight 

blocks of siloxane in the copolymers results in microphase separation, which 

allows the upper glass transition temperature and overall bulk polymer 

properties of the copolymer to be similar to those of the homopolymer, for low 

weight percents of incorporated siloxane.° 

In the course of a number of synthesis and characterization studies of 

structural, solubility, dielectric and durability studies of these poly (imide- 

siloxane) copolymers*-67 it was revealed that the copolymers had an increased 

resistance to water compared to the polyimide homopolymer. It is considered 

that both the bulk and the surface characteristics of the microphase separated 

copolymer may contribute to this water resistance. ESCA (or XPS) surface 

characterization studies revealed that the concentration of hydrophobic siloxane 

at the surface was greater than the proportional amount incorporated into the 

copolymer.2 The weight percents of the siloxane segment at the surface of 

various diaminodiphenylsulfone-based polyimidesiloxane copolymers are listed 

in Table 1.2 The high concentration of the hydrophobic poly(dimethylsiloxane) 

segment at the surface is suggestive of a barrier to the initial entry of water into 

the bulk. The resistance to water may also be related to morphological bulk



Table 1. Weight percent PDMS at copolymer surfaces of BIDA-DDS-based 

poly (imidesiloxane)s as determined from x-ray photoelectron spectroscopy.> 

    

Wt% PDMS PDMS M, Take-off angle 

15° 90° 

5 950 85 34 

10 950 77 35 

10 10,000 87 39 

20 950 87 53 

40 950 86 63



properties. Sorption studies involving the immersion of poly(imidesiloxane) 

copolymers into water have shown that water mass uptake is decreased by an 

increasing concentration of siloxane.” Sorption to equilibrium for copolymers of 

several amounts of incorporated siloxane is shown in Figure 1. The equilibrium 

mass uptake was dependent not only on weight percent incorporated siloxane 

but also on the molecular weight of the siloxane segment for a given weight- 

percent siloxane incorporated into the copolymer.2 This indicated that the water 

resistance was influenced by morphology. It has been suggested that the 

microphase separation could act in a manner to limit diffusive entry,° although 

equilibrium results are more often related to overall solubility. Perhaps the most 

important revelation was that siloxane-containing polyimides were found to 

have increased durability in hot/ wet environments compared to homopolymer 

polyimides.®® The time to failure for single lap shear specimens tested at 80°C 

and 100% relative humidity was determined for polyimide homopolymers and 

poly(imide-siloxane) copolymers containing 10 weight percent siloxane. The 

results, shown in Table 2, are for bulk thermally imidized and solution imidized 

polymers. The incorporation of siloxane increased the durability by a factor of 

three. The lap shear strength of the siloxane-containing copolymer was also not 

greatly reduced from that of the homopolymer. 

The purpose of the present research was to examine the possible surface 

and morphological bulk factors involved in the increased water resistance of the 

copolymers. Once the relative importance of a factor's contribution to water 

resistance is ascertained, the siloxane-containing copolymers can be synthetically 

tailored to maximize the water resistant qualities. The influence of siloxane 

incorporation on water ingression was investigated by studying the bulk and
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Figure 1. Water sorption of immersed BIDA-DDS-based polyimide and 
poly(imide-siloxane) copolymers.” A) Polyimide control; B) 30 wt% PDMS 2500 

g/mol; C) 30 wt% PDMS 910 g/mol; D) 50 wt% PDMS 2500 g/mol; E) 50 wt% 
PDMS 910 g/mol.



Table 2 Time to failure in hot/ wet environments for lap shear specimens of bulk 
and solution imidized BTDA-DDS-based polyimide control homopolymer and 
ten weight percent siloxane containing copolymers.® 

    

Preparation (composition) Time to Failure 

Bulk (control) 2.7 days 

Solution (control) 2.4 days 

_ Bulk (10 wt%, 950 M,,) 9.7 days 

Solution (10 wt%, 800 M,,) 8.9 days 

All bonds contained scrim cloth. 

Test conditions: 8.3 MPa (1200 psi) load, 80°C, 100% R.H.



surface interactions of water vapor with a series of poly(imide-siloxane) 

copolymers of different siloxane concentration. Inverse Gas Chromatography 

(IGC) was used to examine the interaction of water vapor with the various 

polymer surfaces. Free energies of specific interaction of water vapor with the 

surface were determined as well as the dispersive components of the solid 

surface free energies. Diffusion coefficients were determined by gravimetric 

sorption experiments of free-standing thin films as a measure of the interaction of 

water vapor with the bulk polymer. The speed with which water was able to 

move through the bulk of the polymer and perhaps toward a bonded interface 

was Of interest, since interfacial water is considered to be the most detrimental to 

adhesive properties.



2, BACKGROUND 

2.1 IGC THEORY 

2.1.1 Introduction 

Inverse gas chromatography (IGC) is very similar to and is based on the 

same theoretical foundations as conventional gas chromatography. It is 

substantially different in that the object of study is the stationary phase not the 

volatile injected matter carried by the mobile phase. The stationary phase is 

contained in a column through which a mobile phase of carrier gas constantly 

flows. A single volatile molecular probe of known physical properties is injected 

as a vapor pulse into the mobile phase which carries it through the column. As it 

travels down the column the probe is distributed between the mobile and 

stationary phases according to its partition coefficient. (The partition coefficient 

is the ratio of the amount of probe per unit volume in the stationary phase to the 

amount of probe per unit volume in the mobile phase.!0) These are the same 

partition coefficients that conventional gas chromatography relies on to separate 

components in mixtures of injected compounds. A suitable detector is placed at 

the end of the column to determine the time at which the probe exits as well as 

the final peak shape of the "pulse." The time that the probe remains in the 

column, its retention time, is a measure of its interaction with the stationary 

phase. The retention time is the major piece of information obtained from an IGC 

experiment. 

In order for different IGC studies to be comparable, the experimentally 

obtained retention time data must be corrected for conditions which change from



column to column and experiment to experiment. The specific retention volume 

is the volume of carrier gas required to elute a probe per gram of stationary 

phase at a temperature of 0°C: 

Ve = (273.16*Vn) / (Teot* W) (1) 

where To] is the column temperature, and w is the weight of polymer in the 

column. Vy is the net retention volume, which is given by: 

Vn =J Foorr (tr - to) (2) 

where "t,;" is the retention time of the probe and "ty" is the retention time of a non- 

interacting marker (nitrogen or methane). The subtraction of the marker 

effectively subtracts the dead volume in the system. "J" is the James and Martin 

correction factor for gas compressibility, which is expressed: 

.\2 Be 
(3) 

where P; and Pg are the pressures at the column inlet and outlet, respectively. 

While important for packed columns, this correction factor is less important for 

capillary columns due to the low pressure drop. "Fcorr" is the column flow rate 

corrected for the water-vapor saturation of the carrier gas. This is necessary if the 

flow measurement was made using a soap-film flowmeter.



Feorr = (F/ Po)(P Oo” Pro) (4) 

"F" is the measured flow rate. "Py 0" is the vapor pressure of water at the 

temperature of the flowmeter. 

A schematic representation of a gas chromatograph is given in Figure 2. 

The instrumentation used is the same as that used in conventional gas 

chromatography. The column containing the stationary phase becomes the 

experimental sample. It can be a capillary column or a packed column filled with 

coated chromatographic support, or various fibers or fillers, for example. 

2.1.2 Basic Theory 

One of the earliest applications of the inverse gas chromatographic 

technique was accomplished by Smidsred and Guillet.1! By utilizing poly(N- 

isopropylacrylamide) as the stationary phase and a series of weakly interacting 

solutes, they were able to detect the glass transition temperature, T,, of the 

polymer. Several studies followed which reaffirmed this discovery and 

examined a number of polymer stationary phases.12-14 Figure 3 is a generalized 

retention diagram which is based on these studies. It shows the variation of the 

natural logarithm of the specific retention volume against the inverse of absolute 

temperature. The deviations from linearity in the diagram correspond to 

transitions in the polymer stationary phase. In the linear region from A to B, the 

polymer is below its glass transition temperature and the retention mechanism of 

the probe is predominantly surface adsorption. In this temperature range, 

surface studies can be done. The first deviation from linearity corresponds to the 
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Figure 2. Schematic of a gas chromatograph and sample column. Thick dotted 
arrows trace helium carrier gas flow through the column. 
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Figure 3. Generalized retention diagram for semi-crystalline polymer. 
(From reference 18) 
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glass transition temperature. The region B to C is a non-equilibrium region; the 

probe begins to be able to penetrate into the bulk polymer but diffusion is slow. 

From C to D, equilibrium conditions prevail and studies of the bulk polymer can 

proceed. Studies in this temperature range include determinations of heats of 

solution, diffusion coefficients, and polymer-solvent and polymer-polymer 

interaction parameters. 15-17 This equilibrium region has been said to be 

approximately 50°C above T,.1® If the polymer is amorphous, there are no 

further deviations. If it is crystalline, a melting point is detected at point F. At 

temperatures below Tym, the probe cannot penetrate the crystallites. Retention 

increases above Ty since there is an increased amount of polymer for the probe 

to access. This has been used to determine percent crystallinity.19-29 

The initial studies found the trends in the above described general 

retention diagram to be true for the probes that were nonsolvents for the 

polymer. A probe that could solvate the polymer was found to be likely to be 

able to penetrate into the bulk of the polymer below Tg, and the detection of the 

Tg by IGC depended on the change in retention mechanism from surface 

adsorption to bulk sorption. One study, however, found that a solvating probe 

was actually required to detect the glass transition of atactic polypropylene, but 

the temperature range involved was much lower (below 0°C) than those 

normally studied.21 Studies such as that prompted Braun and Guillet? to 

investigate further. It was found that surface adsorption was the predominant 

retention mechanism below Tg. Failures to detect Ty could be attributed to 

various factors. One factor was the influence of polymer film thickness. Thinner 

films had lower volume to surface ratios and gave less noticeable deviations at T, 

due to a decreased effect of the bulk sorption mechanism. Another factor was 

13



due to an inability of hydrocarbon non-solvents to enter the bulk of a polar 

polymer even above Tg. Surface adsorption can be a predominant retention 

mechanism even above Tg for some systems. 

2.1.3 Surface Energetics Study 

IGC studies using non-solvating probes and conducted at temperatures 

well below the glass transition temperature of a given polymer reveal 

characteristics of that polymer's surface, since adsorption is the predominant 

retention mechanism. The following theory was perhaps developed initially for 

acid-base studies of carbon fiber surfaces, for which adsorption can be the only 

retention mechanism, but it has also been successfully used with polymer 

surfaces.23-26 Specific or non-dispersive polar free energies of surface interaction 

between polar probes and the polymer surface are obtained by the subtraction of 

a dispersive reference term. The corresponding subtracted dispersive reference 

term is determined from a dispersive reference line obtained experimentally by 

the injection of a homologous series of normal alkanes. This dispersive reference 

line is described by the following equations.23 

» The free energy of adsorption or desorption, AG°, of a mole of probe from 

a reference adsorption state can be written: 

AG° = RT In Vp + K (5) 

where "R" is the universal gas constant, "T" is the temperature and "K" is a sum of 

constants. This union of surface thermodynamics and chromatography assumes 

the probe interacts with the surface at infinite dilution so that equilibrium is 
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achieved. Equilibrium is ideally indicated by gaussian elution peaks. The work 

of adhesion, wa, per unit surface area, between a probe and a solid surface can 

be related to the free energy by: 

AG°=N,aawa (6) 

where "N 4" is Avogadro's number and "a" is the probe molecule surface area. 

This equation can be viewed as a mathematical description of the verbal 

definition of the work of adhesion. In the case of dispersive or Van der Waals 

type interactions, wa can be written in this form:27 

wa =2(y,4 y,4)1/2 (7) 

where Y “a and Y4 are respectively the dispersive components of the solid and 

liquid surface free energies. By substitution one obtains: 

RT In Vp = 2 Na (Y,9)!/2 a (y,9)1/7 + K (8) 

A plot of "a (Y oY 2" versus the left-hand-side of the equation gives a straight 

line for a homologous series of normal alkanes. The dispersive component of the 

solid surface free energy, Y A of the polymer stationary phase can be determined 

from the slope of this reference line. 

¥s4 = (slope / 2N a)? (9) 
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A polar probe is capable of having both dispersive and non-dispersive 

interactions with a polar stationary phase surface. Data corresponding to the 

injection of a polar probe will therefore fall above the dispersive reference line 

due to an increase in retention caused by increased interactions. The free energy 

of specific surface interaction is obtained by subtracting the corresponding 

dispersive interaction obtained from the reference line from the total interaction 

of the polar probe. The mathematical expression is the following: 

AGsp- = RT In (Vn /Vur) (10) 

where V pn is the net retention volume of the polar probe and Vyr is the value 

from the dispersive reference line. 

2.2 IGC LITERATURE REVIEW 

2.2.1 Introduction 

Since the beginnings of inverse gas chromatography studies in the late 

1960's, numerous papers have been published on applications to theory and 

technique improvement and many different stationary phases have been studied 

for a variety of purposes. This literature review will attempt to point out some of 

the more important and recent contributions involving IGC technique and 

surface studies. General theory behind IGC and applications have already been 

well discussed and reviewed by several authors.182832 A compilation of papers, 

which exhibits the wide range of applications of IGC has also been published.9 
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�c�o�n�d�u�c�t�e�d� �w�e�l�l� �b�e�l�o�w� �T�y�.� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �s�o�l�v�e�n�t�,� �u�s�e�d� �t�o� �c�a�s�t� �p�o�l�y�m�e�r� �o�n�t�o� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� 

�s�u�p�p�o�r�t�,� �o�n� �t�h�e� �p�o�l�y�m�e�r� �s�u�r�f�a�c�e� �p�r�o�p�e�r�t�i�e�s� �h�a�s� �b�e�e�n� �e�x�a�m�i�n�e�d� �b�y� �S�c�h�r�e�i�b�e�r� �a�n�d� 

�C�r�o�u�c�h�e�r�.�4�4�,�4�5� �A�l�t�h�o�u�g�h� �n�o� �s�i�m�p�l�e� �c�o�r�r�e�l�a�t�i�o�n� �w�a�s� �f�o�u�n�d� �b�e�t�w�e�e�n� �c�a�s�t�i�n�g�-� 

�s�o�l�v�e�n�t� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �r�e�s�u�l�t�i�n�g� �p�o�l�y�m�e�r� �s�u�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �i�t� �w�a�s� �f�o�u�n�d� 

�t�h�a�t� �p�o�l�y�m�e�r�s� �w�i�t�h� �p�o�l�a�r� �g�r�o�u�p�s� �s�h�o�w�e�d� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�u�r�f�a�c�e� �r�e�t�e�n�t�i�o�n�.� �N�o�n�-� 

�p�o�l�a�r� �p�o�l�y�s�t�y�r�e�n�e� �s�u�r�f�a�c�e�s� �w�e�r�e� �n�o�t� �d�e�p�e�n�d�e�n�t� �o�n� �c�a�s�t�i�n�g� �s�o�l�v�e�n�t�.�®� �C�a�s�t�i�n�g� 

�P�M�M�A� �f�r�o�m� �a� �p�o�o�r� �s�o�l�v�e�n�t� �s�u�c�h� �a�s� �t�o�l�u�e�n�e� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �g�i�v�e� �a� �m�o�r�e� 

 ��p�o�r�o�u�s �� �c�o�a�t�i�n�g� �t�h�a�n� �t�h�a�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �g�o�o�d� �s�o�l�v�e�n�t�,� �c�h�l�o�r�o�f�o�r�m�.� �I�n�c�r�e�a�s�e�d� 

�p�r�o�b�e� �r�e�t�e�n�t�i�o�n� �i�n� �t�h�e� �t�o�l�u�e�n�e�-�c�a�s�t� �c�o�l�u�m�n� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �a�n� �i�n�c�r�e�a�s�e�d� �s�u�r�f�a�c�e� 

�a�r�e�a�.�4�4� 

�T�h�e� �a�c�i�d�/� �b�a�s�e� �n�a�t�u�r�e� �o�f� �p�o�l�y�m�e�r� �a�s� �w�e�l�l� �a�s� �o�t�h�e�r� �s�o�l�i�d� �s�u�r�f�a�c�e�s� �h�a�v�e� �b�e�e�n� 

�i�n�v�e�s�t�i�g�a�t�e�d�-�-�o�f�t�e�n� �i�n� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �e�l�u�c�i�d�a�t�i�o�n� �o�f� �c�o�m�p�o�s�i�t�e� �a�n�d� �f�i�l�l�e�d� �m�a�t�e�r�i�a�l� 

�a�d�h�e�s�i�v�e� �p�r�o�p�e�r�t�i�e�s�.� �A�l�t�h�o�u�g�h� �s�p�e�c�i�f�i�c� �t�e�c�h�n�i�q�u�e�s� �v�a�r�y�,� �t�h�e� �g�e�n�e�r�a�l� �a�p�p�r�o�a�c�h� 
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�a�l�w�a�y�s� �i�n�v�o�l�v�e�s� �t�h�e� �u�s�e� �o�f� �p�r�o�b�e�s� �d�e�f�i�n�e�d� �a�s� �b�e�i�n�g� �a�c�i�d�i�c� �o�r� �b�a�s�i�c�.� �I�G�C� �p�o�l�y�m�e�r�-� 

�s�o�l�u�t�e� �i�n�t�e�r�a�c�t�i�o�n� �s�t�u�d�i�e�s� �o�f� �p�o�l�y�(�e�t�h�y�l� �h�e�x�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�)� �h�a�v�e� �s�h�o�w�n� �i�t� �t�o� �b�e� �a� 

�b�a�s�i�c� �p�o�l�y�m�e�r�.�4�6� �S�c�h�r�e�i�b�e�r� �a�n�d� �c�o�l�l�e�a�g�u�e�s�? �� �u�s�e�d� �a�n� �a�r�b�i�t�r�a�r�y� �a�c�i�d�/�b�a�s�e� 

�p�a�r�a�m�e�t�e�r�,� �d�e�f�i�n�e�d� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �s�p�e�c�i�f�i�c� �r�e�t�e�n�t�i�o�n�s� �o�f� �t�h�e� �a�c�i�d�i�c� �(�t�-�b�u�t�a�n�o�l�)� 

�p�r�o�b�e� �a�n�d� �t�h�e� �b�a�s�i�c� �(�b�u�t�y�l�a�m�i�n�e�)� �p�r�o�b�e�,� �t�o� �e�x�a�m�i�n�e� �p�o�l�y�e�t�h�y�l�e�n�e� �(�P�E�)�,� 

�p�o�l�y�v�i�n�y�l�c�h�l�o�r�i�d�e� �(�P�V�C�)� �a�n�d� �t�r�e�a�t�e�d� �f�i�l�l�e�r�s�.� �P�E� �h�a�d� �n�o� �a�c�i�d�/� �b�a�s�e� �c�h�a�r�a�c�t�e�r�,� �a�s� 

�e�x�p�e�c�t�e�d�,� �a�n�d� �P�V�C� �w�a�s� �a�c�i�d�i�c�.� �T�h�e� �a�c�i�d�/� �b�a�s�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�s� 

�w�e�l�l� �a�s� �p�o�s�s�i�b�l�e� �c�o�m�p�o�s�i�t�e� �m�a�t�r�i�x� �p�o�l�y�m�e�r�s� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �b�y� �d�e�t�e�r�m�i�n�i�n�g� 

�a�n�d� �c�o�m�p�a�r�i�n�g� �f�r�e�e� �e�n�e�r�g�i�e�s� �o�f� �s�p�e�c�i�f�i�c� �i�n�t�e�r�a�c�t�i�o�n� �f�o�r� �a�c�i�d�i�c� �a�n�d� �b�a�s�i�c� �p�r�o�b�e�s�.� �2�3�-� 

�2�6�,�4�7�-�5�0� �T�h�e� �p�r�o�b�e�s� �w�e�r�e� �c�h�o�s�e�n� �u�s�i�n�g� �G�u�t�m�a�n�n�'�s�®�!� �a�c�c�e�p�t�o�r�-�d�o�n�o�r� �n�u�m�b�e�r�s�.� 

�C�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �p�r�e�d�o�m�i�n�a�n�t�l�y� �a�c�i�d�i�c� �i�n� �n�a�t�u�r�e� �w�h�i�l�e� �t�h�e� 

�p�o�l�y�m�e�r�s� �s�t�u�d�i�e�d� �e�x�h�i�b�i�t�e�d� �b�a�s�i�c� �s�u�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �I�t� �w�a�s� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� 

�f�i�b�e�r� �/� �m�a�t�r�i�x� �a�d�h�e�s�i�o�n� �c�o�u�l�d� �b�e� �c�o�r�r�e�l�a�t�e�d� �t�o� �t�h�e� �a�c�i�d�/� �b�a�s�e� �i�n�t�e�r�a�c�t�i�o�n�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �I�G�C�.� �L�e�w�i�s� �a�c�i�d�/� �b�a�s�e� �a�c�c�e�p�t�o�r�-�d�o�n�o�r� �i�n�t�e�r�a�c�t�i�o�n�s� �a�t� �p�o�l�y�m�e�r� 

�i�n�t�e�r�f�a�c�e�s� �h�a�s� �b�e�e�n� �r�e�c�e�n�t�l�y� �s�t�u�d�i�e�d� �b�y� �C�h�e�n�.�°�2� �A�n� �a�c�i�d�/� �b�a�s�e� �i�n�t�e�r�a�c�t�i�o�n� �h�e�a�t� 

�w�a�s� �r�e�l�a�t�e�d� �t�o� �I�G�C�-�d�e�t�e�r�m�i�n�e�d� �h�e�a�t�s� �o�f� �a�d�s�o�r�p�t�i�o�n�.� �L�i�t�e�r�a�t�u�r�e� �d�a�t�a� �w�a�s� �u�t�i�l�i�z�e�d� 

�t�o� �s�h�o�w� �t�h�a�t� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �a�c�i�d� �/�b�a�s�e� �i�n�t�e�r�a�c�t�i�o�n� �h�e�a�t�s� �c�o�u�l�d� �b�e� �p�u�t� �i�n� �t�e�r�m�s� �o�f� 

�D�r�a�g�o�'�s� �f�o�u�r� �p�a�r�a�m�e�t�e�r� �e�q�u�a�t�i�o�n�> �� �a�n�d� �t�h�a�t� �p�a�r�a�m�e�t�e�r�s� �c�o�u�l�d� �b�e� �a�s�s�i�g�n�e�d� �t�o� 

�p�o�l�y�m�e�r�s� �a�s� �w�e�l�l� �a�s� �p�r�o�b�e�s�.� �D�u�e� �t�o� �a� �l�a�c�k� �o�f� �n�u�m�e�r�o�u�s� �c�o�m�p�l�e�t�e�l�y�-�a�c�c�e�p�t�a�b�l�e� 

�s�t�u�d�i�e�s� �o�n� �p�o�l�y�m�e�r� �s�u�r�f�a�c�e�s�,� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �w�a�s� �m�a�d�e� �t�h�a�t� �I�G�C�-�d�e�t�e�r�m�i�n�e�d� 

�h�e�a�t�s� �o�f� �s�o�l�u�t�i�o�n� �c�o�u�l�d� �a�p�p�r�o�x�i�m�a�t�e� �h�e�a�t�s� �o�f� �a�d�s�o�r�p�t�i�o�n�.� 

�P�a�n�z�e�r� �a�n�d� �S�c�h�r�e�i�b�e�r�>�4� �h�a�v�e� �e�v�a�l�u�a�t�e�d� �t�h�e� �u�s�e� �o�f� �i�n�v�e�r�s�e� �g�a�s� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �t�o� �s�t�u�d�y� �a�c�i�d�/� �b�a�s�e� �s�u�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �p�o�l�y�m�e�r�s�,� 

�s�p�e�c�i�f�i�c�a�l�l�y� �p�o�l�y�c�a�r�b�o�n�a�t�e�.� �T�h�r�e�e� �d�i�f�f�e�r�e�n�t� �m�e�t�h�o�d�s� �o�f� �d�e�t�e�r�m�i�n�i�n�g� �s�p�e�c�i�f�i�c� �f�r�e�e� 

�e�n�e�r�g�i�e�s� �a�n�d� �e�n�t�h�a�l�p�i�e�s� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �p�o�l�a�r� �p�r�o�b�e�s� �w�i�t�h� �t�h�e� �s�u�r�f�a�c�e� �w�e�r�e� 
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�c�o�m�p�a�r�e�d� �a�n�d� �f�o�u�n�d� �t�o� �b�e� �e�q�u�i�v�a�l�e�n�t�.� �A�d�d�i�t�i�o�n�a�l� �w�o�r�k� �u�s�i�n�g� �o�n�e� �o�f� �t�h�e� 

�m�e�t�h�o�d�s� �a�n�d� �a� �c�o�r�r�e�c�t�e�d� �v�e�r�s�i�o�n� �o�f� �G�u�t�m�a�n�n ��s� �a�c�c�e�p�t�o�r�-�d�o�n�o�r� �n�u�m�b�e�r�s� �f�o�r� �p�o�l�a�r� 

�p�r�o�b�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �p�o�l�y�c�a�r�b�o�n�a�t�e� �s�u�r�f�a�c�e� �w�a�s� �a�m�p�h�o�t�e�r�i�c� �b�u�t� 

�p�r�e�d�o�m�i�n�a�n�t�l�y� �b�a�s�i�c�.� �T�h�i�s� �w�a�s� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �w�o�r�k� �o�f� �B�o�l�v�a�r�i� �a�n�d� 

�W�a�r�d�.�7�6� 

�E�a�r�l�y� �w�o�r�k� �o�n� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �s�t�u�d�i�e�s� �o�f� �s�o�l�i�d� �s�u�r�f�a�c�e�s� �w�a�s� �r�e�v�i�e�w�e�d� 

�b�y� �K�i�s�e�l�e�v�.�5�>� �T�h�e�s�e� �s�t�u�d�i�e�s� �i�n�v�o�l�v�e�d� �G�C� �a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� 

�s�i�l�i�c�a� �s�u�r�f�a�c�e�s�.� �R�e�c�e�n�t� �w�o�r�k� �o�n� �n�o�n�-�p�o�l�y�m�e�r� �s�u�r�f�a�c�e�s� �i�n�c�l�u�d�e�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� 

�o�f� �a�d�s�o�r�p�t�i�o�n� �i�s�o�t�h�e�r�m� �d�a�t�a� �o�n� �f�i�n�e� �c�e�r�a�m�i�c� �p�a�r�t�i�c�l�e�s� �c�o�a�t�e�d� �a�l�o�n�g� �t�h�e� �i�n�n�e�r� �w�a�l�l� 

�o�f� �a� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�.�°�®� �T�h�e� �a�c�i�d�/� �b�a�s�e� �s�u�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �u�n�t�r�e�a�t�e�d� �a�n�d� 

�a�m�i�n�o�p�r�o�p�y�l�t�r�i�e�t�h�o�x�y�s�i�l�a�n�e�-�t�r�e�a�t�e�d� �g�l�a�s�s� �b�e�a�d�s� �w�e�r�e� �s�t�u�d�i�e�d� �a�s� �m�o�d�e�l� �f�i�l�l�e�r�s�.�> �� 

�U�s�i�n�g� �i�n�f�i�n�i�t�e� �d�i�l�u�t�i�o�n� �I�G�C�,� �h�e�a�t�s� �o�f� �a�d�s�o�r�p�t�i�o�n� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �n�-� 

�a�l�k�a�n�e�s�,� �a�c�i�d�i�c� �a�n�d� �b�a�s�i�c� �p�r�o�b�e�s�.� �N�-�a�l�k�a�n�e� �h�e�a�t�s� �o�f� �a�d�s�o�r�p�t�i�o�n� �w�e�r�e� �c�o�n�f�i�r�m�e�d� �t�o� 

�i�n�v�o�l�v�e� �d�i�s�p�e�r�s�i�v�e� �i�n�t�e�r�a�c�t�i�o�n�s�.� �P�o�l�a�r� �p�r�o�b�e� �a�c�i�d�/�b�a�s�e� �i�n�t�e�r�a�c�t�i�o�n� �h�e�a�t�s� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �h�e�a�t�s� �b�y� �s�u�b�t�r�a�c�t�i�n�g� �a� �h�e�a�t� �o�f� �p�r�o�b�e� �v�a�p�o�r�i�z�a�t�i�o�n� �a�s� 

�a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�.� �(�A� �c�o�r�r�e�c�t�e�d� �d�i�s�p�e�r�s�i�v�e� �t�e�r�m� �w�a�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �r�e�q�u�i�r�e�d� �f�o�r� �s�e�l�f�-�i�n�t�e�r�a�c�t�i�n�g� �p�r�o�b�e�s�.�)� �T�h�e� �I�G�C� �t�e�c�h�n�i�q�u�e� �w�a�s� 

�f�o�u�n�d� �t�o� �b�e� �q�u�a�n�t�i�t�a�t�i�v�e�.� �T�h�e� �u�n�t�r�e�a�t�e�d� �g�l�a�s�s� �b�e�a�d�s� �w�e�r�e� �p�r�e�d�o�m�i�n�a�n�t�l�y� �a�c�i�d�i�c�,� 

�w�h�i�l�e� �t�h�e� �t�r�e�a�t�e�d� �b�e�a�d�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �m�o�r�e� �b�a�s�i�c� �t�h�a�n� �t�h�e� �u�n�t�r�e�a�t�e�d� �b�e�a�d�s�.� 

�A� �n�e�w� �I�G�C� �m�e�t�h�o�d� �o�f� �e�s�t�i�m�a�t�i�n�g� �s�p�e�c�i�f�i�c� �s�u�r�f�a�c�e� �a�r�e�a�s� �o�f� �s�o�l�i�d�s� �h�a�s� 

�r�e�c�e�n�t�l�y� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �b�y� �J�a�g�i�e�l�l�o� �a�n�d� �P�a�p�i�r�e�r�.�>�®� �I�n� �s�t�u�d�i�e�s� �a�t� �i�n�f�i�n�i�t�e� �d�i�l�u�t�i�o�n�,� 

�t�h�e� �s�p�e�c�i�f�i�c� �r�e�t�e�n�t�i�o�n� �v�o�l�u�m�e�,� �V�p�°�,� �i�s� �e�x�p�e�c�t�e�d� �t�o� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �s�p�e�c�i�f�i�c� �s�u�r�f�a�c�e� 

�a�r�e�a� �b�y� �a� �H�e�n�r�y�'�s� �l�a�w� �c�o�n�s�t�a�n�t�,� �k�.� �S�u�r�f�a�c�e� �a�r�e�a�s� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �V�¢�°� �i�f� �k� 

�h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �a� �s�e�p�a�r�a�t�e� �e�x�p�e�r�i�m�e�n�t� �o�n� �a� �s�u�r�f�a�c�e� �o�f� �k�n�o�w�n� �a�r�e�a�.� 

�T�h�e� �n�e�w� �m�e�t�h�o�d� �a�v�o�i�d�s� �t�h�i�s� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �s�u�r�f�a�c�e� �a�r�e�a� �f�r�o�m� �a� �s�e�r�i�e�s� �o�f� 

�2�0



�i�n�j�e�c�t�i�o�n�s� �o�f� �n�-�a�l�k�a�n�e�s� �a�n�d� �a�s�s�u�m�i�n�g� �r�e�t�e�n�t�i�o�n� �i�n�c�r�e�a�s�e�s� �i�n� �c�o�n�s�t�a�n�t� �i�n�c�r�e�m�e�n�t�s� 

�w�i�t�h� �e�a�c�h� �a�d�d�i�t�i�o�n�a�l� �-�C�H�2�-� �g�r�o�u�p�.� �A� �p�l�o�t� �o�f� �t�h�e� �l�o�g�a�r�i�t�h�m� �o�f� �n�-�a�l�k�a�n�e� �s�p�e�c�i�f�i�c� 

�r�e�t�e�n�t�i�o�n� �v�o�l�u�m�e� �v�e�r�s�u�s� �n�-�a�l�k�a�n�e� �c�a�r�b�o�n� �n�u�m�b�e�r� �g�i�v�e�s� �a�n� �i�n�t�e�r�c�e�p�t� �t�e�r�m� �t�h�a�t� 

�c�o�n�t�a�i�n�s� �t�h�e� �s�p�e�c�i�f�i�c� �s�u�r�f�a�c�e� �a�r�e�a� �a�n�d� �a� �c�o�n�s�t�a�n�t�,� �k�o�,� �f�o�r� �a� �h�y�p�o�t�h�e�t�i�c�a�l� �z�e�r�o�-� 

�c�a�r�b�o�n� �n�-�a�l�k�a�n�e�.� 

�2�.�3� �D�I�F�F�U�S�I�O�N� �T�H�E�O�R�Y� 

�2�.�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �p�e�n�e�t�r�a�n�t�s� �i�n�t�o� �p�o�l�y�m�e�r�s� �c�a�n� �f�o�l�l�o�w� �e�i�t�h�e�r� �F�i�c�k�i�a�n� �o�r� 

�a�n�o�m�a�l�o�u�s� �k�i�n�e�t�i�c�s�.� �F�i�c�k�i�a�n� �d�i�f�f�u�s�i�o�n� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l� �b�e�l�o�w�.� �A�n� �e�x�a�m�p�l�e� 

�o�f� �a�n�o�m�a�l�o�u�s� �d�i�f�f�u�s�i�o�n� �i�s� �C�a�s�e� �I�I� �t�r�a�n�s�p�o�r�t�,� �w�h�i�c�h� �e�x�h�i�b�i�t�s� �a� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n� �f�o�r� 

�f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e� �a�g�a�i�n�s�t� �t�i�m�e�.� �S�u�c�h� �n�o�n�-�F�i�c�k�i�a�n� �k�i�n�e�t�i�c�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� 

�d�u�e� �t�o� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �s�u�p�e�r�i�m�p�o�s�i�t�i�o�n� �o�f� �r�e�l�a�x�a�t�i�o�n�a�l� �p�h�e�n�o�m�e�n�a� �o�v�e�r� �t�h�e� 

�d�i�f�f�u�s�i�o�n� �p�r�o�c�e�s�s�.� �A� �g�o�o�d� �i�n�t�r�o�d�u�c�t�i�o�n� �t�o� �C�a�s�e� �I�I� �d�i�f�f�u�s�i�o�n� �i�s� �g�i�v�e�n� �b�y� �W�i�n�d�l�e�.�>�?� 

�P�h�e�n�o�m�e�n�o�l�o�g�i�c�a�l� �t�h�e�o�r�i�e�s� �o�f� �d�i�f�f�u�s�i�o�n� �a�r�e� �o�f�t�e�n� �b�a�s�e�d� �i�n� �p�a�r�t� �o�n� �d�e�s�c�r�i�p�t�i�o�n�s� �o�f� 

�t�h�e� �f�r�e�e� �v�o�l�u�m�e�.� �S�o�m�e� �f�r�e�e� �v�o�l�u�m�e� �r�e�l�a�t�e�d� �t�h�e�o�r�i�e�s� �a�r�e� �r�e�v�i�e�w�e�d� �l�a�t�e�r� �i�n� �t�h�i�s� 

�s�e�c�t�i�o�n�.� 

�2�.�3�.�2� �F�i�c�k�i�a�n� �D�i�f�f�u�s�i�o�n� 

�D�i�f�f�u�s�i�o�n� �c�a�n� �b�e� �d�e�s�c�r�i�b�e�d� �a�s� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �m�a�t�t�e�r� �w�i�t�h�i�n� �a� �s�y�s�t�e�m� �d�u�e� 

�t�o� �r�a�n�d�o�m� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n�s� �w�i�t�h�i�n� �t�h�a�t� �s�y�s�t�e�m�.� �F�i�c�k�'�s�®� �f�i�r�s�t� �l�a�w� �o�f� �d�i�f�f�u�s�i�o�n� 

�w�a�s� �d�r�a�w�n� �b�y� �a�n�a�l�o�g�y� �f�r�o�m� �F�o�u�r�i�e�r�'�s�®�!� �d�e�r�i�v�e�d� �e�q�u�a�t�i�o�n� �o�f� �t�h�e� �c�o�n�d�u�c�t�a�n�c�e� �o�f� 

�h�e�a�t�,� �w�h�i�c�h� �r�e�s�u�l�t�s� �f�r�o�m� �r�a�n�d�o�m� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n�s�.� �F�o�r� �u�n�i�-�d�i�r�e�c�t�i�o�n�a�l� 

�d�i�f�f�u�s�i�o�n�:� 

�2�1



�(�1�1�)� 

�T�h�i�s� �l�a�w� �s�t�a�t�e�s� �t�h�a�t� �t�h�e� �f�l�u�x�,� �J�,� �(�o�r� �t�h�e� �a�m�o�u�n�t� �o�f� �m�a�t�t�e�r� �t�r�a�n�s�f�e�r�r�e�d�)� �i�n� �t�h�e� �x�-� 

�d�i�r�e�c�t�i�o�n� �t�h�r�o�u�g�h� �a� �p�l�a�n�e� �o�f� �u�n�i�t� �a�r�e�a� �d�u�r�i�n�g� �a� �u�n�i�t� �t�i�m�e� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �g�r�a�d�i�e�n�t� �o�f� �t�h�e� �d�i�f�f�u�s�i�n�g� �s�p�e�c�i�e�s� �i�n� �t�h�a�t� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �n�e�g�a�t�i�v�e� 

�s�i�g�n� �m�e�a�n�s� �t�h�a�t� �t�h�e� �d�i�f�f�u�s�i�v�e� �f�l�u�x� �m�o�v�e�s� �t�o�w�a�r�d� �a�r�e�a�s� �o�f� �l�o�w�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �b�y� 

�d�i�f�f�u�s�i�n�g� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �d�e�c�r�e�a�s�i�n�g� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �C�o�n�c�e�n�t�r�a�t�i�o�n�,� �c�,� �r�e�f�e�r�s� �t�o� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�e�n�e�t�r�a�n�t� �i�n� �t�h�e� �m�a�t�r�i�x�.� 

�V�i�e�t�h�®�2� �g�i�v�e�s� �a� �s�h�o�r�t� �s�u�m�m�a�r�y� �o�f� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �F�o�u�r�i�e�r�'�s� �t�h�e�o�r�y� �t�o� 

�m�a�s�s� �t�r�a�n�s�f�e�r� �i�n� �w�h�i�c�h� �t�h�e� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �m�a�t�r�i�x� �e�l�e�m�e�n�t�s� �b�e�c�o�m�e� 

�t�h�e�r�m�o�d�y�n�a�m�i�c� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s�,� �D�,� �a�n�d� �t�h�e� �g�r�a�d�i�e�n�t�s� �b�e�c�o�m�e� �c�h�e�m�i�c�a�l� 

�p�o�t�e�n�t�i�a�l� �g�r�a�d�i�e�n�t�s�.� �F�o�r� �a� �s�y�s�t�e�m� �o�f� �t�w�o� �c�o�m�p�o�n�e�n�t�s� �i�n�f�l�u�e�n�c�e�d� �o�n�l�y� �b�y� 

�c�h�e�m�i�c�a�l� �p�o�t�e�n�t�i�a�l� �g�r�a�d�i�e�n�t�s�,� �e�a�c�h� �c�o�m�p�o�n�e�n�t�'�s� �f�l�u�x� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d�:� 

�j�i�=� �r�f�}� �-� �D�y�e� 
�O�x� �6�x�}� 

� � 

�(�1�2�)� 
�_� �O�p�t� �O�u� �=� �-�D�r� �{�O�X�}� �-� �D�5�]� �J�o� �2�,� �a�x�l� 

� � � � 

�F�o�r� �s�y�s�t�e�m�s� �i�n� �w�h�i�c�h� �o�n�e� �c�o�m�p�o�n�e�n�t� �i�s� �v�e�r�y� �d�i�l�u�t�e� �a�n�d� �t�h�e� �o�t�h�e�r� �c�o�m�p�o�n�e�n�t� �i�s� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �l�e�s�s� �m�o�b�i�l�e� �c�o�m�p�a�r�e�d� �t�o� �i�t�s� �c�o�m�p�a�n�i�o�n� �c�o�m�p�o�n�e�n�t�,� �t�h�e� �a�b�o�v�e� 

�e�q�u�a�t�i�o�n�s� �r�e�d�u�c�e� �t�o�:� 

�h�=� �r�f� 
�(�1�3�)� 

�2�2



�T�h�i�s� �i�s� �t�h�e� �a�s�s�u�m�e�d� �c�a�s�e� �f�o�r� �m�a�n�y� �l�o�w�-�m�o�l�e�c�u�l�a�r�-�w�e�i�g�h�t� �g�a�s� �a�n�d� �n�o�n�-�s�o�l�v�a�t�i�n�g� 

�v�a�p�o�r� �p�e�n�e�t�r�a�n�t�s� �i�n�t�o� �p�o�l�y�m�e�r�s�,� �t�h�e� �l�o�n�g� �c�h�a�i�n� �m�o�l�e�c�u�l�e�s� �o�f� �w�h�i�c�h� �a�c�t� �a�s� �a� 

�"�f�i�x�e�d�"� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�.� �T�h�e� �c�h�a�n�g�e� �o�f� �p�o�l�y�m�e�r� �(�c�o�m�p�o�n�e�n�t� �2�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�w�i�t�h� �d�i�s�t�a�n�c�e� �(�x�)� �i�s� �t�h�e�r�e�f�o�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �v�e�r�y� �s�m�a�l�l�.� �T�h�e� �f�l�u�x�,� �J�2�,� �o�f� �t�h�e� 

�p�o�l�y�m�e�r� �i�s� �a�l�s�o� �c�o�n�s�i�d�e�r�e�d� �n�e�g�l�i�g�i�b�l�e� �u�n�d�e�r� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �r�e�l�a�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �i�s� �d�e�r�i�v�e�d� �i�n� 

�A�p�p�e�n�d�i�x� �B�.� 

�2�.�3�.�3� �E�x�p�e�r�i�m�e�n�t�a�l� �A�p�p�r�o�a�c�h� 

�E�x�p�e�r�i�m�e�n�t�a�l� �a�p�p�r�o�a�c�h�e�s� �t�o� �o�b�t�a�i�n�i�n�g� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �a�r�e� �b�a�s�e�d� �o�n� 

�v�a�r�i�o�u�s� �s�o�l�u�t�i�o�n�s� �t�o� �F�i�c�k�'�s� �s�e�c�o�n�d� �l�a�w�.� �T�h�i�s� �s�e�c�o�n�d� �l�a�w� �d�e�s�c�r�i�b�e�s� �t�h�e� �i�n�c�r�e�a�s�e� �(�o�r� 

�d�e�c�r�e�a�s�e�)� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�i�m�e� �o�f� �p�e�n�e�t�r�a�n�t� �w�i�t�h�i�n� �a� �v�o�l�u�m�e� 

�e�l�e�m�e�n�t�,� �f�o�r� �e�x�a�m�p�l�e� �a� �u�n�i�t� �c�u�b�e� �i�n� �C�a�r�t�e�s�i�a�n� �c�o�o�r�d�i�n�a�t�e�s�.� 

�6�c� �_�H� 
�o�t� 

� � 

�8�c� �4� �d�c� �+� �r�e� 
�8�x�?� �b�y �� �d�z �� �(�1�4�)� 

�I�t� �i�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �f�i�r�s�t� �l�a�w� �b�y� �t�a�k�i�n�g� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �f�l�u�x�e�s� �e�n�t�e�r�i�n�g� �a�n�d� 

�e�x�i�t�i�n�g� �t�h�e� �p�l�a�n�e� �f�a�c�e�s� �o�f� �t�h�e� �u�n�i�t� �v�o�l�u�m�e� �c�u�b�e�.�®�3� �F�o�r� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�e�d� �t�o� �o�n�l�y� 

�o�n�e� �d�i�r�e�c�t�i�o�n�,� �t�h�e� �e�q�u�a�t�i�o�n� �s�i�m�p�l�i�f�i�e�s� �t�o� 

�b�e ��p� �(�i�c�)� 
�d�t� �5�x�?� �(�1�5�)� 
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�w�h�i�c�h� �g�i�v�e�s� �t�h�e� �c�h�a�n�g�e� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h� �t�i�m�e� �a�t� �a�n�y� �p�l�a�n�e� �i�n� �t�h�e� �m�a�t�r�i�x�.� 

�T�h�e� �f�o�r�m� �o�f� �t�h�e� �s�e�c�o�n�d� �l�a�w� �w�i�l�l� �d�i�f�f�e�r� �f�o�r� �o�t�h�e�r� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�s� �s�u�c�h� �a�s� 

�c�y�l�i�n�d�r�i�c�a�l� �a�n�d� �s�p�h�e�r�i�c�a�l�.� �T�h�e�s�e� �f�o�r�m�s� �a�r�e� �l�i�s�t�e�d� �b�y� �C�o�m�y�n�.�®� 

�S�o�l�u�t�i�o�n�s� �t�o� �t�h�i�s� �b�a�s�i�c� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n� �d�e�p�e�n�d� �o�n� �t�h�e� �t�h�e� �m�a�t�r�i�x� 

�s�a�m�p�l�e� �g�e�o�m�e�t�r�y� �a�n�d� �a�l�s�o� �o�n� �t�h�e� �c�h�o�s�e�n� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�.� �C�r�a�n�k�®� �s�o�l�v�e�s� 

�t�h�e� �s�e�c�o�n�d� �l�a�w�,� �a�s�s�u�m�i�n�g� �c�o�n�s�t�a�n�t� �D�,� �f�o�r� �p�l�a�n�a�r�,� �c�y�l�i�n�d�r�i�c�a�l� �a�n�d� �s�p�h�e�r�i�c�a�l� 

�g�e�o�m�e�t�r�i�e�s� �f�o�r� �v�a�r�i�o�u�s� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�.� �S�e�v�e�r�a�l� �s�o�l�u�t�i�o�n�s� �c�a�n� �a�l�s�o� �b�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �h�e�a�t� �c�o�n�d�u�c�t�i�o�n� �t�r�e�a�t�i�s�e� �b�y� �C�a�r�s�l�a�w� �a�n�d� �J�a�e�g�e�r�,� �i�f� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �t�e�r�m�s� �r�e�p�l�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e�r�m�a�l� 

�d�i�f�f�u�s�i�v�i�t�y� �t�e�r�m�s�.�© �� �E�v�a�l�u�a�t�i�o�n� �o�f� �s�o�l�u�t�i�o�n�s� �f�o�r� �w�h�i�c�h� �D� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �p�o�s�s�i�b�l�e� �i�f� �t�h�e� �f�u�n�c�t�i�o�n� �D�(�c�)� �i�s� �k�n�o�w�n� �a�h�e�a�d� �o�f� �t�i�m�e�,� �b�u�t� �t�h�i�s� �c�a�n� 

�b�e� �e�x�t�r�e�m�e�l�y� �d�i�f�f�i�c�u�l�t�.�6�2�6�7� �D�e�t�e�r�m�i�n�i�n�g� �D�(�c�)� �o�f�t�e�n� �i�n�v�o�l�v�e�s� �u�t�i�l�i�z�i�n�g� �e�q�u�a�t�i�o�n�s� 

�w�h�i�c�h� �a�s�s�u�m�e� �D� �i�s� �c�o�n�s�t�a�n�t�.� 

�T�h�e� �s�i�m�p�l�e�s�t� �s�o�l�u�t�i�o�n� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n� �i�s� �t�h�e� �c�a�s�e� �o�f� �c�o�n�s�t�a�n�t� �o�r� 

�s�t�e�a�d�y� �s�t�a�t�e� �f�l�u�x�.� �T�h�e� �c�h�a�n�g�e� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h� �t�i�m�e� �i�s� �z�e�r�o�.� �T�h�e� �d�i�f�f�u�s�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �i�f� �t�h�e� �c�o�n�s�t�a�n�t� �f�l�u�x� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �g�r�a�d�i�e�n�t� �a�r�e� 

�k�n�o�w�n�.�®�2� �T�w�o� �c�o�m�m�o�n� �a�p�p�r�o�a�c�h�e�s� �t�o� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �d�i�f�f�u�s�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t� �w�h�i�c�h� �a�r�e� �b�a�s�e�d� �o�n� �p�l�a�n�a�r� �s�o�l�u�t�i�o�n�s� �a�r�e� �t�h�e� �t�i�m�e� �l�a�g� �m�e�t�h�o�d� �a�n�d� �t�h�e� 

�m�a�s�s� �u�p�t�a�k�e� �o�r� �s�o�r�p�t�i�o�n� �m�e�t�h�o�d�.� �T�h�e� �t�i�m�e� �l�a�g� �m�e�t�h�o�d� �i�s� �a� �p�e�r�m�e�a�t�i�o�n� �a�p�p�r�o�a�c�h� 

�w�h�i�c�h� �t�a�k�e�s� �i�n�t�o� �a�c�c�o�u�n�t� �i�n�i�t�i�a�l� �n�o�n�-�s�t�e�a�d�y� �s�t�a�t�e� �a�n�d� �f�i�n�a�l� �s�t�e�a�d�y� �s�t�a�t�e� 

�p�e�r�m�e�a�t�i�o�n� �w�h�i�l�e� �r�e�l�a�t�i�n�g� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �t�o� �t�h�e� �l�a�g� �i�n� �t�h�e� �a�p�p�r�o�a�c�h� �t�o� 

�t�h�e� �f�i�n�a�l� �s�t�e�a�d�y� �s�t�a�t�e� �p�e�r�m�e�a�t�i�o�n�.�®�2�,�6�4�,�6�8� �G�o�o�d� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �v�a�r�i�o�u�s� 

�t�e�c�h�n�i�q�u�e�s� �a�r�e� �g�i�v�e�n� �b�y� �V�i�e�t�h�®�2� �a�n�d� �F�e�l�d�e�r� �a�n�d� �H�u�v�a�r�d�.�®�8� 

�T�h�e� �s�o�r�p�t�i�o�n� �m�e�t�h�o�d� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �s�o�l�u�t�i�o�n� �f�o�r� �d�i�f�f�u�s�i�o�n� �i�n�t�o� �a� �s�e�m�i�-� 

�i�n�f�i�n�i�t�e� �f�i�l�m� �e�x�p�o�s�e�d� �t�o� �a�n� �i�n�f�i�n�i�t�e� �b�a�t�h� �o�f� �t�h�e� �p�e�n�e�t�r�a�n�t�:�®� 
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� � 

�C�_�1�-� �a�y� �{�o�"� �(�-�1�)�*� �M�D�)� �e�x� �P� �(�n�n� �o�s� �a�t�h� 
�C�1� �w�u� �2�n�+�1� �4�]� �2� �2�!� �(�1�6�)� �n�=�0� 

�w�h�e�r�e�!� �i�s� �o�n�e�-�h�a�l�f� �t�h�e� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �a�n�d� �x� �i�s� �s�e�t� �e�q�u�a�l� �t�o� �z�e�r�o� �a�t� �t�h�e� �m�i�d�d�l�e� �o�f� 

�t�h�e� �f�i�l�m�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �C�j�,� �a�t� �t�h�e� �f�a�c�e�s� �o�f� �t�h�e� �f�i�l�m� �r�e�a�c�h� �e�q�u�i�l�i�b�r�i�u�m� 

�i�m�m�e�d�i�a�t�e�l�y�.� �D�i�f�f�u�s�i�o�n� �i�n�t�o� �t�h�e� �e�d�g�e�s� �o�f� �t�h�e� �f�i�l�m� �a�r�e� �i�g�n�o�r�e�d�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �c�a�n� 

�b�e� �i�n�t�e�g�r�a�t�e�d� �©�?� �t�o� �g�i�v�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�:� 

�-�D� �(�2�n�+�1�)�7�n�2�t� �!� �M�e� �1�-�5� �o�x�p�|� 
�M�o� �G�a�s� �p�e� �(�2�n� �+� �p�m� �1�?� �(�1�7�)� 

�M�i�s� �t�h�e� �m�a�s�s� �u�p�t�a�k�e� �o�f� �p�e�n�e�t�r�a�n�t� �i�n�t�o� �t�h�e� �f�i�l�m� �a�t� �t�i�m�e�,� �t�,� �a�n�d� �M�.� �i�s� �t�h�e� 

�e�q�u�i�l�i�b�r�i�u�m� �u�p�t�a�k�e� �a�t� �l�o�n�g� �t�i�m�e�s�.� �I�n� �t�h�i�s� �e�q�u�a�t�i�o�n�,� �u�n�l�i�k�e� �t�h�e� �p�r�e�v�i�o�u�s� �e�q�u�a�t�i�o�n�,� 

�t�h�e� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �e�q�u�a�l�s� �!�.� �T�h�e� �f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e� �i�s� �g�i�v�e�n� �b�y� �M�t� �/�M�o� �a�n�d� �D� �i�s� 

�t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� �F�o�r� �s�h�o�r�t� �t�i�m�e�s�,� �t�h�i�s� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �b�y�:� 

�M�t�i�_� �4� �t�\�1�/�2� 

�M�o� �<�i�n�[�P�t� �i� �(�1�8�)� 

�w�h�i�c�h� �i�s� �a� �l�i�n�e�a�r� �f�u�n�c�t�i�o�n� �f�o�r� �a� �p�l�o�t� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e� �a�g�a�i�n�s�t� �"�t�1�/�2�/�1� �"� 

�T�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �s�l�o�p�e� �o�f� �t�h�i�s� �p�l�o�t�.� 

�F�i�c�k�i�a�n� �d�i�f�f�u�s�i�o�n� �i�s� �t�h�e� �c�o�m�m�o�n� �t�y�p�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�e�n�e�t�r�a�n�t� �d�i�f�f�u�s�i�o�n� 

�i�n�t�o� �a� �r�u�b�b�e�r�y� �p�o�l�y�m�e�r� �o�r�,� �i�n� �o�t�h�e�r� �w�o�r�d�s�,� �a� �p�o�l�y�m�e�r� �t�h�a�t� �i�s� �a�b�o�v�e� �i�t�s� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� �D�i�f�f�u�s�i�o�n� �o�f� �p�e�n�e�t�r�a�n�t�s� �i�n�t�o� �g�l�a�s�s�y� �p�o�l�y�m�e�r�s� �i�s� �o�f�t�e�n� 
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�n�o�n�-�F�i�c�k�i�a�n�,� �b�u�t� �t�h�e�r�e� �a�r�e� �c�a�s�e�s� �i�n� �w�h�i�c�h� �d�i�f�f�u�s�i�o�n� �w�i�t�h� �F�i�c�k�i�a�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d�.� 

�S�o�m�e� �i�m�p�o�r�t�a�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �F�i�c�k�i�a�n� �d�i�f�f�u�s�i�o�n� �a�r�e� �t�h�e� �f�o�l�l�o�w�i�n�g�:�7�°� �1�)� 

�P�l�o�t�s� �o�f� �f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e� �v�e�r�s�u�s� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�i�m�e� �a�r�e� �i�n�i�t�i�a�l�l�y� �l�i�n�e�a�r� �f�o�r� 

�b�o�t�h� �s�o�r�p�t�i�o�n� �a�n�d� �d�e�s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s�.� �F�o�r� �s�o�r�p�t�i�o�n�,� �t�h�e� �p�l�o�t� �m�u�s�t� �b�e� �l�i�n�e�a�r� �u�p� �t�o� 

�a�t� �l�e�a�s�t� �0�.�6� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e�.� �2�)� �T�h�e� �s�o�r�p�t�i�o�n� �c�u�r�v�e�s� �m�u�s�t� �b�e� �c�o�n�c�a�v�e� �t�o� 

�t�h�e� �"�x�-�a�x�i�s�"� �a�f�t�e�r� �t�h�e� �i�n�i�t�i�a�l� �l�i�n�e�a�r� �r�e�g�i�o�n�.� �3�)� �R�e�d�u�c�e�d� �s�o�r�p�t�i�o�n� �p�l�o�t�s� �(�g�i�v�e�n� �b�y� 

�f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e� �a�g�a�i�n�s�t� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�i�m�e� �d�i�v�i�d�e�d� �b�y� �f�i�l�m� �t�h�i�c�k�n�e�s�s�)� �a�r�e� �t�h�e� 

�s�a�m�e� �f�o�r� �f�i�l�m�s� �o�f� �d�i�f�f�e�r�e�n�t� �t�h�i�c�k�n�e�s�s�e�s�.� �4�)� �S�o�r�p�t�i�o�n� �a�n�d� �d�e�s�o�r�p�t�i�o�n� �p�l�o�t�s� �c�o�i�n�c�i�d�e� 

�w�h�e�n� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �n�o�t� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �b�u�t� �i�s� �a� �c�o�n�s�t�a�n�t�.� 

�I�n� �g�e�n�e�r�a�l�,� �i�t� �h�a�s� �b�e�e�n� �f�o�u�n�d� �t�h�a�t� �i�f� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �a�n� �i�n�c�r�e�a�s�i�n�g� 

�f�u�n�c�t�i�o�n� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �t�h�e�n� �t�h�e� �d�e�s�o�r�p�t�i�o�n� �c�u�r�v�e� �w�i�l�l� �f�a�l�l� �b�e�l�o�w� �t�h�e� �s�o�r�p�t�i�o�n� 

�c�u�r�v�e�,� �i�.�e�.� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �w�i�l�l� �b�e� �s�m�a�l�l�e�r� �u�p�o�n� �d�e�s�o�r�p�t�i�o�n� �t�h�a�n� �s�o�r�p�t�i�o�n�.� 

�I�f� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �a� �d�e�c�r�e�a�s�i�n�g� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�s� �i�s� �t�h�e� �c�a�s�e� 

�o�f� �w�a�t�e�r� �i�n� �h�y�d�r�o�p�h�o�b�i�c� �p�o�l�y�m�e�r�s�,� �t�h�e�n� �t�h�e� �d�e�s�o�r�p�t�i�o�n� �c�u�r�v�e� �w�i�l�l� �b�e� �a�b�o�v�e� �t�h�e� 

�s�o�r�p�t�i�o�n� �c�u�r�v�e�.�6�8� 

�2�.�3�.�4� �F�r�e�e� �V�o�l�u�m�e� �D�i�f�f�u�s�i�o�n� �T�h�e�o�r�i�e�s� 

�F�i�c�k�'�s� �l�a�w� �d�e�s�c�r�i�b�e�s� �e�n�t�r�o�p�i�c� �d�i�f�f�u�s�i�o�n� �d�r�i�v�e�n� �b�y� �r�a�n�d�o�m� �r�e�s�p�o�n�s�e�s� �t�o� �a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �g�r�a�d�i�e�n�t�.� �T�h�e�r�e� �h�a�v�e� �b�e�e�n� �m�a�n�y� �a�p�p�r�o�a�c�h�e�s� �a�n�d� �d�e�v�e�l�o�p�m�e�n�t�s� �i�n� 

�t�h�e�o�r�i�e�s� �o�f� �d�i�f�f�u�s�i�o�n�,� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �r�e�v�i�e�w�e�d�.�2�,�6�7�,�6�8�,�7�1�-�7�3� �M�a�n�y� �o�f� �t�h�e�s�e� 

�t�h�e�o�r�i�e�s� �s�h�a�r�e� �a� �s�i�m�i�l�a�r� �b�a�s�i�c� �p�h�e�n�o�m�e�n�o�l�o�g�i�c�a�l� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� 

�a� �p�e�n�e�t�r�a�n�t� �i�s� �t�h�e� �r�a�t�e� �o�f� �m�o�v�e�m�e�n�t� �o�f� �t�h�a�t� �p�e�n�e�t�r�a�n�t� �i�n�t�o� �a�n�d� �o�u�t� �o�f� �a� �s�e�r�i�e�s� �o�f� 

�v�a�c�a�n�c�i�e�s� �o�r� �"�h�o�l�e�s�"� �(�e�q�u�a�l� �t�o� �o�r� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �p�e�n�e�t�r�a�n�t� �s�i�z�e�)� �i�n� �i�t�s� �r�a�n�d�o�m� 
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�w�a�l�k� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �g�r�a�d�i�e�n�t�.� �A� �s�i�m�p�l�e� �e�q�u�a�t�i�o�n� �w�h�i�c�h� 

�e�x�p�r�e�s�s�e�s� �t�h�i�s� �w�a�s� �d�e�r�i�v�e�d� �b�y� �B�u�e�c�h�e�: ��4� 

�o�n� 
�P� �6� �(�1�9�)� 

�w�h�e�r�e� �D� �i�s� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� �»� �i�s� �t�h�e� �a�v�e�r�a�g�e� �n�u�m�b�e�r� �o�f� �"�j�u�m�p�s�"� �o�f� �t�h�e� 

�p�e�n�e�t�r�a�n�t� �i�n� �a� �u�n�i�t� �t�i�m�e�,� �a�n�d� �A� �i�s� �t�h�e� �j�u�m�p� �d�i�s�t�a�n�c�e�.�»� �F�o�r� �t�h�e� �c�a�s�e� �o�f� �s�m�a�l�l� 

�p�e�n�e�t�r�a�n�t� �m�o�l�e�c�u�l�e�s� �i�n� �a� �p�o�l�y�m�e�r� �m�a�t�r�i�x�,� �t�h�e� �m�a�x�i�m�u�m� �p�o�s�s�i�b�l�e� �j�u�m�p� �r�a�t�e� �o�f� �t�h�e� 

�s�m�a�l�l� �m�o�l�e�c�u�l�e�s� �i�s� �m�u�c�h� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �r�a�t�e� �o�f� �f�o�r�m�a�t�i�o�n� �o�f� �v�a�c�a�n�c�i�e�s� �f�o�r� �t�h�e� 

�s�m�a�l�l� �m�o�l�e�c�u�l�e�s� �t�o� �j�u�m�p� �i�n�t�o�.� �T�h�e�r�e�f�o�r�e� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �b�e�c�o�m�e�s� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �a� �l�i�m�i�t�i�n�g� �r�a�t�e� �o�f� �a�d�j�a�c�e�n�t� �c�r�i�t�i�c�a�l� �s�i�z�e� �h�o�l�e� �f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �i�s� 

�i�n�f�l�u�e�n�c�e�d� �l�a�r�g�e�l�y� �b�y� �t�h�e� �m�o�b�i�l�i�t�y� �o�f� �s�e�g�m�e�n�t�s� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.� �T�h�e� 

�p�r�o�b�a�b�i�l�i�t�y� �o�f� �h�o�l�e� �f�o�r�m�a�t�i�o�n� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�e�g�m�e�n�t�a�l� 

�m�o�b�i�l�i�t�y�.� �T�h�i�s� �v�i�s�u�a�l�i�z�a�t�i�o�n� �i�n�v�o�l�v�i�n�g� �"�h�o�l�e�s�"� �h�a�s� �l�e�d� �m�a�n�y� �t�h�e�o�r�i�e�s� �o�f� �d�i�f�f�u�s�i�o�n� 

�t�o� �i�n�c�l�u�d�e� �v�a�r�i�o�u�s� �f�r�e�e�-�v�o�l�u�m�e� �r�e�l�a�t�i�o�n�s�.� 

�M�a�n�y� �t�h�e�o�r�i�e�s�,� �s�t�a�r�t�i�n�g� �w�i�t�h� �F�u�j�i�t�a�'�s�7�6� �h�a�v�e� �i�n�v�o�l�v�e�d� �t�h�e� �W�L�F� �e�q�u�a�t�i�o�n ��7� 

�w�h�i�c�h� �c�a�n� �b�e� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �D�o�o�l�i�t�t�l�e� �e�q�u�a�t�i�o�n� �t�h�a�t� �d�e�s�c�r�i�b�e�s� �t�h�e� �m�o�b�i�l�i�t�y� �o�f� 

�p�o�l�y�m�e�r� �s�e�g�m�e�n�t�s� �i�n� �t�h�e� �f�o�r�m� �o�f� �a� �v�i�s�c�o�s�i�t�y�:� 

�-�B� 
�n�=� �A�e�x�p�|� �1� �(�2�0�)� 

�w�h�e�r�e� �A� �a�n�d� �B� �a�r�e� �c�o�n�s�t�a�n�t�s�.� �T�h�e� �f�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e�,� �f�,� �i�s� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� 

�d�i�v�i�d�e�d� �b�y� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e�.� �U�s�i�n�g� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�,� �T�g�,� �a�s� �a� 

�r�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e�,� �o�n�e� �o�b�t�a�i�n�s� 
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�i�n� �F�o� �i� �(�2�1�)� 

�A�s�s�u�m�i�n�g� �a� �l�i�n�e�a�r� �i�n�c�r�e�a�s�e� �i�n� �f�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e� �a�b�o�v�e� �T�,� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�,� 

�f�=� �f�y� �+� �a�T� �-� �T�s�)� �(�2�2�)� 

�o�n�e� �c�a�n� �b�y� �s�u�b�s�t�i�t�u�t�i�o�n� �o�b�t�a�i�n� 

 ��-�B�_�{�T�-�T� 
�y�\� �_� �2�.�3�0�3�6� �e� 

�"�F�e�e�t� �O�f� �(�2�3�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t�,� �g�,� �r�e�f�e�r�s� �t�o� �v�a�l�u�e�s� �a�t� �t�h�e� �r�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e�,� �T�y�.� �T�h�i�s� �i�s� 

�t�h�e� �W�L�F� �e�q�u�a�t�i�o�n�,� �i�n� �w�h�i�c�h� �"�u�n�i�v�e�r�s�a�l�"� �c�o�n�s�t�a�n�t�s� �C�;� �a�n�d� �C�2� �a�r�e� �g�i�v�e�n� �a�s� 

� � �C�i�=� �B� 
�2�.�3�0�3� �f�g� �(�2�4�)� 

�f�  ��_�&� 
�C�2� �C�e� �(�2�5�)� 

�I�f� �B� �i�s� �a�p�p�r�o�x�i�m�a�t�e�d� �e�q�u�a�l� �t�o� �o�n�e�,� �t�h�e�n� �a�g�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�h�e�r�m�a�l� 

�e�x�p�a�n�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �t�h�e� �r�u�b�b�e�r�y� �a�n�d� �g�l�a�s�s�y� �s�t�a�t�e�s�,� �i�s� �c�a�l�c�u�l�a�t�e�d� �t�o� �b�e� �4�.�8� �X� 

�1�0�-�4� �d�e�g�-�!� �a�n�d� �f�,�,� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e� �a�t� �T�g�,� �i�s� �0�.�0�2�5�.�7�8� �T�h�i�s� �a�p�p�r�o�a�c�h� 
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�r�e�v�e�a�l�s� �a� �s�i�m�i�l�a�r� �f�r�e�e� �v�o�l�u�m�e� �s�t�a�t�e� �f�o�r� �a�l�l� �p�o�l�y�m�e�r�s� �a�t� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n� �i�s� �o�f�t�e�n� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� 

�o�f� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �s�h�i�f�t� �f�a�c�t�o�r�,� �I�n� �a�y�,� �w�h�e�r�e ��8� 

�l�o�g� �a�y� �=� �l�o�g� �r�a� �~� �l�o�g� �e�y� �(�2�6�)� 

�a�n�d� �t� �r�e�p�r�e�s�e�n�t�s� �p�o�l�y�m�e�r� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�(�s�)�.� �(�S�t�r�i�c�t�l�y� �s�p�e�a�k�i�n�g�,� �f�o�r� �p�o�l�y�m�e�r�s� 

�t�h�e�r�e� �i�s� �a� �d�i�s�t�r�i�b�u�t�i�o�n� �o�r� �s�p�e�c�t�r�u�m� �o�f� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s�,� �n�o�t� �a� �s�i�n�g�l�e� �t�i�m�e�.�)� �T�h�e� 

�s�h�o�r�t�e�r� �o�r� �s�m�a�l�l�e�r� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�,� �t�h�e� �g�r�e�a�t�e�r� �t�h�e� �s�e�g�m�e�n�t�a�l� �m�o�b�i�l�i�t�y� �o�f� �t�h�e� 

�p�o�l�y�m�e�r�.� �T�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�h�e� �i�n�v�e�r�s�e� �o�f� �t�h�e� �m�o�b�i�l�i�t�y� �s�u�c�h� 

�t�h�a�t� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n�s� �c�a�n� �b�e� �r�e�w�r�i�t�t�e�n� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�a�s�h�i�o�n�:� 

� � 

�L� 
�u� �T�a�i�t� 

�.� �a� �é�s� �(�2�7�)� 

�2�.�3�0�3� �C�x�(�T� �-� �T�y�)� 
� � �>� �=�o�,� �o�x� 

�(�2�8�)� 

�A�n� �e�q�u�a�t�i�o�n� �e�x�t�r�e�m�e�l�y� �s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e� �a�b�o�v�e� �i�s� �g�i�v�e�n� �b�y� �S�t�u�k ��?� �w�i�t�h� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �a� �t�e�m�p�e�r�a�t�u�r�e� �s�h�i�f�t� �t�e�r�m�,� �A�T�,� �a�d�d�e�d� �t�o� �T� �i�n� �o�r�d�e�r� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� 

�p�l�a�s�t�i�c�i�z�i�n�g� �e�f�f�e�c�t� �o�f� �t�h�e� �s�o�l�u�t�e� �m�o�l�e�c�u�l�e�.� �T�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �t�h�i�s� �m�o�b�i�l�i�t�y�,� �9�,� 

�i�n�t�o� �B�u�e�c�h�e�'�s� �e�q�u�a�t�i�o�n� �i�n� �t�h�e� �p�l�a�c�e� �o�f� �t�h�e� �j�u�m�p� �f�r�e�q�u�e�n�c�y� �p�r�o�v�i�d�e�s� �a�n� �e�q�u�a�t�i�o�n� 

�f�o�r� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� �S�t�u�k� �f�i�t�t�e�d� �t�h�i�s� �e�q�u�a�t�i�o�n� �t�o� �t�h�e� �d�i�f�f�u�s�i�o�n� �d�a�t�a� �o�f� 

�2�9



�s�e�v�e�r�a�l� �g�a�s�e�s� �i�n� �n�a�t�u�r�a�l� �a�n�d� �b�u�t�y�!� �r�u�b�b�e�r� �a�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �j�u�m�p� �d�i�s�t�a�n�c�e� �a�n�d� 

�t�h�e� �A�T� �w�e�r�e� �c�o�n�s�t�a�n�t� �f�o�r� �a� �g�i�v�e�n� �p�o�l�y�m�e�r� �a�n�d� �g�a�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�t� �w�a�s� �c�o�n�c�l�u�d�e�d� 

�t�h�a�t� �d�i�f�f�u�s�i�o�n� �o�f� �g�a�s�e�s� �m�a�y� �b�e� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �s�a�m�e� �s�e�g�m�e�n�t�a�l� �d�i�f�f�u�s�i�v�e� 

�p�r�o�c�e�s�s�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�o�l�y�m�e�r� �r�e�l�a�x�a�t�i�o�n� �a�s� �r�e�l�a�t�e�d� �t�o� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�.� 

�T�h�i�s� �a�p�p�r�o�a�c�h�,� �l�i�k�e� �a�l�l� �a�p�p�r�o�a�c�h�e�s� �b�a�s�e�d� �o�n� �t�h�e� �W�L�F� �e�q�u�a�t�i�o�n�,� �i�s� �t�r�u�l�y� �v�a�l�i�d� �o�n�l�y� 

�f�o�r� �d�i�f�f�u�s�i�o�n� �i�n� �r�u�b�b�e�r�y� �p�o�l�y�m�e�r�s�-�-�a�b�o�v�e� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� 

�V�r�e�n�t�a�s� �a�n�d� �D�u�d�a� �a�n�d� �c�o�l�l�e�a�g�u�e�s� �h�a�v�e� �a�u�t�h�o�r�e�d� �n�u�m�e�r�o�u�s� �p�a�p�e�r�s�®�0�-�8�8� 

�f�o�c�u�s�s�e�d� �o�n� �t�h�e� �m�a�n�y� �a�s�p�e�c�t�s� �o�f� �d�i�f�f�u�s�i�o�n� �t�h�e�o�r�y�.� �A� �d�i�f�f�u�s�i�o�n� �t�h�e�o�r�y� �a�p�p�l�i�c�a�b�l�e� 

�t�o� �r�u�b�b�e�r�y� �p�o�l�y�m�e�r�s� �w�a�s� �d�e�v�e�l�o�p�e�d� �w�h�i�c�h� �i�n�c�o�r�p�o�r�a�t�e�s� �a�s�p�e�c�t�s� �o�f� �s�e�v�e�r�a�l� �e�a�r�l�i�e�r� 

�d�i�f�f�u�s�i�o�n� �t�h�e�o�r�i�e�s� �a�s� �w�e�l�l� �a�s� �s�o�m�e� �F�l�o�r�y�-�H�u�g�g�i�n�s� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �t�h�e�o�r�y�.� �T�h�e� 

�m�a�j�o�r� �e�q�u�a�t�i�o�n�s� �o�f� �t�h�i�s� �t�h�e�o�r�y� �h�a�v�e� �b�e�e�n� �d�e�r�i�v�e�d� �a�n�d� �w�e�l�l� �e�x�p�l�a�i�n�e�d� �i�n� �t�h�e� 

�r�e�f�e�r�e�n�c�e�s� �c�i�t�e�d� �a�b�o�v�e�.� �V�o�l�u�m�e� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �c�o�n�s�i�s�t� �o�f� �a�n� �o�c�c�u�p�i�e�d� �v�o�l�u�m�e�,� 

�a�n� �i�n�t�e�r�s�t�i�t�i�a�l� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �a� �h�o�l�e� �f�r�e�e� �v�o�l�u�m�e�,� �w�h�i�c�h� �i�s� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� 

�a�v�a�i�l�a�b�l�e� �t�o� �a� �d�i�f�f�u�s�i�n�g� �p�e�n�e�t�r�a�n�t�.� �T�h�i�s� �t�h�e�o�r�y� �i�n�c�l�u�d�e�s� �a�n� �a�d�a�p�t�a�t�i�o�n� �o�f� �F�u�j�i�t�a�'�s� 

�W�L�F� �f�r�e�e� �v�o�l�u�m�e�-�t�e�m�p�e�r�a�t�u�r�e� �r�e�l�a�t�i�o�n�,� �w�h�i�c�h� �i�s� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�e�q�u�a�t�i�o�n�:� �8�1� 

� � 

�i�D�)� �T�-� �T�s� 

�w�h�e�r�e� �K�o�7� �=�C�o�,� �a�n�d� �y�V� �2� �/�K�1�2� �=� �2�.�3�0�3�C�1�C�>�.� �"�C�1�"� �a�n�d� �"�C�o�"� �a�r�e� �t�h�e� �W�L�F� 

�c�o�n�s�t�a�n�t�s�.� �T�h�e� �t�e�r�m�,� �&�,� �i�s� �d�e�s�i�g�n�e�d� �t�o� �r�e�m�o�v�e� �F�u�j�i�t�a�'�s� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�e� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �p�e�n�e�t�r�a�n�t� �e�q�u�a�l�s� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �p�o�l�y�m�e�r� 

�j�u�m�p�i�n�g� �u�n�i�t�.� �T�h�e� �m�i�n�i�m�u�m� �c�r�i�t�i�c�a�l� �h�o�l�e� �f�r�e�e� �v�o�l�u�m�e� �p�e�r� �g�r�a�m� �o�f� �p�o�l�y�m�e�r� 

�r�e�q�u�i�r�e�d� �f�o�r� �a� �j�u�m�p� �i�s� �g�i�v�e�n� �b�y� �V� �2�.� �A�n� �o�v�e�r�l�a�p� �f�a�c�t�o�r� �i�s� �d�e�s�c�r�i�b�e�d� �b�y� �y�.� �T�h�e� 

�3�0



�t�h�e�o�r�y� �h�a�s� �b�e�e�n� �f�o�u�n�d� �t�o� �f�i�t� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �o�v�e�r� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e�s� 

�a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �b�u�t� �i�t� �h�a�s� �s�o� �m�a�n�y� �p�a�r�a�m�e�t�e�r�s� �t�h�a�t� �e�v�e�n� �t�h�e� �a�u�t�h�o�r�s� �h�a�v�e� 

�a�d�m�i�t�t�e�d� �i�t� �c�a�n� �b�e� �d�i�f�f�i�c�u�l�t� �t�o� �i�m�p�l�e�m�e�n�t�.� �®� 

�V�r�e�n�t�a�s� �a�n�d� �D�u�d�a� �h�a�v�e� �a�l�s�o� �a�t�t�e�m�p�t�e�d� �t�o� �m�o�d�i�f�y� �t�h�e� �a�b�o�v�e� �t�h�e�o�r�y� �t�o� 

�m�a�k�e� �i�t� �a�p�p�l�i�c�a�b�l�e� �t�o� �d�i�f�f�u�s�i�o�n� �i�n� �g�l�a�s�s�y� �p�o�l�y�m�e�r�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �t�h�e� 

�g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� �T�h�e� �n�o�n�-�e�q�u�i�l�i�b�r�i�u�m� �s�t�r�u�c�t�u�r�e� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �c�o�n�s�t�a�n�t� �d�u�r�i�n�g� 

�a� �d�i�f�f�u�s�i�o�n� �p�r�o�c�e�s�s� �s�o� �t�h�a�t� �t�h�e� �h�o�l�e� �f�r�e�e� �v�o�l�u�m�e� �i�s� �f�i�x�e�d�.� �F�o�r� �d�i�f�f�u�s�i�o�n� �i�n� �a� �g�l�a�s�s�y� 

�p�o�l�y�m�e�r� �f�o�r� �e�x�t�r�e�m�e�l�y� �s�m�a�l�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �p�e�n�e�t�r�a�n�t�:�8�7� 

� � 
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�_� �_�E�]� �e�x�p�|� �1�8�%� �D�=�D�o� �e�x�p�|� �a�T� �e�p�|� �V�i�,� �a� �(�3�0�)� 

�V�r� �(�0�)� �_�K� �_� �=� �[�K�e� �+� �X�(�T� �-� �T�,�)�|� �(�1�)� 

�w�h�e�r�e� �E� �i�s� �t�h�e� �m�o�l�a�r� �e�n�e�r�g�y� �n�e�e�d�e�d� �t�o� �o�v�e�r�c�o�m�e� �a�t�t�r�a�c�t�i�v�e� �f�o�r�c�e�s� �p�r�i�o�r� �t�o� �a� �j�u�m�p� 

�a�n�d� �V� �F�H� �i�s� �a�v�e�r�a�g�e� �h�o�l�e� �f�r�e�e� �v�o�l�u�m�e� �p�e�r� �g�r�a�m�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� 

�t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �d�e�r�i�v�e�d� �f�r�o�m� �a� �m�o�d�i�f�i�e�d� �W�L�F� �e�q�u�a�t�i�o�n�,�®�!� 

� � 

�n�D� �T�-�T�,� 
�D�g� �K�i�2� �K�y�p�(�K�2�4�7�-�T� �a�t� �e� �(�3�2�)� 

�o�r� �i�n� �m�o�r�e� �f�a�m�i�l�i�a�r� �t�e�r�m�s� 
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�i�n�D� �_� �2�.�3�0�3� �C�i�E�(�T� �-� �T�g�)� 

�D�g� �<�2�+�T�-� �T�'�g� 

� � 

�(�3�3�)� 

�T�h�e� �m�o�d�i�f�i�e�r�,� �y�,� �a�d�d�r�e�s�s�e�s� �t�h�e� �v�o�l�u�m�e� �c�o�n�t�r�a�c�t�i�o�n� �c�h�a�n�g�e� �w�i�t�h� �t�h�e� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n�.� �F�o�r� �y� �=� �1�,� �t�h�e� �o�r�i�g�i�n�a�l� �W�L�F� �e�q�u�a�t�i�o�n� �a�p�p�l�i�e�s� �a�n�d� �t�h�e�r�e� �i�s� �e�q�u�i�l�i�b�r�i�u�m� 

�c�o�n�t�r�a�c�t�i�o�n� �b�e�l�o�w� �T�,�.� �I�f� �y� �=�0�,� �t�h�e�n� �t�h�e� �s�p�e�c�i�f�i�c� �h�o�l�e� �f�r�e�e� �v�o�l�u�m�e� �e�q�u�a�l�s� �a� 

�c�o�n�s�t�a�n�t� �v�a�l�u�e� �e�q�u�a�l� �t�o� �t�h�e� �v�a�l�u�e� �a�t� �t�h�e� �T�y�.� �A�g�i�n�g� �p�h�e�n�o�m�e�n�a� �i�s� �n�o�t� 

�i�n�c�o�r�p�o�r�a�t�e�d� �h�e�r�e�.� �A� �t�h�e�o�r�y� �h�a�s� �a�l�s�o� �b�e�e�n� �d�e�r�i�v�e�d� �f�o�r� �d�i�f�f�u�s�i�o�n� �a� �f�i�n�i�t�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�e�n�e�t�r�a�n�t� �i�n� �a� �g�l�a�s�s�y� �p�o�l�y�m�e�r�.�®�4�,�5�5�,�8�8� �A� �p�r�e�d�i�c�t�i�v�e� �a�p�p�r�o�a�c�h� �t�o� 

�s�o�r�p�t�i�o�n� �a�s� �w�e�l�l� �a�s� �a�n� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �w�a�t�e�r� �i�n� �g�l�a�s�s�y� �p�o�l�y�(�m�e�t�h�y�]� �m�e�t�h�a�c�r�y�l�a�t�e�)� 

�h�a�s� �b�e�e�n� �p�u�b�l�i�s�h�e�d�.�5�,�8�6�,�8�8� 

�L�e�f�e�b�v�r�e�,� �e�t�.�a�l�.�,� �8�9�,�9�0� �d�e�v�e�l�o�p�e�d� �c�o�n�s�t�i�t�u�t�i�v�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �a� 

�s�m�a�l�l� �p�e�n�e�t�r�a�n�t� �u�n�d�e�r� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e�,� �s�t�r�e�s�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�T�h�e� �W�L�F� �e�q�u�a�t�i�o�n� �w�a�s� �a�l�s�o� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�i�s� �t�h�e�o�r�y� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �f�r�e�e� �v�o�l�u�m�e� �a�b�o�v�e� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�e� �a�b�o�v�e� �t�h�e�o�r�y� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �d�i�f�f�u�s�i�o�n� �i�n� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e� �b�y� �a�s�s�u�m�i�n�g� 

�t�h�a�t� �a�n�y� �i�n�v�a�l�i�d�i�t�y� �s�t�e�m�m�e�d� �f�r�o�m� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e�.� �I�t� 

�w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �s�o�m�e� �s�m�a�l�l� �s�c�a�l�e� �l�o�c�a�l� �m�o�t�i�o�n�s� �c�o�n�t�i�n�u�e� �t�o� �e�x�i�s�t� �b�e�l�o�w� �T�y�.� �T�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �b�e�l�o�w� �T�y�,� �w�a�s� �d�e�s�c�r�i�b�e�d� �b�y� �a�n� �A�r�r�h�e�n�i�u�s�-�l�i�k�e� 

�e�x�p�r�e�s�s�i�o�n� �c�o�n�t�a�i�n�i�n�g� �a�n� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 

�t�h�e�o�r�y� �w�a�s� �a�d�d�e�d� �s�p�e�c�i�f�i�c�a�l�l�y� �t�o� �a�d�d�r�e�s�s� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �b�e�l�o�w� 

�t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� 
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�2�.�4� �D�I�F�F�U�S�I�O�N� �L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

�2�.�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e�r�e� �a�r�e� �n�u�m�e�r�o�u�s� �s�t�u�d�i�e�s� �o�f� �t�h�e� �s�o�r�p�t�i�o�n� �a�n�d� �d�i�f�f�u�s�i�o�n� �o�f� �w�a�t�e�r� �a�n�d� 

�w�a�t�e�r� �v�a�p�o�r� �i�n�t�o� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �p�o�l�y�m�e�r� �s�y�s�t�e�m�s�.� �M�a�n�y� �p�r�a�c�t�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s� 

�o�f� �p�o�l�y�m�e�r�s� �r�e�q�u�i�r�e� �a�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �w�a�t�e�r� �u�n�d�e�r� �g�i�v�e�n� 

�c�o�n�d�i�t�i�o�n�s�.� �S�u�c�h� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n�c�l�u�d�e� �a�d�h�e�s�i�v�e�s�,� �c�o�m�p�o�s�i�t�e�s�,� �s�e�p�a�r�a�t�i�o�n� 

�m�e�m�b�r�a�n�e�s� �a�n�d� �h�y�d�r�o�g�e�l� �d�r�u�g�-�d�e�l�i�v�e�r�y� �s�y�s�t�e�m�s�.� �R�e�c�e�n�t� �w�o�r�k� �i�n�c�l�u�d�e�s� �s�t�u�d�i�e�s� 

�o�f� �w�a�t�e�r� �s�o�r�p�t�i�o�n� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �w�i�t�h� 

�e�p�o�x�y�,�?�!� �p�o�l�y�(�e�t�h�e�r� �e�t�h�e�r� �k�e�t�o�n�e�)� �(�P�E�E�K�)� �a�n�d� �p�o�l�y�(�p�h�e�n�y�l�e�n�e� �s�u�l�f�i�d�e�)� �(�P�P�S�)�?� 

�m�a�t�r�i�c�e�s�.� �I�n� �b�o�t�h� �s�t�u�d�i�e�s�,� �t�h�e� �d�i�f�f�u�s�i�o�n� �w�a�s� �F�i�c�k�i�a�n� �a�n�d� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� 

�d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �f�o�l�l�o�w�e�d� �a�n� �A�r�r�h�e�n�i�u�s� �r�e�l�a�t�i�o�n�s�h�i�p�.� �M�e�c�h�a�n�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �d�r�o�p�p�e�d� �w�i�t�h� �h�u�m�i�d�i�t�y�,� �b�u�t� �t�h�e� �P�E�E�K� �c�o�m�p�o�s�i�t�e�s� �s�h�o�w�e�d� �g�o�o�d� 

�p�r�o�p�e�r�t�i�e�s� �e�v�e�n� �a�t� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �h�u�m�i�d�i�t�y�.�9�2� �O�t�h�e�r� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �a�n� 

�A�r�r�h�e�n�i�u�s� �t�e�m�p�e�r�a�t�u�r�e� �r�e�l�a�t�i�o�n�s�h�i�p� �h�o�l�d�s� �a�s� �w�e�l�l� �f�o�r� �e�p�o�x�y� �c�o�a�t�i�n�g�s� �e�x�p�o�s�e�d� �t�o� 

�w�a�t�e�r�.�9�3� �F�i�c�k�i�a�n� �k�i�n�e�t�i�c�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �o�t�h�e�r� �d�u�r�a�b�i�l�i�t�y� �s�t�u�d�i�e�s� �a�s� 

�w�e�l�l�.�6�3�,�9�4� �P�o�l�y�(�e�t�h�y�l�e�n�e� �t�e�r�e�p�h�t�h�a�l�a�t�e�)� �(�P�E�T�)� �a�n�d� �p�o�l�y�(�b�u�t�y�l�e�n�e� �t�e�r�e�p�h�t�h�a�l�a�t�e�)� 

�(�P�B�T�)� �a�n�d� �t�h�e�i�r� �g�l�a�s�s� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s�,� �h�o�w�e�v�e�r�,� �h�a�v�e� �s�h�o�w�n� �n�o�n�-�F�i�c�k�i�a�n� 

�s�o�r�p�t�i�o�n� �k�i�n�e�t�i�c�s�,� �w�h�i�c�h� �a�r�e� �d�u�e� �t�o� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �v�a�r�i�o�u�s� �s�t�r�u�c�t�u�r�a�l� �c�h�a�n�g�e�s� 

�i�n� �t�h�e� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r�s� �d�u�r�i�n�g� �s�o�r�p�t�i�o�n�.�2�°� �T�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� 

�a�p�p�a�r�e�n�t� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� 

�w�e�r�e� �f�i�t�t�e�d� �t�o� �a�n� �A�r�r�h�e�n�i�u�s� �r�e�l�a�t�i�o�n�;� �t�h�e�r�e� �w�a�s� �s�h�a�r�p� �i�n�c�r�e�a�s�e� �i�n� �a�c�t�i�v�a�t�i�o�n� 

�e�n�e�r�g�y� �f�o�r� �d�i�f�f�u�s�i�o�n� �b�e�l�o�w� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� �O�f� �c�o�u�r�s�e�,� �t�h�e� �s�o�r�p�t�i�v�e� 

�i�n�t�e�r�a�c�t�i�o�n� �o�f� �w�a�t�e�r� �i�n� �n�o�n�-�c�o�m�p�o�s�i�t�e�,� �p�u�r�e� �p�o�l�y�m�e�r� �s�y�s�t�e�m�s� �i�s� �a�l�s�o� �a�n� �i�m�p�o�r�t�a�n�t� 

�a�r�e�a� �o�f� �s�t�u�d�y�.� �W�i�t�h� �i�t�s� �a�b�i�l�i�t�y� �t�o� �h�y�d�r�o�g�e�n� �b�o�n�d�,� �w�a�t�e�r� �c�a�n� �h�a�v�e� �a� �l�a�r�g�e� �i�n�f�l�u�e�n�c�e� 
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�o�n� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�o�l�y�a�m�i�d�e�s�.� �S�o�m�e� �r�e�c�e�n�t� �w�o�r�k� �i�n�c�l�u�d�e�s� �s�t�u�d�i�e�s� �o�f� �w�a�t�e�r� 

�d�i�f�f�u�s�i�o�n� �i�n�t�o� �p�o�l�y�(�i�s�o�p�h�t�h�a�l�a�m�i�d�e�)�s �� �a�n�d� �s�e�v�e�r�a�l� �t�y�p�e�s� �o�f� �K�e�v�l�a�r�? ��.�9�8� �a�n�d� 

�N�y�l�o�n� �f�i�b�e�r�s�.� �O�t�h�e�r� �m�o�r�e� �s�p�e�c�i�f�i�c� �c�a�t�e�g�o�r�i�e�s� �o�f� �r�e�c�e�n�t� �d�i�f�f�u�s�i�o�n�-�r�e�l�a�t�e�d� �w�o�r�k� �i�s� 

�d�i�s�c�u�s�s�e�d� �b�e�l�o�w�.� 

�2�.�4�.�2� �P�o�l�y�i�m�i�d�e�s� 

�T�h�e� �d�i�f�f�u�s�i�o�n� �a�n�d� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �w�a�t�e�r� �a�n�d� �d�e�u�t�e�r�a�t�e�d� �w�a�t�e�r� �i�n� �K�a�p�t�o�n� 

�(�p�y�r�o�m�e�l�l�i�t�i�c� �d�i�a�n�h�y�d�r�i�d�e� �o�x�y�d�i�a�n�i�l�i�n�e� �o�r� �P�M�D�A�-�O�D�A�)� �p�o�l�y�i�m�i�d�e� �f�i�l�m�s� �h�a�s� 

�b�e�e�n� �e�x�a�m�i�n�e�d� �u�s�i�n�g� �s�o�r�p�t�i�o�n�,� �n�u�c�l�e�a�r� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �a�n�d� �d�i�e�l�e�c�t�r�i�c� 

�r�e�l�a�x�a�t�i�o�n� �a�m�o�n�g� �o�t�h�e�r� �t�e�c�h�n�i�q�u�e�s�.�9�?� �T�h�e�s�e� �s�t�u�d�i�e�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �b�u�l�k� �s�o�r�b�e�d� 

�w�a�t�e�r� �e�x�i�s�t�e�d� �i�n� �t�w�o� �t�y�p�e�s� �o�f� �s�i�t�e�.� �O�n�e� �s�i�t�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �d�i�s�t�r�i�b�u�t�e�d� �t�h�r�o�u�g�h� 

�t�h�e� �f�i�l�m� �w�h�e�r�e�a�s� �t�h�e� �o�t�h�e�r� �s�i�t�e�,� �w�h�i�c�h� �a�p�p�e�a�r�e�d� �a�t� �h�i�g�h�e�r� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�i�e�s�,� �w�a�s� 

�d�i�s�t�r�i�b�u�t�e�d� �m�o�r�e� �i�n� �t�h�e� �i�n�t�e�r�i�o�r� �o�f� �t�h�e� �f�i�l�m� �a�n�d� �w�a�s� �f�o�u�n�d� �t�o� �h�a�v�e� �m�o�r�e� �l�o�c�a�l�i�z�e�d� 

�m�o�t�i�o�n�s�.� �T�h�e�s�e� �s�e�c�o�n�d� �s�i�t�e�s� �w�e�r�e� �t�h�o�u�g�h�t� �t�o� �b�e� �c�l�u�s�t�e�r�s� �o�f� �t�w�o� �o�r� �t�h�r�e�e� 

�m�o�l�e�c�u�l�e�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �a�n�d� �d�e�p�e�n�d� �s�o�m�e�w�h�a�t� �o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�l�l� �s�o�r�p�t�i�o�n� 

�c�u�r�v�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �F�i�c�k�i�a�n�.� �R�e�p�o�r�t�e�d� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �o�f� �t�h�e� 

�m�a�g�n�i�t�u�d�e� �o�f� �1�0�-�?� �c�m�2�/�s�e�c�.� �O�t�h�e�r� �s�t�u�d�i�e�s� �i�n�v�o�l�v�i�n�g� �w�a�t�e�r� �i�n�c�l�u�d�e� �t�h�e� �s�o�r�p�t�i�o�n� 

�a�n�d� �d�i�f�f�u�s�i�o�n� �o�f� �w�a�t�e�r� �f�r�o�m� �w�a�t�e�r�/� �e�t�h�a�n�o�l� �m�i�x�t�u�r�e�s� �t�h�r�o�u�g�h� �a�r�o�m�a�t�i�c� 

�p�o�l�y�(�e�t�h�e�r�i�m�i�d�e�)� �m�e�m�b�r�a�n�e�s� �i�n� �t�e�r�m�s� �o�f� �p�e�r�v�a�p�o�r�a�t�i�o�n� �s�e�p�a�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�.� �1�9�0� 

�W�a�t�e�r� �w�a�s� �s�o�r�b�e�d� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �o�v�e�r� �e�t�h�a�n�o�l� �a�t� �a�l�l� �"�f�e�e�d�"� �m�i�x�t�u�r�e� �c�o�m�p�o�s�i�t�i�o�n�s�.� 

�A� �b�e�n�d�i�n�g� �b�e�a�m� �t�e�c�h�n�i�q�u�e� �h�a�s� �b�e�e�n� �u�t�i�l�i�z�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �d�i�f�f�u�s�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �w�a�t�e�r� �i�n�t�o� �t�h�r�e�e� �p�o�l�y�i�m�i�d�e�s� �a�n�d� �t�h�e�i�r� �b�l�e�n�d�s� �a�n�d� �c�o�p�o�l�y�m�e�r�s�.�1�0�1� 

�T�h�e� �a�m�i�c� �a�c�i�d�s� �w�e�r�e� �c�a�s�t� �o�n� �s�i�l�i�c�o�n� �w�a�f�e�r�s� �a�n�d� �t�h�e�n� �c�u�r�e�d�.� �F�i�l�m� �t�h�i�c�k�n�e�s�s�e�s� 

�r�a�n�g�e�d� �f�r�o�m� �3� �t�o� �2�5� �u�m�s�.� �T�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �c�u�r�v�a�t�u�r�e� �o�f� �t�h�e� �b�i�-�l�a�y�e�r� �w�a�s� �f�o�l�l�o�w�e�d



�d�u�r�i�n�g� �s�o�r�p�t�i�o�n� �t�o� �d�e�t�e�r�m�i�n�e� �d�i�f�f�u�s�i�o�n�.� �T�h�e� �p�o�l�y�m�e�r�s� �s�t�u�d�i�e�d� �w�e�r�e� �p�y�r�o�m�e�l�l�i�t�i�c� 

�d�i�a�n�h�y�d�r�i�d�e�-�4�,�4�'�-�o�x�y�d�i�a�n�i�l�i�n�e� �(�P�M�D�A�-�O�D�A�)�,� �p�y�r�o�m�e�l�l�i�t�i�c� �d�i�a�n�h�y�d�r�i�d�e�-�p� �-� 

�p�h�e�n�y�l�e�n�e�d�i�a�m�i�n�e� �(�P�M�D�A�-�P�D�A�)� �a�n�d� �3�,�3�'�,�4�,�4�'�-�b�e�n�z�o�p�h�e�n�o�n�e� �t�e�t�r�a�c�a�r�b�o�x�y�l�i�c� 

�d�i�a�n�h�y�d�r�i�d�e�-�p� �-�p�h�e�n�y�l�e�n�e�d�i�a�m�i�n�e� �(�B�P�D�A�-�P�D�A�)�.� �U�p�t�a�k�e� �w�a�s� �t�e�r�m�e�d� �F�i�c�k�i�a�n� �i�n� 

�a�l�l� �c�a�s�e�s�,� �a�l�t�h�o�u�g�h� �t�h�e�r�e� �w�e�r�e� �s�o�m�e�t�i�m�e�s� �s�l�i�g�h�t� �d�e�v�i�a�t�i�o�n�s� �f�r�o�m� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� 

�c�u�r�v�e�s� �j�u�s�t� �b�e�f�o�r�e� �e�q�u�i�l�i�b�r�i�u�m�.� �S�h�o�r�t� �"�i�n�d�u�c�t�i�o�n�"� �p�e�r�i�o�d�s� �w�e�r�e� �a�l�s�o� �o�b�s�e�r�v�e�d� �i�n� 

�t�h�e�s�e� �c�u�r�v�e�s�.� �N�o� �d�e�p�e�n�d�e�n�c�e� �o�f� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�n� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �w�a�s� 

�f�o�u�n�d�.� �P�M�D�A�-�O�D�A� �s�a�m�p�l�e�s� �h�a�d� �f�a�s�t�e�r� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �t�h�a�n� �P�M�D�A�-�P�D�A� 

�s�a�m�p�l�e�s�.� �T�h�i�s� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �e�t�h�e�r� �l�i�n�k�a�g�e� �a�n�d� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �a�m�o�r�p�h�o�u�s� 

�n�a�t�u�r�e� �o�f� �P�M�D�A�-�O�D�A� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�i�t�y� �o�f� �P�M�D�A�-�P�D�A�.� 

�D�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �t�h�e� �b�l�e�n�d�s� �a�n�d� �c�o�p�o�l�y�m�e�r�s� �o�f� �t�h�e�s�e� �t�w�o� �p�o�l�y�i�m�i�d�e�s� �f�e�l�l� 

�b�e�t�w�e�e�n� �t�h�e� �h�o�m�o�p�o�l�y�m�e�r� �v�a�l�u�e�s� �f�o�r� �P�M�D�A�-�O�D�A� �a�n�d� �P�M�D�A�-�P�D�A�.� �T�h�e� 

�B�P�D�A�-�P�D�A� �s�a�m�p�l�e�s� �h�a�d� �t�h�e� �s�m�a�l�l�e�s�t� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s�.� �S�i�n�c�e� �i�t� �a�p�p�e�a�r�e�d� 

�t�h�a�t� �t�h�e� �B�P�D�A�-�P�D�A� �a�n�d� �P�M�D�A�-�P�D�A� �h�a�d� �s�i�m�i�l�a�r� �l�e�v�e�l�s� �o�f� �c�r�y�s�t�a�l�l�i�n�i�t�y� �a�n�d� 

�p�a�c�k�i�n�g� �c�o�e�f�f�i�c�i�e�n�t�s�,� �i�t� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �t�h�a�t� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �-� 

�w�a�s� �d�u�e� �t�o� �B�P�D�A�-�P�D�A� �h�a�v�i�n�g� �a� �l�a�r�g�e�r� �h�y�d�r�o�p�h�o�b�i�c� �g�r�o�u�p� �i�n� �i�t�s� �s�t�r�u�c�t�u�r�e�.� 

�B�l�e�n�d�s� �a�n�d� �c�o�p�o�l�y�m�e�r�s� �o�f� �t�h�e�s�e� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �c�o�m�p�a�t�i�b�l�e� �a�n�d� 

�h�a�v�e� �r�e�d�u�c�e�d� �s�t�r�u�c�t�u�r�a�l� �o�r�d�e�r�.� �H�o�w�e�v�e�r�,� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �o�n�l�y� �s�l�i�g�h�t�l�y� 

�h�i�g�h�e�r� �t�h�a�n� �B�P�D�A�-�P�D�A� �h�o�m�o�p�o�l�y�m�e�r� �v�a�l�u�e�s�,� �i�n�d�i�c�a�t�i�n�g� �c�r�y�s�t�a�l�l�i�n�i�t�y� �w�a�s� �a� 

�s�e�c�o�n�d�a�r�y� �i�n�f�l�u�e�n�c�e�.� 

�R�e�c�e�n�t� �w�o�r�k� �h�a�s� �a�l�s�o� �i�n�c�l�u�d�e�d� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �v�a�r�i�o�u�s� �s�o�l�v�e�n�t�s� �i�n�t�o� 

�p�o�l�y�i�m�i�d�e�s�.� �A� �g�r�a�v�i�m�e�t�r�i�c� �s�t�u�d�y� �o�f� �t�h�e� �s�o�r�p�t�i�o�n� �o�f� �s�e�v�e�r�a�l� �s�o�l�v�e�n�t�s�,� �i�n�c�l�u�d�i�n�g� 

�m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�,� �i�n�t�o� �a� �n�u�m�b�e�r� �o�f� �p�o�l�y�i�m�i�d�e�s� �p�r�o�d�u�c�e�d� �n�o�n�-�F�i�c�k�i�a�n� �s�o�r�p�t�i�o�n� 

�c�u�r�v�e�s�.�!�0�2� �O�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�!�®� �i�n�c�l�u�d�e� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �N�-�m�e�t�h�y�l�p�y�r�r�o�l�i�d�o�n�e� 

�(�N�M�P�)� �s�o�l�v�e�n�t� �v�a�p�o�r� �i�n�t�o� �p�y�r�o�m�e�l�l�i�t�i�c� �d�i�a�n�h�y�d�r�i�d�e�-�4�,�4�'�-�o�x�y�d�i�a�n�i�l�i�n�e� �(�P�M�D�A�-� 
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�O�D�A�)� �a�n�d� �p�y�r�o�m�e�l�l�i�t�i�c� �d�i�a�n�h�y�d�r�i�d�e�-�p�-�p�h�e�n�y�l�e�n�e�d�i�a�m�i�n�e� �(�P�M�D�A�-�P�D�A�)� 

�p�o�l�y�i�m�i�d�e�s� �v�i�a� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �b�e�n�d�i�n�g� �b�e�a�m� �t�e�c�h�n�i�q�u�e�.� �D�i�f�f�u�s�i�o�n� �i�n�t�o� �t�h�e� 

�a�m�o�r�p�h�o�u�s� �r�e�l�a�t�i�v�e�l�y� �f�l�e�x�i�b�l�e� �P�M�D�A�-�O�D�A� �w�a�s� �C�a�s�e� �I� �o�r� �F�i�c�k�i�a�n�,� �w�h�i�c�h� �w�a�s� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �d�u�e� �t�o� �f�l�e�x�i�b�i�l�i�t�y� �a�n�d� �p�o�s�s�i�b�l�e� �v�o�i�d� �f�o�r�m�a�t�i�o�n�.� �A�n� �"�i�n�d�u�c�t�i�o�n�"� 

�p�e�r�i�o�d� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e�s�e� �c�u�r�v�e�s�.� �D�i�f�f�u�s�i�o�n� �i�n�t�o� �t�h�e� �h�i�g�h�l�y� �c�r�y�s�t�a�l�l�i�n�e� 

�P�M�D�A�-�P�D�A� �w�a�s� �C�a�s�e� �I�I� �a�n�o�m�a�l�o�u�s�.� �T�h�e� �N�M�P� �w�a�s� �a�p�p�a�r�e�n�t�l�y� �r�e�q�u�i�r�e�d� �t�o� �f�i�r�s�t� 

�s�o�l�v�a�t�e� �o�r� �r�e�l�a�x� �t�h�e� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� �s�t�r�u�c�t�u�r�e� �b�e�f�o�r�e� �f�u�r�t�h�e�r� �d�i�f�f�u�s�i�o�n� �c�o�u�l�d� �t�a�k�e� 

�p�l�a�c�e�.� �T�h�e� �r�e�l�a�x�a�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �w�a�s� �s�e�e�n� �a�s� �a� �r�a�t�e� �l�i�m�i�t�i�n�g� �s�t�e�p� �i�n�d�i�c�a�t�i�n�g� �a� 

�s�h�a�r�p� �d�i�f�f�u�s�i�o�n� �f�r�o�n�t� �w�h�i�c�h� �i�s� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �C�a�s�e� �I�I�.� �I�n� �b�o�t�h� �c�a�s�e�s�,� �d�i�f�f�u�s�i�o�n� 

�w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�i�l�m� �t�h�i�c�k�n�e�s�s�,� �a�p�p�a�r�e�n�t�l�y� �r�e�l�a�t�e�d� �t�o� �a� 

�d�e�c�r�e�a�s�e� �o�f� �o�r�d�e�r�i�n�g� �i�n� �t�h�e� �f�i�l�m� �c�o�a�t�i�n�g� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�h�i�c�k�n�e�s�s�.� �T�h�i�c�k�n�e�s�s�e�s� 

�r�a�n�g�e�d� �f�r�o�m� �0�.�5� �t�o� �1�0� �u�m�.�.�~�D�i�f�f�u�s�i�o�n� �r�a�t�e� �a�l�s�o� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �c�u�r�e� 

�t�e�m�p�e�r�a�t�u�r�e�.� 

�D�i�f�f�u�s�i�o�n� �o�f� �p�e�r�m�a�n�e�n�t� �g�a�s�e�s� �h�a�s� �a�l�s�o� �b�e�e�n� �s�t�u�d�i�e�d� �f�o�r� �p�o�l�y�i�m�i�d�e�s�.� �T�h�e� 

�p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �p�e�r�m�a�n�e�n�t� �g�a�s�e�s� �i�n� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �d�e�g�r�e�e� �o�f� �m�e�t�h�y�l�-�g�r�o�u�p� 

�s�u�b�s�t�i�t�u�t�i�o�n� �o�n� �t�h�e� �p�h�e�n�y�l�e�n�e�d�i�a�m�i�n�e� �s�t�r�u�c�t�u�r�a�l� �p�o�r�t�i�o�n� �o�f� �s�o�m�e� �p�o�l�y�i�m�i�d�e�s� �h�a�s� 

�b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d� �w�i�t�h� �a�n� �e�m�p�h�a�s�i�s� �o�n� �s�e�l�e�c�t�i�v�i�t�y�.�!�9�4� �D�i�f�f�u�s�i�o�n� �c�o�n�s�t�a�n�t�s� �o�f� �t�h�e� 

�c�h�e�m�i�c�a�l�l�y�-�i�m�i�d�i�z�e�d� �p�o�l�y�m�e�r�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �o�b�t�a�i�n�e�d� 

�p�e�r�m�e�a�b�i�l�i�t�y� �a�n�d� �s�o�l�u�b�i�l�i�t�y� �d�a�t�a�.� �F�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �f�r�o�m� 

�s�p�e�c�i�f�i�c� �m�o�l�a�r� �v�o�l�u�m�e�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�b�s�o�l�u�t�e� �z�e�r�o� �u�s�i�n�g� �d�e�n�s�i�t�y� �d�a�t�a� �a�n�d� 

�V�a�n� �d�e�r� �W�a�a�l�s� �v�o�l�u�m�e� �d�a�t�a�.� �M�e�t�h�y�l� �s�u�b�s�t�i�t�u�t�i�o�n� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� 

�f�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �f�r�a�c�t�i�o�n�a�l� 

�f�r�e�e� �v�o�l�u�m�e� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �l�e�a�d�i�n�g� �t�o� �a� �l�o�s�s� �o�f� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� 

�f�r�e�e�d�o�m�,� �w�h�i�c�h� �c�a�u�s�e�d� �l�e�s�s� �d�e�n�s�e� �p�a�c�k�i�n�g�.� �T�h�e� �p�e�r�m�s�e�l�e�c�t�i�v�i�t�y� �o�f� �t�h�e� �b�u�l�k�y�,� 

�n�o�n�-�p�l�a�n�a�r� �s�t�r�u�c�t�u�r�e� �p�o�l�y�m�e�r�s� �w�a�s� �f�o�u�n�d� �t�o� �d�e�c�r�e�a�s�e� �f�o�r� �s�m�a�l�l�-�l�a�r�g�e� 
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�c�o�m�b�i�n�a�t�i�o�n� �p�e�n�e�t�r�a�n�t� �p�a�i�r�s� �s�u�c�h� �a�s� �h�y�d�r�o�g�e�n�/� �m�e�t�h�a�n�e� �o�r� �c�a�r�b�o�n� 

�d�i�o�x�i�d�e�/�m�e�t�h�a�n�e�.� �T�h�e� �i�n�c�r�e�a�s�e�d� �h�o�l�e� �v�o�l�u�m�e� �a�l�l�o�w�e�d� �f�o�r� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�d�i�f�f�u�s�i�o�n� �o�f� �t�h�e� �l�a�r�g�e�r� �p�e�n�e�t�r�a�n�t� �w�h�i�l�e� �t�h�e� �s�m�a�l�l�e�r� �p�e�n�e�t�r�a�n�t� �d�i�f�f�u�s�i�o�n� �w�o�u�l�d� 

�r�e�m�a�i�n� �r�e�l�a�t�i�v�e�l�y� �u�n�a�f�f�e�c�t�e�d�.� �S�o�r�p�t�i�o�n� �a�n�d� �d�i�f�f�u�s�i�o�n� �s�t�u�d�i�e�s� �o�f� �c�a�r�b�o�n� �d�i�o�x�i�d�e�,� 

�n�i�t�r�o�g�e�n� �a�n�d� �h�e�l�i�u�m� �g�a�s�e�s� �i�n� �a� �D�o�w� �c�o�m�m�e�r�c�i�a�l� �p�o�l�y�i�m�i�d�e� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� 

�r�e�l�a�x�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �c�a�n� �i�n�f�l�u�e�n�c�e� �t�h�e� �d�i�f�f�u�s�i�o�n� �k�i�n�e�t�i�c�s�.�1�9�5� �N�i�t�r�o�g�e�n� �a�n�d� 

�h�e�l�i�u�m�,� �w�h�i�c�h� �h�a�d� �l�i�n�e�a�r� �i�s�o�t�h�e�r�m�s�,� �w�e�r�e� �f�o�u�n�d� �t�o� �f�o�l�l�o�w� �s�l�i�g�h�t�l�y� �n�o�n�-�F�i�c�k�i�a�n� 

�s�o�r�p�t�i�o�n� �k�i�n�e�t�i�c�.� �T�h�i�s� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �a� �r�e�l�a�x�a�t�i�o�n�a�l� �p�r�o�c�e�s�s� �o�c�c�u�r�r�i�n�g� �o�n� �t�h�e� 

�s�a�m�e� �t�i�m�e� �s�c�a�l�e� �a�s� �t�h�e� �d�i�f�f�u�s�i�o�n� �p�r�o�c�e�s�s�.� �C�a�r�b�o�n� �d�i�o�x�i�d�e� �s�h�o�w�e�d� �a� �d�u�a�l�-�m�o�d�e� 

�s�o�r�p�t�i�o�n� �i�s�o�t�h�e�r�m�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�d� �s�o�r�p�t�i�o�n� �i�n�t�o� �t�w�o� �t�y�p�e�s� �o�f� �s�i�t�e�-�-�d�i�s�s�o�l�v�e�d� �a�n�d� 

�m�o�b�i�l�e� �o�r� �a�d�s�o�r�b�e�d� �i�n� �s�m�a�l�l� �v�o�i�d�s� �a�n�d� �i�m�m�o�b�i�l�e�.� �C�O�2� �a�p�p�e�a�r�e�d� �t�o� �h�a�v�e� �F�i�c�k�i�a�n� 

�d�i�f�f�u�s�i�o�n�.� �T�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �C�O�2� �w�e�r�e� �o�f� �t�h�e� �m�a�g�n�i�t�u�d�e� 

�1�0�-�?� �c�m�2�/� �s�e�c� �w�h�i�l�e� �t�h�o�s�e� �f�o�r� �N�2� �a�n�d� �H�e� �w�e�r�e� �o�f� �t�h�e� �m�a�g�n�i�t�u�d�e� �1�0�-�8� �c�m�2�/� �s�e�c�.� 

�T�h�e� �d�i�f�f�u�s�i�o�n� �p�r�o�c�e�s�s� �o�f� �C�O�2� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �o�n� �a� �d�i�f�f�e�r�e�n�t� �t�i�m�e� �s�c�a�l�e� �t�h�a�n� 

�t�h�e� �r�e�l�a�x�a�t�i�o�n� �a�n�d� �t�h�u�s� �d�i�f�f�u�s�i�o�n� �a�p�p�e�a�r�e�d� �n�o�n�-�a�n�o�m�a�l�o�u�s� �o�r� �F�i�c�k�i�a�n�.� 

�2�.�4�.�3� �B�l�e�n�d�s� 

�M�o�i�s�t�u�r�e� �d�i�f�f�u�s�i�o�n� �i�n�t�o� �p�o�l�y�i�m�i�d�e� �b�l�e�n�d�s� �h�a�v�e� �b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d�.� �1�0�6� 

�I�n�c�o�m�p�a�t�i�b�l�e� �b�l�e�n�d�s� �o�f� �r�i�g�i�d� �P�M�D�A�-�B� �(�p�y�r�o�m�e�l�l�i�t�i�c� �d�i�a�n�h�y�d�r�i�d�e�-�b�e�n�z�i�d�i�n�e�)� �a�n�d� 

�s�e�m�i�-�f�l�e�x�i�b�l�e� �6�F�D�A�-�P�D�A� �(�6�F�-�d�i�a�n�h�y�d�r�i�d�e�-�p�h�e�n�y�l�e�n�e�d�i�a�m�i�n�e�)� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� 

�p�r�e�p�a�r�e�d� �b�y� �b�l�e�n�d�i�n�g� �t�h�e� �a�m�i�c� �a�c�i�d�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �p�r�i�o�r� �t�o� �t�h�e�r�m�a�l� 

�c�u�r�i�n�g�.� �H�e�a�t�i�n�g� �t�h�e� �a�m�i�c� �a�c�i�d� �b�l�e�n�d� �t�o� �5�0�°�C� �f�o�r� �4�0� �h�o�u�r�s� �p�r�i�o�r� �t�o� �c�u�r�i�n�g� 

�p�r�o�d�u�c�e�d� �c�o�m�p�a�t�i�b�l�e� �b�l�e�n�d�s�,� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �X�-�r�a�y� �d�i�f�f�r�a�c�t�o�m�e�t�r�y�.� �B�e�n�d�i�n�g� 

�b�e�a�m� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �u�s�e�d� �t�o� �f�o�l�l�o�w� �s�o�r�p�t�i�o�n� �o�f� �m�o�i�s�t�u�r�e�.� �D�i�f�f�u�s�i�o�n� �f�o�l�l�o�w�e�d� 

�C�a�s�e� �I� �o�r� �F�i�c�k�i�a�n� �k�i�n�e�t�i�c�s� �a�n�d� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �1�0�-�1�0� 
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�c�m�2�/�s�e�c�.� �P�u�r�e� �P�M�D�A�-�B� �h�a�d� �t�h�e� �s�l�o�w�e�s�t� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� �P�u�r�e� �a�m�o�r�p�h�o�u�s� 

�6�F�D�A�-�P�D�A� �h�a�d� �a� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �m�a�g�n�i�t�u�d�e� �1�0�-�?� �c�m�2�/�s�e�c�,� �w�h�i�c�h� �w�a�s� �m�u�c�h� �f�a�s�t�e�r� 

�t�h�a�n� �a�l�l� �t�h�e� �b�l�e�n�d�s�.� �A� �l�a�r�g�e�r� �i�n�t�e�r�c�h�a�i�n� �s�p�a�c�i�n�g� �i�n� �t�h�e� �a�m�o�r�p�h�o�u�s� �h�o�m�o�p�o�l�y�m�e�r� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �i�n� �t�h�e� �b�l�e�n�d�s� �a�n�d� �i�n� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �c�r�y�s�t�a�l�l�i�n�e� �P�M�D�A�-�B� �w�a�s� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� �r�e�a�s�o�n�.� �T�h�e� �d�i�f�f�u�s�i�o�n� �c�o�n�s�t�a�n�t�s� �o�f� �t�h�e� �b�l�e�n�d�s� �i�n�c�r�e�a�s�e�d� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �c�o�n�t�e�n�t� �o�f� �6�F�D�A�-�P�D�A� �f�o�r� �a�l�l� �b�l�e�n�d�s�,� �b�u�t� �w�e�r�e� �h�i�g�h�e�r� �f�o�r� �t�h�e� �s�e�r�i�e�s� �o�f� 

�c�o�m�p�a�t�i�b�l�e� �b�l�e�n�d�s� �t�h�a�n� �f�o�r� �t�h�e� �t�h�e� �s�e�r�i�e�s� �o�f� �i�n�c�o�m�p�a�t�i�b�l�e� �b�l�e�n�d�s�.� �T�h�i�s� �w�a�s� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�o�m�a�i�n�s� �o�f� �c�r�y�s�t�a�l�l�i�n�i�t�y� �i�n� �t�h�e� �i�n�c�o�m�p�a�t�i�b�l�e� �b�l�e�n�d�s� �a�c�t�i�n�g� �a�s� 

�i�m�p�e�n�e�t�r�a�b�l�e� �b�a�r�r�i�e�r�s� �t�o� �w�a�t�e�r�.� 

�W�a�t�e�r� �h�a�s� �b�e�e�n� �u�s�e�d� �a�s� �a� �d�i�f�f�u�s�i�o�n�a�l� �p�r�o�b�e� �t�o� �e�x�a�m�i�n�e� �s�e�g�m�e�n�t�a�l� �m�o�b�i�l�i�t�y� 

�i�n� �b�l�e�n�d�s� �o�f� �p�o�l�y�(�m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�)� �(�P�M�M�A�)� �a�n�d� �s�t�y�r�e�n�e�-�a�c�r�y�l�o�n�i�t�r�i�l�e� 

�(�P�S�A�N�)� �c�o�p�o�l�y�m�e�r�s� �w�i�t�h� �p�o�l�y�s�t�y�r�e�n�e� �(�M�P�S�)� �m�o�d�i�f�i�e�d� �t�o� �c�o�n�t�a�i�n� �h�y�d�r�o�x�y� 

�g�r�o�u�p�s�.�!�0�7� �T�h�e� �h�y�d�r�o�g�e�n�-�b�o�n�d�a�b�l�e� �g�r�o�u�p�s� �o�f� �t�h�e� �M�P�S� �p�r�o�v�i�d�e�d� �b�l�e�n�d� 

�m�i�s�c�i�b�i�l�i�t�y�.� �B�l�e�n�d�s� �w�i�t�h� �h�i�g�h�e�r� �h�y�d�r�o�x�y� �c�o�n�t�e�n�t�s�,� �h�o�w�e�v�e�r�,� �s�h�o�w�e�d� �p�o�s�i�t�i�v�e� 

�e�x�c�e�s�s� �v�o�l�u�m�e�s�,� �w�h�i�c�h� �w�e�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �p�o�o�r� �c�h�a�i�n� �p�a�c�k�i�n�g� �d�u�e� �t�o� �i�n�h�e�r�e�n�t� 

�i�m�m�i�s�c�i�b�i�l�i�t�y� �w�i�t�h� �n�o�n�-�m�o�d�i�f�i�e�d� �s�t�y�r�e�n�e� �u�n�i�t�s� �a�n�d� �t�h�e� �b�r�e�a�k�-�u�p� �o�f� �w�h�a�t� �w�o�u�l�d� 

�o�t�h�e�r�w�i�s�e� �b�e� �(�i�n� �a� �M�P�S� �h�o�m�o�p�o�l�y�m�e�r�)� �s�e�l�f�-�a�s�s�o�c�i�a�t�e�d� �h�y�d�r�o�x�y� �g�r�o�u�p�s�.� �T�h�e� 

�a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �f�o�r� �d�i�f�f�u�s�i�o�n� �w�a�s� �c�o�r�r�e�l�a�t�e�d� �t�o� �t�h�e� �e�x�c�e�s�s� �v�o�l�u�m�e�.� �D�i�f�f�u�s�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �1�0�-�7� �t�o� �1�0�-�8� �c�m�2�/�s�e�c�.� �T�h�o�s�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� 

�b�l�e�n�d�s� �w�e�r�e� �i�n� �m�a�n�y� �c�a�s�e�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s�,� �w�h�i�c�h� �w�e�r�e� 

�a�v�e�r�a�g�e�d� �f�r�o�m� �c�o�m�p�o�n�e�n�t� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n�s�.� �T�h�i�s� �w�a�s� �p�e�r�h�a�p�s� �d�u�e� �a�g�a�i�n� �t�o� �p�o�o�r� 

�c�h�a�i�n� �p�a�c�k�i�n�g�.� �T�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �v�a�r�i�e�d� �c�o�n�s�i�s�t�e�n�t�l�y� �w�i�t�h� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e�-�-� 

�i�n�c�r�e�a�s�i�n�g� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�p�e�c�i�f�i�c� �v�o�l�u�m�e�.� 

�S�o�r�p�t�i�o�n� �o�f� �w�a�t�e�r� �i�n�t�o� �s�u�l�f�u�r�-�c�o�n�t�a�i�n�i�n�g� �p�o�l�y�m�e�r� �b�l�e�n�d�s� �i�n�c�l�u�d�e�s� �a� �s�t�u�d�y� 

�d�o�n�e� �o�n�a� �s�e�r�i�e�s� �o�f� �p�o�l�y�e�t�h�e�r�s�u�l�f�o�n�e� �(�P�E�S�)�/� �p�h�e�n�o�x�y� �p�o�l�y�m�e�r� �b�l�e�n�d�s�.�1�9�8� 
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�D�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �t�h�e�s�e� �m�i�s�c�i�b�l�e� �b�l�e�n�d�s� �f�e�l�l� �b�e�t�w�e�e�n� �t�h�o�s�e� �o�f� �t�h�e� 

�h�o�m�o�p�o�l�y�m�e�r�s�:� �3�.�2� �X� �1�0�-�8� �c�m�2�/�s�e�c� �f�o�r� �P�E�S� �a�n�d� �6�.�5� �X� �1�0�-�9� �c�m�2�/� �s�e�c� �f�o�r� �t�h�e� 

�p�h�e�n�o�x�y� �p�o�l�y�m�e�r�.� �P�e�r�m�e�a�b�i�l�i�t�y� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �w�h�e�n� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� 

�w�a�s� �i�n�d�u�c�e�d� �i�n� �t�h�e� �6�7�%� �P�E�S� �b�l�e�n�d�.� �I�m�m�i�s�c�i�b�l�e� �b�l�e�n�d�s� �o�f� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� 

�p�o�l�y�(�p�h�e�n�y�l�e�n�e� �s�u�l�f�i�d�e�)� �(�P�P�S�)� �a�n�d� �a�m�o�r�p�h�o�u�s�,� �h�y�d�r�o�l�y�t�i�c�a�l�l�y� �u�n�s�t�a�b�l�e� 

�p�o�l�y�(�a�r�y�l�a�t�e�)� �(�P�A�R�)� �h�a�v�e� �a�l�s�o� �b�e�e�n� �s�t�u�d�i�e�d� �1�0�9� �v�i�a� �w�a�t�e�r� �i�m�m�e�r�s�i�o�n�.� �S�o�r�p�t�i�o�n� 

�c�u�r�v�e�s� �f�o�r� �P�P�S� �s�h�o�w�e�d� �F�i�c�k�i�a�n�-�l�i�k�e� �b�e�h�a�v�i�o�r�,� �w�h�i�l�e� �t�h�o�s�e� �f�o�r� �P�A�R� �r�e�v�e�a�l�e�d� 

�a�n�o�m�a�l�o�u�s� �u�p�t�a�k�e� �d�u�e� �t�o� �h�y�d�r�o�l�y�t�i�c� �d�e�g�r�a�d�a�t�i�o�n� �a�t� �l�o�n�g� �s�o�r�p�t�i�o�n� �t�i�m�e�s�.� 

�D�i�f�f�u�s�i�v�i�t�y� �o�f� �t�h�e� �b�l�e�n�d�s� �w�a�s� �f�o�u�n�d� �t�o� �d�e�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �P�P�S� �c�o�n�t�e�n�t� �u�n�t�i�l� 

�a� �p�o�i�n�t� �w�a�s� �r�e�a�c�h�e�d� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�5�%� �w�h�e�r�e� �t�h�e� �d�i�f�f�u�s�i�v�i�t�y� �b�e�c�a�m�e� �c�o�n�s�t�a�n�t� 

�a�n�d� �e�q�u�a�l� �t�o� �t�h�a�t� �o�f� �p�u�r�e� �P�P�S�.� �T�h�i�s� �w�a�s� �r�e�l�a�t�e�d� �t�o� �a� �m�o�r�p�h�o�l�o�g�i�c�a�l� �c�h�a�n�g�e� �i�n� �t�h�e� 

�b�l�e�n�d� �i�n� �w�h�i�c�h� �P�P�S� �a�p�p�e�a�r�s� �t�o� �b�e�c�o�m�e� �c�o�n�t�i�n�u�o�u�s� �a�t� �o�r� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e�.� 

�2�.�4�.�4� �C�o�p�o�l�y�m�e�r�s� 

�W�a�t�e�r� �v�a�p�o�r� �s�o�r�p�t�i�o�n� �o�f� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �o�f� �p�o�l�y�c�a�p�r�o�a�m�i�d�e� �(�P�C�A�)� �a�n�d� 

�p�o�l�y�-�(�N�,�N�-�d�i�m�e�t�h�y�l�a�m�i�n�o�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�)� �(�P�D�M�A�E�M�A�)� �h�a�v�e� �b�e�e�n� 

�i�n�v�e�s�t�i�g�a�t�e�d� �u�s�i�n�g� �a�n� �i�n�t�e�r�v�a�l� �s�o�r�p�t�i�o�n� �t�e�c�h�n�i�q�u�e�.�!�1�1�0� �S�o�l�u�b�i�l�i�t�y� �w�a�s� �i�n�d�e�p�e�n�d�e�n�t� 

�o�f� �t�h�e� �a�m�o�u�n�t� �o�f� �P�D�M�A�E�M�A� �g�r�a�f�t� �p�o�l�y�m�e�r�.� �D�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �f�o�u�n�d� �t�o� 

�i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �g�r�a�f�t� �c�o�n�t�e�n�t�-�-�w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �b�e�c�o�m�i�n�g� �l�e�s�s� �s�i�g�n�i�f�i�c�a�n�t� 

�a�t� �h�i�g�h�e�r� �v�a�p�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �w�a�s� �r�e�l�a�t�e�d� �t�o� �a� �"�l�o�o�s�e�n�i�n�g�"� �o�f� �t�h�e� 

�s�t�r�u�c�t�u�r�e� �a�n�d� �t�o� �a� �d�e�c�r�e�a�s�e� �i�n� �o�v�e�r�a�l�l� �a�m�i�d�e� �g�r�o�u�p� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �H�i�g�h� �w�a�t�e�r� 

�c�o�n�t�e�n�t�s� �i�n� �t�h�e� �p�o�l�y�m�e�r�s� �w�e�r�e� �f�o�u�n�d� �t�o� �c�a�u�s�e� �p�l�a�s�t�i�c�i�z�a�t�i�o�n� �a�n�d� �c�l�u�s�t�e�r�i�n�g�,� �w�i�t�h� 

�t�h�e� �p�l�a�s�t�i�c�i�z�a�t�i�o�n� �o�f� �t�h�e� �P�C�A� �b�e�i�n�g� �t�h�e� �g�r�e�a�t�e�s�t�.� 

�S�o�r�p�t�i�o�n� �b�y� �w�a�t�e�r� �i�m�m�e�r�s�i�o�n� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �d�o�n�e� �o�n� �h�y�d�r�o�g�e�l� 

�n�e�t�w�o�r�k� �c�o�p�o�l�y�m�e�r�s� �o�f� �2�-�h�y�d�r�o�x�y�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �(�H�E�M�A�)� �c�r�o�s�s�l�i�n�k�e�d� �w�i�t�h� 
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�v�a�r�i�o�u�s� �m�u�l�t�i�-�e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �d�i�m�e�t�h�a�c�r�y�l�a�t�e�s�.�1�!�1� �T�h�e�s�e� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �e�i�t�h�e�r� 

�a� �b�u�l�k� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�r� �a� �s�o�l�u�t�i�o�n� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �w�a�t�e�r� �o�r� 

�e�t�h�a�n�o�l�.� �S�p�e�c�i�a�l� �e�f�f�o�r�t�s� �w�e�r�e� �m�a�d�e� �t�o� �p�r�o�d�u�c�e� �u�n�i�f�o�r�m� �c�o�p�o�l�y�m�e�r�s� �t�h�a�t� �s�h�o�w�e�d� 

�n�o� �v�i�s�i�b�l�e� �s�i�g�n�s� �o�f� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �o�r� �c�r�a�c�k�i�n�g�.� �I�t� �w�a�s� �g�e�n�e�r�a�l�l�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� 

�u�p�t�a�k�e� �o�f� �w�a�t�e�r� �i�n�t�o� �t�h�e� �c�r�o�s�s�l�i�n�k�e�d� �s�y�s�t�e�m�s� �w�a�s� �r�e�l�a�x�a�t�i�o�n� �d�e�p�e�n�d�a�n�t� �C�a�s�e� �I�I� 

�t�r�a�n�s�p�o�r�t�.� �T�h�e� �s�o�l�u�t�i�o�n� �p�o�l�y�m�e�r�i�z�e�d� �c�o�p�o�l�y�m�e�r�s� �s�o�r�b�e�d� �t�o� �e�q�u�i�l�i�b�r�i�u�m� �a�t� �a�n� 

�i�n�c�r�e�a�s�e�d� �r�a�t�e�,� �w�h�i�c�h� �w�a�s� �s�u�g�g�e�s�t�e�d� �t�o� �b�e� �d�u�e� �t�o� �a� �m�o�r�e� �o�p�e�n� �a�n�d� �r�e�l�a�x�e�d� 

�s�t�r�u�c�t�u�r�e� �a�t�t�a�i�n�e�d� �d�u�r�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �S�o�r�p�t�i�o�n� �o�f� �w�a�t�e�r� �v�a�p�o�r� �i�n�t�o� �t�h�e� �s�a�m�e� 

�t�y�p�e�s� �o�f� �c�o�p�o�l�y�m�e�r� �n�e�t�w�o�r�k�s� �h�a�s� �b�e�e�n� �s�t�u�d�i�e�d� �w�i�t�h� �a�n� �e�m�p�h�a�s�i�s� �o�n� �t�h�e� �e�f�f�e�c�t� �o�f� 

�t�h�e� �d�e�g�r�e�e� �a�n�d� �n�a�t�u�r�e� �o�f� �t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g�.�1�1�2� �S�o�r�p�t�i�o�n� �w�a�s� �r�e�d�u�c�e�d� �b�y� �h�i�g�h�e�r� 

�c�r�o�s�s�l�i�n�k�i�n�g� �a�n�d� �w�a�s� �a�g�a�i�n� �f�o�u�n�d� �t�o� �b�e� �g�e�n�e�r�a�l�l�y� �n�o�n�-�F�i�c�k�i�a�n� �C�a�s�e� �I�I�.� �H�o�w�e�v�e�r�,� 

�a�t� �l�o�w� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�i�e�s�,� �s�o�r�p�t�i�o�n� �a�l�m�o�s�t� �c�o�n�f�o�r�m�e�d� �t�o� �F�i�c�k�'�s� �l�a�w� �f�o�r� �t�h�e� 

�c�o�p�o�l�y�m�e�r�s�.� �A� �h�o�m�o�p�o�l�y�m�e�r� �P�H�E�M�A� �n�e�t�w�o�r�k� �s�h�o�w�e�d� �F�i�c�k�i�a�n� �u�p�t�a�k�e�,� �e�x�c�e�p�t� 

�a�t� �1�0�0�%� �R�H�.� 

�T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �s�o�f�t� �s�e�g�m�e�n�t� �o�n� �w�a�t�e�r� �s�o�r�p�t�i�o�n� �i�n�t�o� �s�e�g�m�e�n�t�e�d� 

�p�o�l�y�u�r�e�t�h�a�n�e�s� �h�a�s� �b�e�e�n� �e�x�a�m�i�n�e�d� �i�n� �t�e�r�m�s� �o�f� �c�l�u�s�t�e�r� �t�h�e�o�r�y�.�1�1�3� �E�t�h�y�l�e�n�e� �a�n�d� 

�p�r�o�p�y�l�e�n�e� �o�x�i�d�e� �s�o�f�t� �s�e�g�m�e�n�t�s� �a�s� �w�e�l�l� �a�s� �p�r�o�p�y�l�e�n�e�-�e�t�h�y�l�e�n�e�-�p�r�o�p�y�l�e�n�e� �o�x�i�d�e� 

�(�P�E�P�)� �t�r�i�b�l�o�c�k� �s�o�f�t� �s�e�g�m�e�n�t�s� �w�e�r�e� �s�t�u�d�i�e�d�.� �P�r�o�p�o�x�a�m�e�r� �u�n�i�t�s� �t�e�n�d�e�d� �t�o� �i�n�c�r�e�a�s�e� 

�c�l�u�s�t�e�r�i�n�g�.� �S�i�m�i�l�a�r� �i�n�c�r�e�a�s�e�s� �i�n� �c�l�u�s�t�e�r�i�n�g� �d�u�e� �t�o� �t�h�e� �m�o�r�e� �h�y�d�r�o�p�h�o�b�i�c� 

�p�r�o�p�y�l�e�n�e� �o�x�i�d�e� �g�r�o�u�p�s� �w�e�r�e� �f�o�u�n�d� �i�n� �s�o�r�p�t�i�o�n� �s�t�u�d�i�e�s� �o�f� �t�h�e� �P�E�P� �c�o�p�o�l�y�m�e�r� �i�n� 

�a� �p�r�e�v�i�o�u�s� �p�a�p�e�r�.�!�1�4� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �w�a�t�e�r� �w�i�t�h� �p�o�l�y�u�r�e�t�h�a�n�e�s� �c�o�n�t�a�i�n�i�n�g� �s�o�f�t� 

�s�e�g�m�e�n�t�s� �c�o�m�p�o�s�e�d� �o�f� �E�P�E� �t�r�i�b�l�o�c�k� �c�o�p�o�l�y�m�e�r�s� �h�a�s� �a�l�s�o� �b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d�.� �1�1�5� 

�T�h�e� �s�o�r�p�t�i�o�n� �o�f� �w�a�t�e�r� �a�n�d� �t�h�e� �s�m�a�l�l� �d�e�p�r�e�s�s�i�o�n� �o�f� �t�h�e� �s�o�f�t� �s�e�g�m�e�n�t� �T�g� �b�y� �w�a�t�e�r� 

�w�e�r�e� �b�e�l�i�e�v�e�d� �t�o� �b�e� �i�n�f�l�u�e�n�c�e�d� �b�y� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �c�o�p�o�l�y�m�e�r� 

�c�o�m�p�o�n�e�n�t�s� �a�n�d� �p�o�s�s�i�b�l�e� �r�e�s�t�r�i�c�t�e�d� �m�o�t�i�o�n� �o�f� �t�h�e� �e�t�h�y�l�e�n�e� �o�x�i�d�e�.� 
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�T�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �C�O�2�,� �a�r�g�o�n� �a�n�d� �m�e�t�h�a�n�e� �i�n� �a� �g�l�a�s�s�y�-� 

�p�o�l�y�s�t�y�r�e�n�e�/�r�u�b�b�e�r�y�-�p�o�l�y�b�u�t�a�d�i�e�n�e� �s�t�a�r�-�b�r�a�n�c�h�e�d� �b�l�o�c�k� �c�o�p�o�l�y�m�e�r� �e�x�h�i�b�i�t�i�n�g� 

�w�e�l�l�-�d�e�f�i�n�e�d� �l�a�m�e�l�l�a�r� �m�o�r�p�h�o�l�o�g�y� �h�a�s� �b�e�e�n� �r�e�c�e�n�t�l�y� �r�e�p�o�r�t�e�d�.�1�1�6� �T�h�e� �d�i�f�f�u�s�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �e�a�c�h� �g�a�s� �i�n� �t�h�e� �c�o�p�o�l�y�m�e�r� �f�e�l�l� �b�e�t�w�e�e�n� �t�h�e� �v�a�l�u�e�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� 

�t�h�e� �h�o�m�o�p�o�l�y�m�e�r�s�,� �a�s� �w�a�s� �e�x�p�e�c�t�e�d�.� �H�o�w�e�v�e�r�,� �a� �h�i�g�h�e�r� �t�h�a�n� �n�o�r�m�a�l� 

�t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �w�a�s� �s�h�o�w�n� �b�y� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� �o�f� �d�i�f�f�u�s�i�o�n�.� 

�T�h�e�o�r�e�t�i�c�a�l� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s�,� �w�h�i�c�h� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �b�y� �a� �c�o�m�p�u�t�e�r� 

�s�i�m�u�l�a�t�i�o�n� �o�f� �u�n�s�t�e�a�d�y� �d�i�f�f�u�s�i�o�n� �w�h�i�c�h� �u�t�i�l�i�z�e�d� �h�o�m�o�p�o�l�y�m�e�r� �p�r�o�p�e�r�t�i�e�s�,� �a�l�s�o� 

�d�i�d� �n�o�t� �m�a�t�c�h� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�e�f�f�i�c�i�e�n�t�s�.� �T�h�i�s� �l�e�d� �t�o� �t�h�e� �c�o�n�c�l�u�s�i�o�n� �t�h�a�t� �t�h�e� 

�m�o�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�b�u�t�a�d�i�e�n�e� �c�h�a�i�n�s� �i�n� �t�h�e� �c�o�p�o�l�y�m�e�r� �w�a�s� �m�o�r�e� �r�e�s�t�r�i�c�t�e�d� �t�h�a�n� 

�t�h�e�y� �w�o�u�l�d� �b�e� �i�n� �t�h�e� �h�o�m�o�p�o�l�y�m�e�r�.� �A� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �m�o�b�i�l�i�t�y� �f�a�c�t�o�r� 

�p�e�r�t�a�i�n�i�n�g� �t�o� �t�h�e� �p�r�o�p�o�r�t�i�o�n�a�l� �c�h�a�n�g�e� �i�n� �t�h�e� �p�o�l�y�b�u�t�a�d�i�e�n�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d�.� �A�s� �t�e�m�p�e�r�a�t�u�r�e� �a�p�p�r�o�a�c�h�e�d� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e� �T�g�,� �t�h�e� �m�o�b�i�l�i�t�y� 

�f�a�c�t�o�r� �w�a�s� �f�o�u�n�d� �t�o� �g�o� �t�o� �u�n�i�t�y�.� �T�h�e� �s�t�u�d�y� �a�l�s�o� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �t�h�e� �s�o�l�u�b�i�l�i�t�y� �o�f� 

�t�h�e� �g�a�s�e�s� �i�n� �t�h�i�s� �g�l�a�s�s�y�-�r�u�b�b�e�r�y� �p�h�a�s�e�-�s�e�p�a�r�a�t�e�d� �c�o�p�o�l�y�m�e�r� �w�a�s� �e�q�u�a�l� �t�o� �t�h�e� �s�u�m� 

�o�f� �t�h�e� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n�s� �o�f� �e�a�c�h� �c�o�m�p�o�n�e�n�t� �m�u�l�t�i�p�l�i�e�d� �b�y� �i�t�s� �r�e�s�p�e�c�t�i�v�e� 

�h�o�m�o�p�o�l�y�m�e�r� �s�o�l�u�b�i�l�i�t�y�.� 
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�3�.� �E�X�P�E�R�I�M�E�N�T�A�L� 

�3�.�1� �P�O�L�Y�M�E�R�S� 

�T�h�e� �p�o�l�y�i�m�i�d�e� �a�n�d� �p�o�l�y�(�i�m�i�d�e�s�i�l�o�x�a�n�e�)� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �b�y� 

�m�e�m�b�e�r�s� �o�f� �D�r�.� �J�.�E�.� �M�c�G�r�a�t�h�'�s� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h�.� �T�h�e� �s�p�e�c�i�f�i�c� 

�d�e�t�a�i�l�s� �o�f� �t�h�e� �s�y�n�t�h�e�s�i�s� �i�t�s�e�l�f� �h�a�v�e� �b�e�e�n� �w�e�l�l� �d�e�s�c�r�i�b�e�d� �e�l�s�e�w�h�e�r�e ��1�1�7� �a�n�d� �w�i�l�l� 

�o�n�l�y� �b�e� �b�r�i�e�f�l�y� �d�e�s�c�r�i�b�e�d� �h�e�r�e�.� �S�i�l�o�x�a�n�e� �s�e�g�m�e�n�t�s� �a�r�e� �p�r�e�-�f�o�r�m�e�d� �a�s� �a�,�w�-� 

�a�m�i�n�o�p�r�o�p�y�]� �p�o�l�y�(�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e�)� �o�l�i�g�o�m�e�r�s�,� �w�h�i�c�h� �a�r�e� �s�y�n�t�h�e�s�i�z�e�d� �1�1�8�,�1�1�9� �b�y� 

�a� �r�e�a�c�t�i�o�n� �i�n�v�o�l�v�i�n�g� �t�h�e� �e�q�u�i�l�i�b�r�a�t�i�o�n� �o�f� �D�4�,� �a� �c�y�c�l�i�c� �s�i�l�o�x�a�n�e� �t�e�t�r�a�m�e�r�.� �O�l�i�g�o�m�e�r� 

�n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �p�o�t�e�n�t�i�o�m�e�t�r�i�c� 

�t�i�t�r�a�t�i�o�n� �o�f� �t�h�e� �a�m�i�n�e� �e�n�d�-�g�r�o�u�p�s�.� �T�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �p�o�l�y�m�e�r�s� �i�n�v�o�l�v�e�s� �t�h�e� �u�s�e� 

�o�f� �a� �c�o�s�o�l�v�e�n�t� �s�y�s�t�e�m� �o�f� �N�-�m�e�t�h�y�l�-�2�-�p�y�r�r�o�l�i�d�i�n�o�n�e� �(�N�M�P�)� �o�r� �N�,�N�-� 

�d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e� �(�D�M�A�C�)� �w�i�t�h� �t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�T�H�F�)� �i�n� �o�r�d�e�r� �t�o� �h�a�v�e� �a� 

�h�o�m�o�g�e�n�e�o�u�s� �s�o�l�u�t�i�o�n� �o�f� �a�l�l� �t�h�e� �m�o�n�o�m�e�r�s�;� �g�e�n�e�r�a�l�l�y� �a� �g�r�e�a�t�e�r� �p�r�o�p�o�r�t�i�o�n� �o�f� 

�T�H�F� �i�s� �n�e�e�d�e�d� �i�f� �a� �g�r�e�a�t�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�r� �p�e�r�c�e�n�t�a�g�e� �o�f� �s�i�l�o�x�a�n�e� �i�s� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� �T�h�e� �a�m�i�n�e�-�t�e�r�m�i�n�a�t�e�d� �s�i�l�o�x�a�n�e� �i�s� �a�d�d�e�d� �t�o� �a� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� 

�g�i�v�e�n� �d�i�a�n�h�y�d�r�i�d�e� �s�o� �t�h�a�t� �t�h�e� �s�i�l�o�x�a�n�e� �i�s� �c�a�p�p�e�d� �w�i�t�h� �a�n�h�y�d�r�i�d�e� �g�r�o�u�p�s�.� �T�h�e� 

�g�i�v�e�n� �d�i�a�m�i�n�e� �i�s� �t�h�e�n� �a�d�d�e�d� �s�l�o�w�l�y� �t�o� �t�h�e� �s�o�l�u�t�i�o�n�,� �p�r�o�d�u�c�i�n�g� �a� �r�a�n�d�o�m�l�y� 

�s�e�g�m�e�n�t�e�d� �m�u�l�t�i�-�b�l�o�c�k� �a�m�i�c� �a�c�i�d�-�s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r�.� �A� �m�o�n�o�f�u�n�c�t�i�o�n�a�l� 

�a�n�h�y�d�r�i�d�e� �i�s� �a�d�d�e�d� �a�l�s�o� �a�s� �a� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�n�t�r�o�l�l�i�n�g� �e�n�d�-�c�a�p�.� �T�h�e� �a�m�i�c� 

�a�c�i�d� �p�o�r�t�i�o�n� �o�f� �t�h�e� �c�o�p�o�l�y�m�e�r� �i�s� �t�h�e�n� �i�m�i�d�i�z�e�d� �b�y� �a� �s�o�l�u�t�i�o�n� �i�m�i�d�i�z�a�t�i�o�n� 

�p�r�o�c�e�s�s ��8� �w�h�i�c�h� �o�c�c�u�r�s� �i�n� �a� �c�o�s�o�l�v�e�n�t� �s�y�s�t�e�m� �o�f� �N�M�P� �a�n�d� 

�c�y�c�l�o�h�e�x�y�l�p�y�r�r�o�l�i�d�i�n�o�n�e� �(�C�H�P�)� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �n�e�a�r� �1�6�0�°�C�,� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �i�n� 

�b�u�l�k� �i�m�i�d�i�z�a�t�i�o�n�.� �T�h�e� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �s�u�c�h� �m�u�l�t�i�-�b�l�o�c�k� �p�o�l�y�i�m�i�d�e�s�i�l�o�x�a�n�e� 
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�c�o�p�o�l�y�m�e�r�s� �h�a�v�e� �b�e�e�n� �e�x�a�m�i�n�e�d� �f�o�r� �a� �n�u�m�b�e�r� �o�f� �c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e� 

�v�a�r�i�a�t�i�o�n�s�.�>�,�6�,�1�1�7� 

�T�h�e� �p�o�l�y�m�e�r�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �b�e�n�z�o�p�h�e�n�o�n�e� 

�t�e�t�r�a�c�a�r�b�o�x�y�l�i�c� �d�i�a�n�h�y�d�r�i�d�e� �(�B�T�D�A�)�,� �b�i�s�a�n�i�l�i�n�e� �P� �(�B�i�s� �P�)� �a�n�d� �a�m�i�n�o�p�r�o�p�y�l�-� 

�t�e�r�m�i�n�a�t�e�d� �p�o�l�y�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e� �(�P�D�M�S�)� �o�l�i�g�o�m�e�r�s� �o�f� �t�w�o� �d�i�f�f�e�r�e�n�t� �n�u�m�b�e�r� 

�a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s�.� �T�h�e� �s�i�l�o�x�a�n�e� �o�l�i�g�o�m�e�r�s� �h�a�d� �a�p�p�r�o�x�i�m�a�t�e� �n�u�m�b�e�r� 

�a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �o�f� �3�6�0�0� �g�r�a�m�s� �p�e�r� �m�o�l�e� �a�n�d� �1�5�0�0� �g�/�m�o�l�.� �T�a�r�g�e�t� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �f�o�r� �t�h�e� �p�o�l�y�m�e�r�s� �w�a�s� �2�5�,�0�0�0� �g�/�m�o�l�.� �P�h�t�h�a�l�i�c� �a�n�h�y�d�r�i�d�e� �(�P�A�)� 

�w�a�s� �u�s�e�d� �a�s� �a�n� �e�n�d�-�c�a�p�p�i�n�g� �a�g�e�n�t�.� �A� �B�I�D�A�-�B�i�s� �P�-�P�A� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� 

�w�i�t�h� �n�o� �s�i�l�o�x�a�n�e� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �a�s� �a� �c�o�n�t�r�o�l�.� �T�h�e� �p�o�l�y�i�m�i�d�e� �c�o�n�t�r�o�]� �a�n�d� �t�w�o� 

�B�I�D�A�-�B�i�s� �P�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �c�o�n�t�a�i�n�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �a�n�d� �3�0� �w�e�i�g�h�t� 

�p�e�r�c�e�n�t� �o�f� �t�h�e� �"�3�.�6� �K�"� �P�D�M�S� �s�e�g�m�e�n�t�s� �w�e�r�e� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �A�t�t�i�l�a� �G�u�n�g�o�r�.� �A� 

�B�I�D�A�-�B�i�s� �P�-�P�D�M�S� �p�o�l�y�i�m�i�d�e�s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r� �c�o�n�t�a�i�n�i�n�g� �3�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �o�f� 

�t�h�e� �"�1�.�5� �K�"� �P�D�M�S� �s�e�g�m�e�n�t�s� �w�a�s� �a�l�s�o� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �T�i�m� �F�l�y�n�n�.� �F�i�g�u�r�e� �4� �g�i�v�e�s� 

�t�h�e� �g�e�n�e�r�a�l� �p�o�l�y�m�e�r� �s�t�r�u�c�t�u�r�e�.� 

�3�.�2� �S�A�M�P�L�E� �P�R�E�P�A�R�A�T�I�O�N� 

�3�.�2�.�1� �C�a�p�i�l�l�a�r�y� �C�o�l�u�m�n� �P�r�e�p�a�r�a�t�i�o�n� 

�3�.�2�.�1�.�1� �C�o�a�t�i�n�g� �A�p�p�a�r�a�t�u�s� 

�T�h�e� �a�p�p�a�r�a�t�u�s� �u�s�e�d� �t�o� �c�o�a�t� �t�h�e� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�s� �w�a�s� �b�u�i�l�t� �i�n� �t�h�e� 

�l�a�b�o�r�a�t�o�r�y�.� �A� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �c�o�a�t�i�n�g� �a�p�p�a�r�a�t�u�s� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �5�.� �A� �d�o�u�b�l�e� 

�w�a�t�e�r� �b�a�t�h� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �c�o�l�u�m�n� �a�t� �a� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �d�u�r�i�n�g� 

�t�h�e� �f�i�n�a�l� �e�v�a�p�o�r�a�t�i�o�n� �s�t�a�g�e� �o�f� �c�o�a�t�i�n�g�.� �T�h�e� �d�o�u�b�l�e� �w�a�t�e�r� �b�a�t�h� �c�o�n�s�i�s�t�e�d� �o�f� �a�n� 

�A�l�l�t�e�c�h� �h�e�a�v�y� �g�l�a�s�s� �t�h�i�n�-�l�a�y�e�r�-�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �v�a�p�o�r� �d�e�v�e�l�o�p�i�n�g� �c�h�a�m�b�e�r� 

�p�l�a�c�e�d� �i�n�s�i�d�e� �a� �c�o�m�m�o�n� �r�e�c�t�a�n�g�u�l�a�r� �t�e�n�-�g�a�l�l�o�n� �f�i�s�h� �a�q�u�a�r�i�u�m� �t�a�n�k�.� �D�i�s�t�i�l�l�e�d� 
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�F�i�g�u�r�e� �5�.� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �C�a�p�i�l�l�a�r�y� �C�o�l�u�m�n� �C�o�a�t�i�n�g� �A�p�p�a�r�a�t�u�s�.� �N�o�t� �s�h�o�w�n� �i�n� 
�p�i�c�t�u�r�e�:� �m�o�b�i�l�e� �s�u�p�p�o�r�t� �s�y�s�t�e�m� �f�o�r� �t�h�e� �v�i�a�l�s� �a�n�d� �v�a�c�u�u�m� �l�i�n�e� �a�s� �w�e�l�l� �a�s� �a� �w�a�t�e�r� 
�b�a�t�h� �h�e�a�t�e�r� �w�i�t�h� �c�i�r�c�u�l�a�t�i�o�n� �p�u�m�p� �a�n�d� �a� �c�o�p�p�e�r�-�t�u�b�i�n�g� �c�o�o�l�i�n�g� �c�o�i�l� �t�h�a�t� �w�e�r�e� 
�l�o�c�a�t�e�d� �i�n� �t�h�e� �o�u�t�e�r� �p�o�r�t�i�o�n� �o�f� �t�h�e� �d�o�u�b�l�e� �w�a�t�e�r� �b�a�t�h�.� 
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�w�a�t�e�r� �w�a�s� �u�s�e�d� �i�n� �t�h�e� �w�a�t�e�r� �b�a�t�h�.� �T�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �o�u�t�e�r� �b�a�t�h� �w�a�s� �c�o�n�t�r�o�l�l�e�d� 

�a�b�o�v�e� �a�m�b�i�e�n�t� �b�y� �a� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �I�s�o�t�e�m�p� �I�m�m�e�r�s�i�o�n� �C�i�r�c�u�l�a�t�o�r� �h�e�a�t�e�r� �M�o�d�e�l� 

�7�0�.� �F�o�r� �t�e�m�p�e�r�a�t�u�r�e�s� �n�o�t� �f�a�r� �b�e�l�o�w� �a�m�b�i�e�n�t�,� �t�h�e� �b�a�t�h� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �c�o�n�t�r�o�l�l�e�d� 

�b�y� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �a�b�o�v�e� �c�i�r�c�u�l�a�t�i�n�g� �h�e�a�t�e�r� �a�n�d� �a� �h�e�a�t� �s�i�n�k� �c�o�l�d�e�r� �t�h�a�n� �t�h�e� 

�s�u�r�r�o�u�n�d�i�n�g� �l�a�b�.� �T�h�e� �h�e�a�t� �s�i�n�k� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �s�u�b�m�e�r�g�i�n�g� �i�n�t�o� �t�h�e� �o�u�t�e�r� �b�a�t�h� 

�a� �c�o�o�l�i�n�g� �e�l�e�m�e�n�t�,� �w�h�i�c�h� �c�o�n�s�i�s�t�e�d� �o�f� �t�w�o� �m�e�t�e�r�s� �o�f� �u�n�-�i�n�s�u�l�a�t�e�d�,� �c�o�i�l�e�d� �1�/�4�"� 

�O�.�D�.� �s�o�f�t� �c�o�p�p�e�r� �t�u�b�i�n�g� �a�t�t�a�c�h�e�d� �b�y� �i�n�s�u�l�a�t�e�d� �t�u�b�i�n�g� �a�n�d� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �f�i�t�t�i�n�g�s� 

�t�o� �V�P�I�&�S�U�'�s� �p�r�e�s�s�u�r�i�z�e�d� �C�h�i�l�l�e�d� �W�a�t�e�r� �S�u�p�p�l�y�/� �R�e�t�u�r�n�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�i�s� 

�w�a�t�e�r� �s�u�p�p�l�y� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�2�°�C�.� 

�H�e�a�v�y�-�w�a�l�l�e�d� �g�l�a�s�s� �v�i�a�l�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �A�l�l�t�e�c�h� �a�n�d� �f�i�t�t�e�d� �w�i�t�h� �c�a�p�s� 

�m�o�d�i�f�i�e�d� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �S�w�a�g�e�l�o�k� �1�/�1�6�"� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �T�-�s�h�a�p�e�d� �u�n�i�o�n� 

�f�i�t�t�i�n�g�s� �(�s�e�e� �F�i�g�u�r�e� �6�)�.� �G�r�a�p�h�i�t�e� �f�e�r�r�u�l�e�s� �w�e�r�e� �u�s�e�d� �a�g�a�i�n�s�t� �t�h�e� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n� 

�i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �a� �g�o�o�d� �s�e�a�l�.� �T�h�e�s�e� �p�r�e�s�s�u�r�i�z�a�b�l�e� �v�i�a�l�s� �w�e�r�e� �p�l�a�c�e�d� �a�t� �e�a�c�h� �e�n�d� 

�(�h�e�a�d� �a�n�d� �t�a�i�l�)� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�.� �S�e�a�l�e�d� �v�i�a�l�s� �c�o�u�l�d� �b�e� �p�r�e�s�s�u�r�i�z�e�d� �b�y� 

�d�r�i�e�d� �h�e�l�i�u�m� �g�a�s� �o�r� �d�e�p�r�e�s�s�u�r�i�z�e�d� �b�y� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �v�a�c�u�u�m�.� �V�i�a�l� �p�r�e�s�s�u�r�e� 

�c�o�u�l�d� �b�e� �m�a�d�e� �a�t�m�o�s�p�h�e�r�i�c� �b�y� �l�o�o�s�e�n�i�n�g� �o�r�  ��o�p�e�n�i�n�g �� �t�h�e� �c�a�p�.� �P�r�e�s�s�u�r�e� �(�o�r� 

�v�a�c�u�u�m� �)� �c�o�u�l�d� �b�e� �a�p�p�l�i�e�d� �o�r� �r�e�l�e�a�s�e�d� �a�s� �n�e�e�d�e�d� �u�s�i�n�g� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l� �n�e�e�d�l�e� 

�v�a�l�v�e� �a�n�d� �t�i�g�h�t�e�n�i�n�g� �o�r� �l�o�o�s�e�n�i�n�g� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �c�a�p�s�.� �P�r�e�s�s�u�r�e� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� 

�p�u�s�h� �f�l�u�i�d� �l�o�c�a�t�e�d� �i�n� �t�h�e� �h�e�a�d� �v�i�a�l� �t�h�r�o�u�g�h� �t�h�e� �c�o�l�u�m�n�.� �A� �v�a�c�u�u�m� �a�p�p�l�i�e�d� �t�o� �t�h�e� 

�s�e�a�l�e�d� �t�a�i�l� �v�i�a�l� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� �p�u�l�l� �f�l�u�i�d� �l�o�c�a�t�e�d� �i�n� �t�h�e� �"�o�p�e�n�"� �h�e�a�d� �v�i�a�l� �t�h�r�o�u�g�h� 

�t�h�e� �c�o�l�u�m�n�.� �V�a�c�u�u�m� �w�a�s� �s�u�p�p�l�i�e�d� �b�y� �a�n� �o�r�d�i�n�a�r�y� �v�a�c�u�u�m� �p�u�m�p� �t�h�a�t� �h�a�d� �a� �l�i�n�e� 

�f�i�t�t�e�d� �w�i�t�h� �a� �t�r�a�p� �k�e�p�t� �c�o�l�d� �b�y� �i�s�o�p�r�o�p�y�l� �a�l�c�o�h�o�l� �a�n�d� �d�r�y� �i�c�e�.
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�«�C�a�p�i�l�l�a�r�y� �C�o�l�u�m�n� 

�|�|� �~ �� �1�/�1�6�"� �S�w�a�g�e�l�o�k� 
�S�.�S�.� �U�n�i�o�n� �T�e�e� 

�o�N� �C�a�p� 

�< �� �V�i�a�l� 

�F�i�g�u�r�e� �6�.� �D�e�t�a�i�l�e�d� �s�c�h�e�m�a�t�i�c� �o�f� �h�e�a�v�y�-�w�a�l�l�e�d� �=� �1�0� �m�i�l�l�i�l�i�t�e�r� �p�r�e�s�s�u�r�i�z�a�b�l�e� �g�l�a�s�s� 
�v�i�a�l� �a�n�d� �m�o�d�i�f�i�e�d� �v�i�a�l� �c�a�p�.� �S�t�a�i�n�l�e�s�s� �s�t�e�e�l� �u�n�i�o�n� �t�e�e� �f�i�t�t�i�n�g� �i�s� �p�u�t� �t�h�r�o�u�g�h� �a� �h�o�l�e� 
�d�r�i�l�l�e�d� �i�n� �t�h�e� �c�a�p� �a�n�d� �s�e�a�l�e�d� �i�n� �p�l�a�c�e� �w�i�t�h� �c�o�m�m�e�r�c�i�a�l� �e�p�o�x�y�.� 
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�3�.�2�.�1�.�2� �C�o�a�t�i�n�g� �M�a�t�e�r�i�a�l�s� 

�T�h�e� �p�o�l�y�m�e�r�s� �u�s�e�d� �t�o� �c�o�a�t� �t�h�e� �c�o�l�u�m�n�s� �w�e�r�e� �B�I�D�A�-�B�i�s�P�-�P�A� �p�o�l�y�i�m�i�d�e� 

�a�n�d� �t�h�e� �t�w�o� �c�o�m�p�a�n�i�o�n� �p�o�l�y�i�m�i�d�e�s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r�s� �c�o�n�t�a�i�n�i�n�g� �1�0� �a�n�d� �3�0� 

�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �o�f� �3�6�0�0� �g�/�m�o�l� �P�D�M�S�.� �B�a�k�e�r� �A�n�a�l�y�z�e�d� �G�r�a�d�e� �M�e�t�h�y�l�e�n�e� 

�C�h�l�o�r�i�d�e� �w�a�s� �t�h�e� �s�o�l�v�e�n�t� �u�s�e�d� �t�o� �d�i�s�s�o�l�v�e� �t�h�e� �p�o�l�y�m�e�r�s�.� �T�r�u�-�V�a�l�u�e� �T�w�o� �T�o�n� �(�3�0�-� 

�m�i�n�u�t�e� �s�e�t�)� �c�o�m�m�e�r�c�i�a�l� �e�p�o�x�y� �a�n�d� �1�/�5�0�"� �L�D�.� �s�i�l�i�c�o�n�e� �t�u�b�i�n�g� �o�b�t�a�i�n�e�d� �f�r�o�m� �C�o�l�e�-� 

�P�a�r�m�e�r� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� �e�n�d� �c�a�p�p�i�n�g� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �c�o�l�u�m�n�s� �u�s�e�d� �w�e�r�e� �3�0�-� 

�m�e�t�e�r� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �e�m�p�t�y�,� �d�e�a�c�t�i�v�a�t�e�d�,� �m�e�g�a�-�b�o�r�e� �(�0�.�5�3� �m�m� �I�.�D�.�)� �f�u�s�e�d� �s�i�l�i�c�a� 

�c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�s� �t�h�a�t� �h�a�d� �a�n� �o�u�t�e�r� �u�n�k�n�o�w�n�-�p�o�l�y�i�m�i�d�e� �c�o�a�t�i�n�g� �t�o� �i�n�c�r�e�a�s�e� 

�t�o�u�g�h�n�e�s�s�.� �C�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�s� �w�e�r�e� �c�u�t� �a�s� �n�e�c�e�s�s�a�r�y� �u�s�i�n�g� �t�h�e� �e�d�g�e� �o�f� �a�n� 

�o�r�d�i�n�a�r�y� �w�h�e�t�s�t�o�n�e�.� 

�3�.�2�.�1�.�3� �C�o�a�t�i�n�g� �P�r�o�c�e�d�u�r�e� 

�C�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�s� �w�e�r�e� �s�u�c�c�e�s�s�f�u�l�l�y� �m�a�d�e� �u�s�i�n�g� �t�h�e� �s�t�a�t�i�c� �c�o�a�t�i�n�g� 

�m�e�t�h�o�d�.� �T�o� �s�u�m�m�a�r�i�z�e�,� �t�h�i�s� �m�e�t�h�o�d� �i�n�v�o�l�v�e�d� �f�i�l�l�i�n�g� �t�h�e� �c�o�l�u�m�n� �w�i�t�h� �t�h�e� 

�p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n�.� �O�n�e� �e�n�d� �w�a�s� �t�h�e�n� �s�e�a�l�e�d� �(�c�a�p�p�e�d�)� �a�n�d� �t�h�e� �s�o�l�v�e�n�t� �w�a�s� �s�l�o�w�l�y� 

�r�e�m�o�v�e�d� �b�y� �v�a�c�u�u�m�-�a�i�d�e�d� �e�v�a�p�o�r�a�t�i�o�n� �f�r�o�m� �t�h�e� �o�p�e�n� �e�n�d�.� �A�s� �t�h�e� �e�v�a�p�o�r�a�t�i�o�n� 

�m�e�n�i�s�c�u�s� �m�o�v�e�d� �t�o�w�a�r�d� �t�h�e� �c�a�p�p�e�d� �e�n�d�,� �t�h�e� �p�o�l�y�m�e�r� �w�a�s� �c�o�a�t�e�d� �a�g�a�i�n�s�t� �t�h�e� 

�w�a�l�l�s� �o�f� �t�h�e� �c�o�l�u�m�n� �i�n� �a�n� �a�n�n�u�l�a�r� �f�i�l�m�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� 

�s�o�l�u�t�i�o�n� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �f�i�n�a�l� �f�i�l�m� �t�h�i�c�k�n�e�s�s�.� �T�h�e� �s�o�l�v�e�n�t� �c�h�o�s�e�n� �f�o�r� �t�h�e� �p�u�r�p�o�s�e� 

�w�a�s� �r�e�q�u�i�r�e�d� �t�o� �d�i�s�s�o�l�v�e� �t�h�e� �p�o�l�y�m�e�r� �a�n�d� �n�o�t� �h�a�v�e� �a� �h�i�g�h� �b�o�i�l�i�n�g� �p�o�i�n�t�.� �I�n� �o�r�d�e�r� 

�f�o�r� �t�h�e� �c�o�a�t�i�n�g� �p�r�o�c�e�d�u�r�e� �t�o� �b�e� �s�u�c�c�e�s�s�f�u�l�,� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �d�i�s�s�o�l�v�e�d� �a�i�r� �o�r� 

�a�i�r� �b�u�b�b�l�e�s� �i�n� �t�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �c�o�l�u�m�n� �o�r� �a�t� �t�h�e� �s�e�a�l�e�d� �c�o�l�u�m�n� �e�n�d� 

�w�a�s� �a�v�o�i�d�e�d�.� �I�f� �a�n� �a�i�r� �b�u�b�b�l�e� �w�a�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�o�l�u�t�i�o�n�-�f�i�l�l�e�d� �c�o�l�u�m�n� �w�h�e�n



�v�a�c�u�u�m� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �o�p�e�n� �e�n�d�,� �t�h�e� �b�u�b�b�l�e� �m�o�v�e�d� �t�o�w�a�r�d� �t�h�e� �v�a�c�u�u�m� �a�n�d� 

�p�u�s�h�e�d� �t�h�e� �i�n�t�e�r�v�e�n�i�n�g� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �o�u�t� �o�f� �t�h�e� �c�o�l�u�m�n� �i�n�t�o� �t�h�e� �v�a�c�u�u�m� �l�i�n�e�.� 

�S�i�x� �c�o�l�u�m�n�s�,� �t�w�o� �o�f� �e�a�c�h� �p�o�l�y�m�e�r�,� �w�e�r�e� �p�r�e�p�a�r�e�d�;� �f�i�n�a�l� �e�x�p�e�r�i�m�e�n�t�a�l� 

�c�o�l�u�m�n�s� �r�a�n�g�e�d� �i�n� �l�e�n�g�t�h� �f�r�o�m� �4�5� �t�o� �6�0� �m�e�t�e�r�s� �a�n�d� �c�o�n�s�i�s�t�e�d� �o�f� �t�h�e� �t�w�o� �c�o�l�u�m�n�s� 

�c�o�n�n�e�c�t�e�d� �i�n� �s�e�r�i�e�s�.� �T�h�e� �p�o�l�y�m�e�r�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �t�o� 

�o�b�t�a�i�n� �s�o�l�u�t�i�o�n�s� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�.�5� �p�p�t� �(�0�.�7�5� �%� �w�e�i�g�h�t�/� �w�e�i�g�h�t�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�O�n�e� �p�o�l�y�i�m�i�d�e� �c�o�l�u�m�n� �w�a�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �a� �3�0� �p�p�t� �s�o�l�u�t�i�o�n�.� 

�P�r�i�o�r� �t�o� �b�e�g�i�n�n�i�n�g� �t�h�e� �c�o�a�t�i�n�g� �p�r�o�c�e�d�u�r�e�,� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� 

�c�o�l�u�m�n� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �5� �t�o� �7� �c�o�l�u�m�n� �v�o�l�u�m�e�s� �o�f� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� �H�e�l�i�u�m� 

�o�r� �n�i�t�r�o�g�e�n� �g�a�s� �w�a�s� �t�h�e�n� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �c�o�l�u�m�n� �u�n�t�i�l� �i�t� �w�a�s� �d�r�y�.� 

�I�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �b�e�g�i�n�n�i�n�g� �t�h�e� �c�o�a�t�i�n�g� �p�r�o�c�e�d�u�r�e�,� �p�u�r�e� �s�o�l�v�e�n�t� �a�n�d� �t�h�e� 

�p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �w�e�r�e� �s�e�p�a�r�a�t�e�l�y� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �a� �c�o�a�r�s�e� �g�l�a�s�s� �f�r�i�t� �a�n�d� �t�h�e�n� 

�d�e�g�a�s�s�e�d� �v�i�a� �s�o�n�i�c�a�t�i�o�n� �u�n�d�e�r� �v�a�c�u�u�m�.� �T�h�e� �s�o�l�u�t�i�o�n�,� �l�o�c�a�t�e�d� �i�n� �t�h�e� �h�e�a�d� �v�i�a�l�,� 

�w�a�s� �p�u�l�l�e�d� �i�n�t�o� �c�o�l�u�m�n� �u�n�d�e�r� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e� �(�l�o�w� �v�a�c�u�u�m�)� �t�o� �a�v�o�i�d� �t�h�e� �r�e�-� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a�i�r�.� �T�h�i�s� �m�e�t�h�o�d� �n�e�c�e�s�s�a�r�i�l�y� �i�n�v�o�l�v�e�d� �t�h�e� �e�v�a�p�o�r�a�t�i�o�n� �o�f� �s�o�m�e� 

�o�f� �t�h�e� �s�o�l�u�t�i�o�n�'�s� �s�o�l�v�e�n�t� �a�t� �t�h�e� �t�r�a�v�e�l�l�i�n�g� �m�e�n�i�s�c�u�s� �w�h�e�r�e� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �i�n� 

�c�o�n�t�a�c�t� �w�i�t�h� �t�h�e� �v�a�c�u�u�m�.� �T�o� �m�i�n�i�m�i�z�e� �t�h�i�s� �e�v�a�p�o�r�a�t�i�o�n� �a�t� �t�h�e� �t�r�a�v�e�l�l�i�n�g� 

�m�e�n�i�s�c�u�s�,� �a� �s�l�u�g� �o�f� �p�u�r�e� �s�o�l�v�e�n�t� �w�a�s� �p�u�l�l�e�d� �i�n�t�o� �t�h�e� �c�o�l�u�m�n� �a�h�e�a�d� �o�f� �t�h�e� 

�p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �s�o� �t�h�a�t� �i�t� �c�o�u�l�d� �p�r�o�t�e�c�t� �t�h�e� �s�o�l�u�t�i�o�n�'�s� �t�r�a�v�e�l�l�i�n�g� �m�e�n�i�s�c�u�s� �f�r�o�m� 

�t�h�e� �v�a�c�u�u�m�.� �O�n�c�e� �t�h�e� �c�o�l�u�m�n� �w�a�s� �f�i�l�l�e�d� �i�n� �t�h�i�s� �m�a�n�n�e�r�,� �h�o�w�e�v�e�r�,� �e�x�t�r�a� �s�o�l�u�t�i�o�n� 

�w�a�s� �s�t�i�l�l� �p�u�s�h�e�d� �t�h�r�o�u�g�h� �t�h�e� �c�o�l�u�m�n� �i�n� �o�r�d�e�r� �t�o� �r�e�m�o�v�e� �a�n�y� �p�o�s�s�i�b�l�e� �a�x�i�a�l� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �g�r�a�d�i�e�n�t� �f�o�r�m�e�d� �a�t� �t�h�e� �t�a�i�l� �e�n�d� �o�f� �t�h�e� �c�o�l�u�m�n� �b�y� �t�h�e� �s�o�l�v�e�n�t� 

�e�v�a�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �t�r�a�v�e�l�l�i�n�g� �m�e�n�i�s�c�u�s�.� 

�O�n�c�e� �f�i�l�l�e�d�,� �t�h�e� �c�o�l�u�m�n� �w�a�s� �s�e�a�l�e�d� �a�t� �t�h�e� �t�a�i�l� �e�n�d� �u�s�i�n�g� �a� �t�e�c�h�n�i�q�u�e� 

�a�d�a�p�t�e�d� �f�r�o�m� �C�.�A�.� �P�a�w�l�i�s�c�h�,� �w�h�o� �g�i�v�e�s� �a�n� �e�x�c�e�l�l�e�n�t� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �c�a�p�i�l�l�a�r�y� 
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�c�o�l�u�m�n� �s�t�a�t�i�c�-�c�o�a�t�i�n�g�.�!�2�0� �T�h�e� �c�o�l�u�m�n� �e�n�d�-�c�a�p�p�i�n�g� �t�e�c�h�n�i�q�u�e� �u�t�i�l�i�z�e�d� �t�h�e� �t�w�o�-� 

�p�a�r�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �e�p�o�x�y� �m�e�n�t�i�o�n�e�d� �a�b�o�v�e� �a�s� �t�h�e� �s�e�a�l�i�n�g� �a�g�e�n�t�.� �D�i�s�t�i�l�l�e�d� 

�w�a�t�e�r� �w�a�s� �u�s�e�d� �a�s� �a� �b�u�f�f�e�r� �l�i�q�u�i�d� �b�e�t�w�e�e�n� �t�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �a�n�d� �t�h�e� �e�p�o�x�y�,� 

�s�i�n�c�e� �t�h�e� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �u�s�e�d� �i�n� �t�h�e� �s�o�l�u�t�i�o�n� �t�e�n�d�e�d� �t�o� �p�r�e�v�e�n�t� �t�h�e� �e�p�o�x�y� 

�f�r�o�m� �c�u�r�i�n�g� �w�e�l�l�.� �T�h�e� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �w�a�s� �d�e�g�a�s�s�e�d� �p�r�i�o�r� �t�o� �u�s�e� �b�y� �b�o�i�l�i�n�g� �i�t� �t�o� 

�o�n�e�-�f�o�u�r�t�h� �i�t�s� �v�o�l�u�m�e�,� �r�a�p�i�d�l�y� �c�o�o�l�i�n�g� �t�h�e� �r�e�m�a�i�n�d�e�r� �i�n� �a�n� �i�c�e�-�w�a�t�e�r� �b�a�t�h� �a�n�d� 

�t�h�e�n� �s�o�n�i�c�a�t�i�n�g� �i�t� �u�n�d�e�r� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e�.� �T�h�e� �d�e�g�a�s�s�e�d� �b�u�f�f�e�r� �w�a�t�e�r� �w�a�s� �k�e�p�t� 

�c�o�l�d� �a�n�d� �r�e�a�d�y� �w�h�i�l�e� �t�h�e� �c�o�l�u�m�n� �w�a�s� �b�e�i�n�g� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n�.� �A�s� 

�s�o�o�n� �a�s� �t�h�e� �c�o�l�u�m�n� �w�a�s� �a�p�p�r�o�p�r�i�a�t�e�l�y� �f�i�l�l�e�d�,� �t�h�e� �b�u�f�f�e�r� �w�a�t�e�r� �w�a�s� �t�h�e�n� �f�o�r�c�e�d� 

�i�n�t�o� �t�h�e� �t�a�i�l� �e�n�d� �o�f� �t�h�e� �c�o�l�u�m�n� �b�y� �m�e�a�n�s� �o�f� �p�r�e�s�s�u�r�i�z�e�d� �h�e�l�i�u�m�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� 

�o�n�e� �m�e�t�e�r� �i�n� �l�e�n�g�t�h� �o�f� �t�h�e� �c�o�l�u�m�n� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �w�a�t�e�r�.� �C�a�r�e� �w�a�s� �t�a�k�e�n� �n�o�t� �t�o� 

�i�n�t�r�o�d�u�c�e� �a�n� �a�i�r� �b�u�b�b�l�e� �b�e�t�w�e�e�n� �t�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �a�n�d� �w�a�t�e�r� �p�h�a�s�e�s�.� �T�h�e� 

�"�3�0�-�m�i�n�u�t�e�-�s�e�t� �e�p�o�x�y�"� �w�a�s� �m�i�x�e�d� �w�e�l�l� �a�n�d� �a�l�l�o�w�e�d� �t�o� �s�i�t� �n�o� �m�o�r�e� �t�h�a�n� �1�0� 

�m�i�n�u�t�e�s� �f�r�o�m� �t�i�m�e� �o�f� �i�n�i�t�i�a�l� �m�i�x�i�n�g�.� �I�t� �w�a�s� �t�h�e�n� �d�r�a�w�n� �i�n�t�o� �o�n�e� �i�n�c�h� �o�f� �a� �t�h�r�e�e� 

�i�n�c�h� �l�e�n�g�t�h� �o�f� �1�/�5�0�"�.�I�D� �s�i�l�i�c�o�n�e� �t�u�b�i�n�g� �v�i�a� �a�n� �a�t�t�a�c�h�e�d� �b�l�u�n�t�-�n�e�e�d�l�e�d� �s�y�r�i�n�g�e�.� 

�T�h�e� �t�a�i�l� �e�n�d� �o�f� �t�h�e� �c�o�l�u�m�n� �w�a�s� �h�e�l�d� �i�n� �a� �d�o�w�n�w�a�r�d�s� �v�e�r�t�i�c�a�l� �p�o�s�i�t�i�o�n�.� �A� �d�r�o�p� �o�f� 

�t�h�e� �b�u�f�f�e�r� �w�a�t�e�r� �w�a�s� �t�h�e�n� �f�o�r�c�e�d� �o�u�t� �t�h�e� �t�a�i�l� �e�n�d� �o�f� �t�h�e� �c�o�l�u�m�n� �b�y� �m�e�a�n�s� �o�f� �a� 

�s�e�c�o�n�d� �s�y�r�i�n�g�e� �n�o�w� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �h�e�a�d� �e�n�d� �o�f� �t�h�e� �c�o�l�u�m�n� �i�n� �p�l�a�c�e� �o�f� �t�h�e� �h�e�a�d� 

�v�i�a�l�.� �(�T�h�i�s� �s�y�r�i�n�g�e� �p�r�o�v�i�d�e�d� �b�e�t�t�e�r� �c�o�n�t�r�o�l� �t�h�a�n� �t�h�e� �p�r�e�s�s�u�r�i�z�e�d� �h�e�l�i�u�m� �i�n� �t�h�i�s� 

�i�n�s�t�a�n�c�e�.�)� �T�h�e� �e�p�o�x�y�-�f�i�l�l�e�d� �t�u�b�i�n�g� �w�a�s� �t�h�e�n� �f�o�r�c�e�d� �o�v�e�r� �t�h�e� �w�a�t�e�r� �d�r�o�p�l�e�t� �a�n�d� 

�t�h�e� �c�o�l�u�m�n� �t�a�i�l� �e�n�d�.� �T�h�e� �e�p�o�x�y� �w�a�s� �p�u�s�h�e�d� �i�n�t�o� �t�h�e� �c�o�l�u�m�n� �t�a�i�l� �e�n�d�,� �w�h�i�c�h� �w�a�s� 

�t�h�e�n� �p�l�a�c�e�d� �i�n� �a� �u�p�w�a�r�d�s� �v�e�r�t�i�c�a�l� �p�o�s�i�t�i�o�n�.� �T�h�e� �s�e�a�l� �w�a�s� �a�l�l�o�w�e�d� �t�o� �h�a�r�d�e�n� �a�t� 

�l�e�a�s�t� �8� �h�o�u�r�s�.� �P�l�e�a�s�e� �r�e�f�e�r� �t�o� �F�i�g�u�r�e� �7�.� �T�h�i�s� �c�a�p�p�i�n�g� �t�e�c�h�n�i�q�u�e� �p�r�o�d�u�c�e�d� 

�s�u�c�c�e�s�s�f�u�l� �s�e�a�l�s� �a�f�t�e�r� �o�n�l�y� �a� �f�e�w� �a�t�t�e�m�p�t�s�.� 
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�C�a�p�i�l�l�a�r�y� �S�i�l�i�c�o�n�e� 

�C�o�l�u�m�n� �T�u�b�i�n�g� 

� � 

�P�o�l�y�m�e�r� �E�p�o�x� 
�S�o�l�u�t�i�o�n� �p�o�w� 

�F�i�g�u�r�e� �7�.� �S�c�h�e�m�a�t�i�c� �c�u�t� �v�i�e�w� �f�r�o�m� �t�h�e� �s�i�d�e� �o�f� �t�h�e� �e�p�o�x�y� �e�n�d�-�c�a�p� �w�i�t�h� �w�a�t�e�r� �a�s� 
�t�h�e� �i�n�t�e�r�v�e�n�i�n�g� �l�i�q�u�i�d�.� 
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�T�h�e� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�,� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �a�n�d� �s�u�c�c�e�s�s�f�u�l�l�y� 

�c�a�p�p�e�d�,� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �e�q�u�i�l�i�b�r�a�t�e�d� �d�o�u�b�l�e� �w�a�t�e�r� �b�a�t�h� �i�n� �o�r�d�e�r� �t�o� �s�h�i�e�l�d� �i�t� 

�f�r�o�m� �t�e�m�p�e�r�a�t�u�r�e� �g�r�a�d�i�e�n�t�s� �d�u�r�i�n�g� �e�v�a�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �s�o�l�v�e�n�t�.� �(�S�m�a�l�l� 

�t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s� �a�f�f�e�c�t� �t�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �v�o�l�u�m�e� �i�n� �t�h�e� �c�o�l�u�m�n� �a�n�d� �s�h�i�f�t� 

�t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �m�e�n�i�s�c�u�s� �d�u�e� �t�o� �t�h�e� �s�m�a�l�l�n�e�s�s� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �b�o�r�e� �w�h�i�c�h� 

�d�i�s�r�u�p�t�s� �t�h�e� �c�o�a�t�i�n�g� �p�r�o�c�e�s�s�.�)� �V�a�c�u�u�m� �w�a�s� �t�h�e�n� �a�p�p�l�i�e�d� �t�o� �t�h�e� �o�p�e�n� �(�h�e�a�d�)� �e�n�d� 

�o�f� �t�h�e� �c�o�l�u�m�n� �a�n�d� �t�h�e� �m�e�n�i�s�c�u�s� �m�o�v�e�d� �s�l�o�w�l�y� �a�w�a�y� �f�r�o�m� �t�h�e� �v�a�c�u�u�m� �a�n�d� 

�t�o�w�a�r�d�s� �t�h�e� �c�a�p�p�e�d� �t�a�i�l� �e�n�d�.� �T�h�e� �b�a�t�h� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�e� �p�o�l�y�i�m�i�d�e� �c�o�l�u�m�n�s� 

�w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�3�°�C�.� �T�h�e� �i�n�i�t�i�a�l� �c�o�a�t�i�n�g� �r�a�t�e�s� �f�o�r� �t�h�e� �7�.�5� �a�n�d� �3�0� �p�p�t� 

�p�o�l�y�i�m�i�d�e� �s�o�l�u�t�i�o�n� �c�o�l�u�m�n�s� �w�e�r�e� �2�.�4� �a�n�d� �0�.�1� �m�e�t�e�r�s� �p�e�r� �h�o�u�r�.� �T�h�e� �b�a�t�h� 

�t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �t�h�e� �t�w�o� �s�i�l�o�x�a�n�e�-�c�o�n�t�a�i�n�i�n�g� �p�o�l�y�m�e�r�s� �w�e�r�e� �r�e�q�u�i�r�e�d� �t�o� �b�e� 

�s�l�i�g�h�t�l�y� �l�o�w�e�r� �i�n� �o�r�d�e�r� �t�o� �p�r�o�c�e�e�d� �w�i�t�h� �c�o�a�t�i�n�g�.� �T�h�e� �1�0�w�t�%�(�3�.�6� �K�)�P�D�M�S� 

�c�o�p�o�l�y�m�e�r� �c�o�l�u�m�n�s� �w�e�r�e� �c�o�a�t�e�d� �a�t� �2�0�°�C� �a�t� �a�n� �i�n�i�t�i�a�l� �c�o�a�t�i�n�g� �r�a�t�e� �o�f� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�.�5� �m�e�t�e�r�/�h�r�.� �T�h�e� �3�0�w�t�%�(�3�.�6� �K�)�P�D�M�S� �c�o�p�o�l�y�m�e�r� �c�o�l�u�m�n�s� �w�e�r�e� 

�c�o�a�t�e�d� �a�t� �1�7�°�C� �a�t� �a�n� �i�n�i�t�i�a�l� �c�o�a�t�i�n�g� �r�a�t�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�0� �m�e�t�e�r�/�h�r�.� �T�h�e� 

�c�o�p�o�l�y�m�e�r� �c�o�l�u�m�n�s� �w�o�u�l�d� �n�o�t� �c�o�a�t� �a�t� �e�v�e�n� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�3�.�2�.�2� �S�o�r�p�t�i�o�n� �F�i�l�m� �P�r�e�p�a�r�a�t�i�o�n� 

�3�.�2�.�2�.�1� �C�a�s�t�i�n�g� �M�a�t�e�r�i�a�l�s� 

�T�h�e� �p�o�l�y�m�e�r�s� �u�s�e�d� �w�e�r�e� �t�h�e� �B�[�D�A�-�B�i�s� �P� �P�A� �p�o�l�y�i�m�i�d�e� �c�o�n�t�r�o�l� �a�n�d� �t�h�e� �1�0�-� 

�a�n�d� �3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�3�.�6� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�s�,� �m�e�n�t�i�o�n�e�d� �p�r�e�v�i�o�u�s�l�y�,� �a�n�d� �a� 

�3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�1�.�5� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�,� �a�g�a�i�n� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �J�.�E�.� 

�M�c�G�r�a�t�h�'�s� �r�e�s�e�a�r�c�h� �g�r�o�u�p�.� �T�h�e� �s�o�l�v�e�n�t�s� �u�s�e�d� �w�e�r�e� �F�i�s�h�e�r� �H�P�L�C� �G�r�a�d�e� 

�C�h�l�o�r�o�f�o�r�m� �a�n�d� �B�a�k�e�r� �A�n�a�l�y�z�e�d� �G�r�a�d�e� �M�e�t�h�y�l�e�n�e� �C�h�l�o�r�i�d�e�.� �T�h�e� �"�1�0� �X� �9�0� �m�m�"� 
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�P�y�r�e�x� �g�l�a�s�s� �p�e�t�r�i�-�d�i�s�h� �b�o�t�t�o�m�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�s�h�e�r�.� �O�n�l�y� �t�h�e� �d�i�s�h�e�s� �t�h�a�t� 

�w�e�r�e� �t�h�e� �m�o�s�t� �f�l�a�t� �o�n� �t�h�e� �b�o�t�t�o�m� �w�e�r�e� �u�s�e�d�.� �T�e�s�t�s� �f�o�r� �f�l�a�t�n�e�s�s� �i�n�v�o�l�v�e�d� �a� �g�e�n�e�r�a�l� 

�v�i�s�u�a�l� �i�n�s�p�e�c�t�i�o�n� �a�n�d� �a� �c�o�u�n�t�e�r�-�t�o�p� �s�p�i�n� �t�e�s�t�.� �F�l�a�t� �d�i�s�h�e�s� �d�i�d� �n�o�t� �s�p�i�n� �w�e�l�l�.� �O�n�l�y� 

�o�n�e� �d�i�s�h� �i�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�e�n� �w�a�s� �a�c�c�e�p�t�a�b�l�e� �e�n�o�u�g�h� �t�o� �g�i�v�e� �g�o�o�d� �u�n�i�f�o�r�m� 

�t�h�i�c�k�n�e�s�s� �f�i�l�m�s�.� �A�p�o�l�l�o� �m�i�r�r�o�r�-�f�i�n�i�s�h� �C�h�r�o�m�e� �F�e�r�r�o�t�y�p�e� �(�s�t�e�e�l� �b�a�s�e�)� �p�l�a�t�e�s� �w�e�r�e� 

�c�u�t� �t�o� �s�i�z�e� �p�r�i�o�r� �t�o� �u�s�e�.� 

�3�.�2�.�2�.�2� �C�a�s�t�i�n�g� �P�r�o�c�e�d�u�r�e� 

�A�l�l� �g�l�a�s�s�w�a�r�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�e�t�h�o�d� �w�e�r�e� �c�l�e�a�n�e�d� �b�y� �m�e�a�n�s� �o�f� 

�s�o�l�v�e�n�t� �r�i�n�s�i�n�g� �a�n�d� �a� �b�r�i�e�f� �s�o�a�k� �i�n� �a� �p�o�t�a�s�s�i�u�m� �h�y�d�r�o�x�i�d�e�/� �i�s�o�p�r�o�p�y�l�-�a�l�c�o�h�o�l� �b�a�s�e� 

�b�a�t�h�,� �f�o�l�l�o�w�e�d� �b�y� �t�h�o�r�o�u�g�h� �r�i�n�s�i�n�g� �w�i�t�h� �w�a�t�e�r�.� �T�h�e� �g�l�a�s�s�w�a�r�e� �w�a�s� �t�h�e�n� �g�i�v�e�n�a� 

�n�e�u�t�r�a�l�i�z�i�n�g� �r�i�n�s�e� �w�i�t�h� �n�i�t�r�i�c� �a�c�i�d�,� �f�o�l�l�o�w�e�d� �a�g�a�i�n� �b�y� �a� �t�h�o�r�o�u�g�h� �w�a�t�e�r� �r�i�n�s�i�n�g�.� 

�D�i�s�t�i�l�l�e�d� �w�a�t�e�r� �w�a�s� �u�s�e�d� �a�s� �a� �f�i�n�a�l� �r�i�n�s�e� �b�e�f�o�r�e� �d�r�y�i�n�g�.� �T�h�e� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e�s� �w�e�r�e� 

�c�l�e�a�n�e�d� �a�n�d� �d�e�g�r�e�a�s�e�d� �p�r�i�o�r� �t�o� �u�s�e� �w�i�t�h� �a� �r�i�n�s�e� �o�f� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �o�r� 

�c�h�l�o�r�o�f�o�r�m�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�c�e�d�u�r�e� �w�a�s� �u�s�e�d� �t�o� �c�a�s�t� �f�i�l�m�s� �o�f� �t�h�e� �(�3�.�6� �K�)� �s�e�g�m�e�n�t� 

�s�i�l�o�x�a�n�e�-�c�o�n�t�a�i�n�i�n�g� �c�o�p�o�l�y�m�e�r�s�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e� �g�r�a�m� �o�f� �c�o�p�o�l�y�m�e�r� �w�a�s� 

�d�i�s�s�o�l�v�e�d� �i�n�t�o� �1�5� �t�o� �2�0� �m�i�l�l�i�l�i�t�e�r�s� �o�f� �c�h�l�o�r�o�f�o�r�m�.� �T�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �w�a�s� �t�h�e�n� 

�f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a� �c�o�a�r�s�e� �g�l�a�s�s� �f�r�i�t� �w�h�i�c�h� �h�a�d� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �"�w�e�t�"� �w�i�t�h� �s�o�m�e� 

�c�h�l�o�r�o�f�o�r�m�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �f�i�l�t�e�r�e�d� �d�i�r�e�c�t�l�y� �i�n�t�o� �a� �f�l�a�t� �g�l�a�s�s� �p�e�t�r�i�-�d�i�s�h�,� �i�n� 

�w�h�i�c�h� �a� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e� �h�a�d� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �p�l�a�c�e�d� �w�i�t�h� �t�h�e� �s�h�i�n�y� �c�h�r�o�m�i�u�m� 

�s�i�d�e� �f�a�c�i�n�g� �u�p�w�a�r�d�s� �(�s�e�e� �F�i�g�u�r�e� �8�)�.� �T�h�e� �p�e�t�r�i�-�d�i�s�h�,� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �s�o�l�u�t�i�o�n�,� �w�a�s� 

�c�a�r�e�f�u�l�l�y� �c�o�v�e�r�e�d� �w�i�t�h� �a� �p�r�e�-�f�o�r�m�e�d� �a�l�u�m�i�n�u�m� �f�o�i�l� �c�o�v�e�r� �w�h�i�c�h� �h�a�d� �n�u�m�e�r�o�u�s� 

�p�i�n�-�h�o�l�e� �s�i�z�e� �p�e�r�f�o�r�a�t�i�o�n�s�.� �A� �c�r�u�d�e� �c�a�r�d�b�o�a�r�d� �e�n�c�l�o�s�u�r�e� �w�a�s� �a�l�s�o� �p�l�a�c�e�d� �a�r�o�u�n�d� 

�a�n�d� �o�v�e�r� �t�h�e� �p�e�t�r�i�-�d�i�s�h�.� �T�h�e�s�e� �t�h�i�n�g�s� �w�e�r�e� �d�o�n�e� �i�n� �o�r�d�e�r� �t�o� �s�l�o�w� �t�h�e� �r�a�t�e� �o�f� 
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�F�i�g�u�r�e� �8�.� �S�c�h�e�m�a�t�i�c� �o�f� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �f�l�a�t� �g�l�a�s�s� �p�e�t�r�i�-�d�i�s�h� �a�n�d� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e� 
�c�u�t� �t�o� �s�i�z�e� �a�n�d� �u�s�e�d� �i�n� �c�a�s�t�i�n�g� �o�f� �s�i�l�o�x�a�n�e�-�c�o�n�t�a�i�n�i�n�g� �c�o�p�o�l�y�m�e�r� �f�i�l�m�s�.� �A�)� �T�o�p� 
�v�i�e�w�.� �B�)� �S�i�d�e� �v�i�e�w� �o�f� �a� �c�u�t� �t�h�r�o�u�g�h� �t�h�e� �m�i�d�d�l�e�,� �w�h�i�c�h� �s�h�o�w�s� �a�l�s�o� �t�h�e� �p�l�a�c�e�m�e�n�t� 
�o�f� �t�h�e� �p�e�r�f�o�r�a�t�e�d� �f�o�i�l� �c�o�v�e�r�.� 
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�e�v�a�p�o�r�a�t�i�o�n� �a�n�d� �a�l�s�o� �t�o� �p�r�o�t�e�c�t� �t�h�e� �f�o�r�m�i�n�g� �f�i�l�m� �f�r�o�m� �t�h�e� �a�i�r� �c�u�r�r�e�n�t�s� �c�a�u�s�e�d� �b�y� 

�t�h�e� �p�u�l�l� �o�f� �t�h�e� �h�o�o�d�.� 

�A�f�t�e�r� �2�4� �h�o�u�r�s�,� �t�h�e� �f�o�r�m�e�d� �f�i�l�m� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e�.� 

�T�h�e� �f�r�e�e� �f�i�l�m� �w�a�s� �a�l�l�o�w�e�d� �t�o� �d�r�y� �f�o�r� �2�4� �h�o�u�r�s� �a�t� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�.� �F�u�r�t�h�e�r� 

�d�r�y�i�n�g� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �p�l�a�c�i�n�g� �i�t� �i�n�t�o� �a� �N�a�p�c�o� �M�o�d�e�l� �5�8�3�1� �v�a�c�u�u�m� �o�v�e�n� 

�a�n�d� �h�e�a�t�i�n�g� �b�y� �3�0�-�4�0�°�C� �i�n�c�r�e�m�e�n�t�s� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�1�5�°�C�,� �t�h�e� �m�a�x�i�m�u�m� �o�v�e�n� 

�t�e�m�p�e�r�a�t�u�r�e�.� �A�f�t�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �s�i�x� �h�o�u�r�s� �a�t� �2�1�5�°�C�,� �t�h�e� �h�e�a�t� �w�a�s� �t�u�r�n�e�d� �o�f�f� 

�a�n�d� �t�h�e� �o�v�e�n� �a�l�l�o�w�e�d� �t�o� �c�o�o�l� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �o�v�e�r�n�i�g�h�t�.� �E�a�c�h� �f�i�l�m� �w�a�s� 

�s�t�o�r�e�d� �i�n� �s�e�p�a�r�a�t�e� �p�o�l�y�s�t�y�r�e�n�e� �p�e�t�r�i�-�d�i�s�h� �w�i�t�h� �l�i�d� �i�n� �a� �d�e�s�i�c�c�a�t�o�r�.� 

�T�h�e� �s�a�m�e� �p�r�o�c�e�d�u�r�e� �w�a�s� �f�o�l�l�o�w�e�d� �t�o� �c�a�s�t� �t�h�e� �(�1�.�5� �K�)� �s�e�g�m�e�n�t� �s�i�l�o�x�a�n�e�-� 

�c�o�n�t�a�i�n�i�n�g� �c�o�p�o�l�y�m�e�r� �f�i�l�m�s� �a�s� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �(�3�.�6� �K�)� �s�e�g�m�e�n�t� �s�i�l�o�x�a�n�e�-� 

�c�o�n�t�a�i�n�i�n�g� �c�o�p�o�l�y�m�e�r�s� �a�b�o�v�e� �e�x�c�e�p�t� �t�h�a�t� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� 

�s�o�l�v�e�n�t�.� �T�h�i�s� �c�o�p�o�l�y�m�e�r� �f�i�l�m� �w�a�s� �t�h�e� �m�o�s�t� �d�i�f�f�i�c�u�l�t� �t�o� �r�e�m�o�v�e� �f�r�o�m� �t�h�e� �f�e�r�r�o�t�y�p�e� 

�p�l�a�t�e� �a�n�d� �p�e�t�r�i�-�d�i�s�h�;� �s�u�c�c�e�s�s�f�u�l� �r�e�m�o�v�a�l� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �o�n�l�y� �b�y� �s�h�a�t�t�e�r�i�n�g� �t�h�e� 

�b�o�t�t�o�m� �o�f� �t�h�e� �g�l�a�s�s� �p�e�t�r�i�-�d�i�s�h�.� �T�h�e� �f�i�l�m� �i�t�s�e�l�f� �w�a�s� �p�r�o�t�e�c�t�e�d� �f�r�o�m� �t�h�e� �s�h�a�t�t�e�r�i�n�g� 

�b�l�o�w� �b�y� �t�h�e� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e�.� 

�F�i�l�m�s� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �w�e�r�e� �c�a�s�t� �a�n�d� �t�r�e�a�t�e�d� �i�n� �e�x�a�c�t�l�y� �t�h�e� 

�S�a�m�e� �m�a�n�n�e�r� �a�s� �t�h�e� �(�3�.�6� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r� �f�i�l�m�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�,� �e�x�c�e�p�t� �f�o�r� 

�o�n�e� �d�e�t�a�i�l�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �c�a�s�t�i�n�g� �t�h�e� �f�i�l�m� �a�g�a�i�n�s�t� �t�h�e� �g�l�a�s�s� �o�f� �t�h�e� �f�l�a�t� �p�e�t�r�i�-� 

�d�i�s�h� �i�n�s�t�e�a�d� �o�f� �t�h�e� �c�h�r�o�m�e�d� �s�u�r�f�a�c�e� �o�f� �t�h�e� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e� �g�a�v�e� �m�u�c�h� �l�e�s�s� 

�w�r�i�n�k�l�e�d� �f�i�l�m�s�.� �T�h�e�r�e�f�o�r�e� �t�h�e� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e�s� �w�e�r�e� �n�o�t� �e�m�p�l�o�y�e�d�.� �I�t� �w�a�s� 

�i�m�p�o�r�t�a�n�t� �h�o�w�e�v�e�r� �t�o� �r�e�m�o�v�e� �t�h�e� �f�i�l�m�s� �f�r�o�m� �t�h�e� �g�l�a�s�s� �s�u�r�f�a�c�e� �p�r�o�m�p�t�l�y� �a�f�t�e�r� �2�2�-� 

�2�3� �h�o�u�r�s� �o�r� �t�h�e� �p�o�l�y�i�m�i�d�e� �f�i�l�m� �w�o�u�l�d� �p�u�l�l� �a�w�a�y� �f�r�a�g�m�e�n�t�s� �o�f� �t�h�e� �g�l�a�s�s� �s�u�r�f�a�c�e� 

�t�h�u�s� �r�u�i�n�i�n�g� �t�h�e� �f�i�l�m� �a�n�d� �t�h�e� �p�e�t�r�i�-�d�i�s�h�'�s� �f�l�a�t�n�e�s�s�.� �T�h�e� �l�o�w�e�r� �a�d�h�e�s�i�o�n� �t�o� �t�h�e� 
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�g�l�a�s�s� �a�t� �e�a�r�l�i�e�r� �t�i�m�e�s� �i�s� �t�h�o�u�g�h�t� �t�o� �b�e� �t�h�e� �r�e�s�u�l�t� �o�f� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �s�o�l�v�e�n�t� �s�t�i�l�l� 

�r�e�m�a�i�n�i�n�g� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� 

�P�r�i�o�r� �t�o� �s�o�r�p�t�i�o�n�,� �t�h�e� �c�a�s�t� �f�i�l�m�s� �w�e�r�e� �g�i�v�e�n� �f�i�n�a�l� �h�e�a�t� �t�r�e�a�t�m�e�n�t�s� �i�n� �o�r�d�e�r� �t�o� 

�t�r�y� �t�o� �r�e�m�o�v�e� �r�e�m�a�i�n�i�n�g� �t�r�a�c�e�s� �o�f� �s�o�l�v�e�n�t� �a�n�d� �a�l�s�o� �t�o� �f�u�l�l�y� �r�e�l�a�x� �a�n�y� �s�t�r�e�s�s�e�s� �i�n� 

�t�h�e� �f�i�l�m�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �s�o�l�v�e�n�t� �c�a�s�t�i�n�g�.� �T�h�e� �t�w�o� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �q�u�e�n�c�h�i�n�g� 

�f�r�o�m� �w�e�l�l� �a�b�o�v�e� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�g�i�n�g� �j�u�s�t� �b�e�l�o�w� �T�y�.� �A� 

�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �I�s�o�t�e�m�p� �P�r�o�g�r�a�m�m�a�b�l�e� �M�o�d�e�l� �8�3�8�F� �f�o�r�c�e�d� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� 

�w�a�s� �u�t�i�l�i�z�e�d� �t�o� �a�c�c�o�m�p�l�i�s�h� �t�h�e� �t�h�e�r�m�a�l� �t�r�e�a�t�m�e�n�t�s�.� �T�h�e� �s�a�m�p�l�e� �f�i�l�m� �w�a�s� �p�l�a�c�e�d� 

�o�n� �a� �f�l�a�t� �T�e�f�l�o�n� �s�h�e�e�t� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �a� �h�i�g�h�-�s�i�d�e�d� �c�r�y�s�t�a�l�l�i�z�i�n�g� �d�i�s�h�,� �w�h�i�c�h� �w�a�s� 

�t�h�e�n� �p�l�a�c�e�d� �i�n� �t�h�e� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �o�v�e�n�.� �T�h�e� �o�v�e�n� �w�a�s� �t�h�e�n� �r�a�m�p�e�d� �a�t� 

�1�0�°�C�/� �m�i�n� �t�o� �e�i�t�h�e�r� �2�7�5�°�C� �f�o�r� �t�h�e� �c�o�p�o�l�y�m�e�r�s� �o�r� �2�8�0�°�C� �f�o�r� �t�h�e� �p�o�l�y�i�m�i�d�e� 

�h�o�m�o�p�o�l�y�m�e�r�.� �T�h�i�s� �i�s� �3�0�°�C� �a�b�o�v�e� �T�g� �f�o�r� �t�h�e� �(�3�.�6� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �a�n�d� �5�0�°�C� 

�a�b�o�v�e� �T�g�,� �o�f� �t�h�e� �(�1�.�5� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�.� �H�e�a�t�i�n�g� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0�°�C� �a�b�o�v�e� 

�T�y� �f�o�r� �t�h�e� �p�o�l�y�i�m�i�d�e� �(�t�o� �2�9�5�°�C�)� �t�e�n�d�e�d� �t�o� �t�u�r�n� �t�h�e� �f�i�l�m� �f�r�o�m� �y�e�l�l�o�w� �t�o� �b�r�o�w�n�,� 

�w�h�e�r�e�a�s� �t�h�e� �y�e�l�l�o�w� �c�o�l�o�r� �o�f� �t�h�e� �c�o�p�o�l�y�m�e�r� �f�i�l�m�s� �d�i�d� �n�o�t� �c�h�a�n�g�e� �o�n� �h�e�a�t�i�n�g�.� �T�h�e� 

�p�o�l�y�i�m�i�d�e� �f�i�l�m�'�s� �m�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �t�h�e�r�e�f�o�r�e� �l�o�w�e�r�e�d� �t�o� �2�8�0�°�C�.� �A� 

�g�i�v�e�n� �f�i�l�m� �w�a�s� �h�e�l�d� �a�t� �i�t�s� �m�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �2� �t�o� �2�.�5� �h�o�u�r�s�.� �T�h�e� 

�q�u�e�n�c�h�i�n�g� �o�f� �t�h�e� �f�i�l�m� �i�n�v�o�l�v�e�d� �q�u�i�c�k�l�y� �r�e�m�o�v�i�n�g� �i�t� �f�r�o�m� �t�h�e� �o�v�e�n� �a�t� �t�h�i�s� �t�i�m�e� 

�a�n�d� �p�l�a�c�i�n�g� �i�t� �(�a�n�d� �t�h�e� �T�e�f�l�o�n� �s�h�e�e�t�)� �o�n� �t�h�e� �c�o�u�n�t�e�r� �t�o�p� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�-�-� 

�c�a�u�s�i�n�g� �i�t� �t�o� �c�o�o�l� �v�e�r�y� �r�a�p�i�d�l�y�.� �I�n� �t�h�e� �a�g�i�n�g� �t�r�e�a�t�m�e�n�t�,� �a�f�t�e�r� �t�h�e� �f�i�l�m� �h�a�d� �b�e�e�n� 

�h�e�l�d� �a�b�o�v�e� �i�t�s� �T�y� �f�o�r� �2� �t�o� �2�.�5� �h�o�u�r�s�,� �t�h�e� �o�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�a�m�p�e�d� �d�o�w�n� �a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�°�C�/� �m�i�n� �t�o� �a� �t�e�m�p�e�r�a�t�u�r�e� �5�°�C� �b�e�l�o�w� �t�h�e� �T�y� �a�n�d� �t�h�e�n� �h�e�l�d� 

�c�o�n�s�t�a�n�t� �f�o�r� �2�4� �h�o�u�r�s�.� �T�h�e� �f�i�l�m� �w�a�s� �t�h�e�n� �r�a�p�i�d�l�y� �c�o�o�l�e�d� �f�r�o�m� �T�g�-�5�°�C� �t�o� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �b�y� �r�e�m�o�v�i�n�g� �i�t� �f�r�o�m� �t�h�e� �o�v�e�n� �a�n�d� �p�l�a�c�i�n�g� �i�t� �o�n� �t�h�e� �c�o�u�n�t�e�r� �t�o�p�.� �T�h�e� 
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�c�i�r�c�u�l�a�r� �p�o�l�y�i�m�i�d�e� �f�i�l�m�s� �s�h�o�w�e�d� �n�o�t�i�c�e�a�b�l�e� �r�a�d�i�a�l� �s�h�r�i�n�k�a�g�e� �a�n�d� �a�n� �a�p�p�a�r�e�n�t� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�i�c�k�n�e�s�s� �u�p�o�n� �t�h�e�r�m�a�l� �t�r�e�a�t�m�e�n�t�.� 

�3�.�3� �I�N�S�T�R�U�M�E�N�T�A�L� 

�3�.�3�.�1� �G�e�n�e�r�a�l� �P�o�l�y�m�e�r� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�3�.�3�.�1�.�1� �S�u�r�f�a�c�e� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�S�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n� �f�e�a�t�u�r�e�s� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �u�s�i�n�g� �a�n� �I�S�I� �S�X� �4�0� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �w�i�t�h� �a�n� �a�c�c�e�l�e�r�a�t�i�o�n� 

�v�o�l�t�a�g�e� �o�f� �1�0� �k�V�.� �S�m�a�l�l� �s�e�c�t�i�o�n�s� �o�f� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n� �w�e�r�e� �a�t�t�a�c�h�e�d� �t�o� �s�a�m�p�l�e� 

�m�o�u�n�t�s� �b�y� �m�e�a�n�s� �o�f� �d�o�u�b�l�e� �s�t�i�c�k� �t�a�p�e�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �s�p�u�t�t�e�r� �c�o�a�t�e�d� 

�w�i�t�h� �g�o�l�d� �f�o�r� �t�w�o� �m�i�n�u�t�e�s�.� �A�t�t�e�m�p�t�s� �t�o� �v�i�e�w� �i�n�s�i�d�e� �t�h�e� �c�o�l�u�m�n�s� �r�e�q�u�i�r�e�d� �a�n� 

�a�l�m�o�s�t� �9�0�°� �r�o�t�a�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e� �h�o�l�d�e�r�.� �D�i�f�f�i�c�u�l�t�i�e�s� �i�n�v�o�l�v�i�n�g� �c�h�a�r�g�i�n�g� �o�f� �t�h�e� 

�s�u�r�f�a�c�e� �w�e�r�e� �o�c�c�a�s�i�o�n�a�l�l�y� �e�n�c�o�u�n�t�e�r�e�d� �p�e�r�h�a�p�s� �d�u�e� �t�o� �i�n�a�d�e�q�u�a�t�e� �g�o�l�d� 

�s�p�u�t�t�e�r�i�n�g� �o�n� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �c�o�l�u�m�n�s�.� 

�X�P�S� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �a� �5�4�0�0� �P�e�r�k�i�n� �E�l�m�e�r� �x�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� 

�s�p�e�c�t�r�o�m�e�t�e�r�.� �I�t� �w�a�s� �o�p�e�r�a�t�e�d� �i�n� �a� �f�i�x�e�d� �a�n�a�l�y�z�e�r� �m�o�d�e� �u�s�i�n�g� �M�g� �K�a�y�?� �x�-�r�a�y� 

�r�a�d�i�a�t�i�o�n� �(�4�0�0� �W�,� �1�5� �k�V�,� �1�2�5�3�.�6� �e�V�)�.� �D�a�t�a� �w�a�s� �c�o�l�l�e�c�t�e�d� �u�s�i�n�g� �t�h�r�e�e� �o�r�i�e�n�t�a�t�i�o�n�s� 

�o�f� �t�h�e� �s�a�m�p�l�e� �h�o�l�d�e�r�:� �1�5�°�,� �4�5�°� �a�n�d� �9�0�°�.� �T�h�e� �c�o�l�l�e�c�t�i�n�g� �t�i�m�e� �f�o�r� �e�a�c�h� �e�l�e�m�e�n�t� �w�a�s� 

�f�i�v�e� �m�i�n�u�t�e�s�.� �S�a�m�p�l�e�s� �c�o�n�s�i�s�t�e�d� �o�f� �c�o�p�o�l�y�m�e�r�s� �s�p�i�n�-�c�o�a�t�e�d� �o�n�t�o� �f�e�r�r�o�t�y�p�e� �p�l�a�t�e�s�.� 

�T�h�e� �c�o�p�o�l�y�m�e�r�s� �h�a�d� �b�e�e�n� �c�a�s�t� �f�r�o�m� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �d�r�i�e�d� �u�n�d�e�r� �a� �f�l�o�w� 

�o�f� �n�i�t�r�o�g�e�n�.� 

�C�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�i�n�g� �u�s�i�n�g� �a� �R�a�m�é�-�H�a�r�t� 

�g�o�n�i�o�m�e�t�e�r� �w�i�t�h� �a� �v�a�p�o�r� �c�h�a�m�b�e�r� �a�t�t�a�c�h�m�e�n�t�.� �T�h�e� �s�m�a�l�l� �t�r�o�u�g�h�s� �i�n�s�i�d�e� �t�h�e� 

�e�n�c�l�o�s�e�d� �v�a�p�o�r� �c�h�a�m�b�e�r� �w�e�r�e� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �l�i�q�u�i�d� �u�s�e�d� �f�o�r� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �s�e�v�e�r�a�l� �m�i�n�u�t�e�s� �p�r�i�o�r� �t�o� �t�h�e� �a�c�t�u�a�l� �m�e�a�s�u�r�e�m�e�n�t�.� �L�i�q�u�i�d�s� �u�s�e�d� 
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�f�o�r� �c�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �d�i�s�t�i�l�l�e�d� �d�e�-�i�o�n�i�z�e�d� �w�a�t�e�r�,� �f�o�r�m�a�m�i�d�e� �a�n�d� 

�d�i�i�o�d�o�m�e�t�h�a�n�e�.� �T�h�e� �f�o�r�m�a�m�i�d�e� �a�n�d� �d�i�i�o�d�o�m�e�t�h�a�n�e� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �A�l�d�r�i�c�h� 

�a�n�d� �w�e�r�e� �9�9�%� �p�u�r�e�.� �T�h�e� �d�i�i�o�d�o�m�e�t�h�a�n�e� �w�a�s� �s�t�o�r�e�d� �i�n� �a� �m�a�n�n�e�r� �t�o� �p�r�o�t�e�c�t� �i�t� 

�f�r�o�m� �l�i�g�h�t�.� �P�o�l�y�m�e�r� �f�i�l�m�s� �w�e�r�e� �s�p�i�n�-�c�a�s�t� �f�r�o�m� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �o�n�t�o� �s�m�a�l�l� 

�f�e�r�r�o�t�y�p�e� �p�l�a�t�e�s�.� �C�a�s�t� �f�i�l�m�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �d�r�y� �a�t� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �2� 

�h�o�u�r�s� �a�n�d� �w�e�r�e� �t�h�e�n� �d�r�i�e�d� �a�t� �1�0�0�°�C� �i�n� �f�o�i�l� �c�o�v�e�r�e�d� �c�l�e�a�n� �b�e�a�k�e�r�s� �i�n�s�i�d�e� �t�h�e� �G�C� 

�o�v�e�n�.� 

�3�.�3�.�1�.�2� �G�e�l� �P�e�r�m�e�a�t�i�o�n� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� 

�G�e�l� �p�e�r�m�e�a�t�i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�t�i�l�i�z�i�n�g� �a� �W�a�t�e�r�s� �1�5�0�-�C� 

�A�L�C�/�G�P�C� �f�i�t�t�e�d� �w�i�t�h� �a� �C�h�r�o�m�a�t�r�i�x� �K�M�X�-�6� �l�o�w� �a�n�g�l�e� �l�a�s�e�r� �l�i�g�h�t� �s�c�a�t�t�e�r�e�r� �a�n�d� �a� 

�V�i�s�c�o�t�e�k� �d�i�f�f�e�r�e�n�t�i�a�l� �v�i�s�c�o�m�e�t�e�r�.� �U�n�i�v�e�r�s�a�l� �c�a�l�i�b�r�a�t�i�o�n� �a�n�d� �p�o�l�y�s�t�y�r�e�n�e� 

�s�t�a�n�d�a�r�d�s� �w�e�r�e� �u�s�e�d�.� �T�h�e� �s�o�l�v�e�n�t� �w�a�s� �N�-�m�e�t�h�y�l�p�y�r�r�o�l�i�d�i�n�o�n�e� �(�N�M�P�)�.� �I�t� �w�a�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �f�i�l�t�e�r� �s�o�m�e� �c�o�p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �s�a�m�p�l�e�s� �p�r�i�o�r� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� 

�3�.�3�.�1�.�3� �B�u�l�k� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�T�h�e�r�m�a�l� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �T�G�A� �7� 

�T�h�e�r�m�o�g�r�a�v�i�m�e�t�r�i�c� �A�n�a�l�y�z�e�r� �a�n�d� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �D�S�C� �7� �D�i�f�f�e�r�e�n�t�i�a�l� �S�c�a�n�n�i�n�g� 

�C�a�l�o�r�i�m�e�t�e�r�.� �A� �D�i�g�i�t�a�l� �D�E�C�s�t�a�t�i�o�n� �3�2�5�c� �c�o�m�p�u�t�e�r� �w�i�t�h� �P�e�r�k�i�n�-�E�l�m�e�r� �T�h�e�r�m�a�l� 

�A�n�a�l�y�s�i�s� �V�e�r�s�i�o�n� �2�.�0�0� �s�o�f�t�w�a�r�e� �w�a�s� �u�s�e�d� �t�o� �c�o�n�t�r�o�l� �t�h�e� �i�n�s�t�r�u�m�e�n�t�s� �a�s� �w�e�l�l� �a�s� �t�o� 

�c�o�l�l�e�c�t� �a�n�d� �a�n�a�l�y�z�e� �t�h�e� �d�a�t�a�.� �A�l�l� �T�G�A� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �a� �f�l�o�w�i�n�g� 

�a�i�r� �e�n�v�i�r�o�n�m�e�n�t� �a�t� �a� �h�e�a�t�i�n�g� �r�a�t�e� �o�f� �1�0�°�C� �p�e�r� �m�i�n�u�t�e� �f�r�o�m� �3�0�°�C� �t�o� �8�5�0�-�9�0�0�°�C�.� 

�D�S�C� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �P�o�l�y�m�e�r� �L�a�b�o�r�a�t�o�r�i�e�s� �a�l�u�m�i�n�u�m� �D�S�C� 

�p�a�n�s� �a�n�d� �a�t� �a� �h�e�a�t�i�n�g� �r�a�t�e� �o�f� �1�0�°�C� �p�e�r� �m�i�n�u�t�e� �f�r�o�m� �3�0�-�5�0�°�C� �t�o� �3�0�0�°�C�.� �B�a�s�e�l�i�n�e�s�,� 

�a�u�t�o�m�a�t�i�c�a�l�l�y� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� �s�a�m�p�l�e� �r�u�n�s�,� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �t�h�e� �s�a�m�e� �d�a�y� �u�s�i�n�g� 

�t�h�e� �s�a�m�e� �t�y�p�e� �o�f� �P�L� �p�a�n�s�.� 
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�D�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �t�h�e�r�m�a�l� �a�n�a�l�y�s�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �u�s�i�n�g� �a� �P�o�l�y�m�e�r� 

�L�a�b�o�r�a�t�o�r�i�e�s� �D�y�n�a�m�i�c� �M�e�c�h�a�n�i�c�a�l� �T�h�e�r�m�a�l� �A�n�a�l�y�z�e�r� �D�M�T�A�.� �T�h�e� �a�u�t�o�m�a�t�i�c� 

�s�y�s�t�e�m� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �9�1�5�3�C� �C�o�m�p�u�t�e�r� �w�i�t�h� �t�h�e� 

�a�p�p�r�o�p�r�i�a�t�e� �P�o�l�y�m�e�r� �L�a�b�o�r�a�t�o�r�i�e�s� �s�o�f�t�w�a�r�e�.� �S�u�b�a�m�b�i�e�n�t� �t�o� �a�b�o�v�e�-�a�m�b�i�e�n�t� 

�t�e�m�p�e�r�a�t�u�r�e� �s�c�a�n�s� �w�e�r�e� �r�u�n� �a�t� �2�.�5�°�C� �p�e�r� �m�i�n�u�t�e� �a�t� �f�r�e�q�u�e�n�c�i�e�s� �o�f� �1�,�5� �a�n�d� �1�0� �H�z� 

�w�i�t�h� �a� �m�a�x�i�m�u�m� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �4�0� �m�i�c�r�o�n�s�.� 

�3�.�3�.�2� �I�n�v�e�r�s�e� �G�a�s� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� 

�T�h�e� �I�G�C� �s�u�r�f�a�c�e� �s�t�u�d�i�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �5�8�9�0� 

�S�e�r�i�e�s� �I�T� �G�a�s� �C�h�r�o�m�a�t�o�g�r�a�p�h�,� �w�h�i�c�h� �w�a�s� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �S�e�r�i�e�s� �I�I� �T�h�e�r�m�a�l� 

�C�o�n�d�u�c�t�i�v�i�t�y� �D�e�t�e�c�t�o�r� �c�e�l�l� �s�u�i�t�a�b�l�e� �f�o�r� �u�s�e� �w�i�t�h� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�s�.� �P�r�i�o�r� �t�o� �t�h�e� 

�c�o�l�l�e�c�t�i�o�n� �o�f� �d�a�t�a�,� �t�h�e� �c�o�l�u�m�n�s� �w�e�r�e� �c�o�n�d�i�t�i�o�n�e�d� �a�t� �1�1�0�°�C� �u�n�d�e�r� �c�o�n�s�t�a�n�t� �f�l�o�w� �o�f� 

�h�e�l�i�u�m� �g�a�s�.� �T�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� �l�a�s�t�e�d� �f�o�r� �a�t� �l�e�a�s�t� �2�4� �h�o�u�r�s� �o�r� �u�n�t�i�l� �a� �s�t�a�b�l�e� �b�a�s�e�l�i�n�e� 

�w�i�t�h� �a� �t�h�r�e�s�h�o�l�d� �o�f� �z�e�r�o� �o�r� �b�e�l�o�w� �w�a�s� �o�b�t�a�i�n�e�d�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �f�r�o�m� �t�h�e� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �a�n�a�l�y�s�e�s� �w�a�s� �p�l�o�t�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d� �b�y� �a�n� �H�P� �3�3�9�6�A� �I�n�t�e�g�r�a�t�o�r� 

�l�i�n�k�e�d� �t�o� �t�h�e� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�.� �I�n�j�e�c�t�i�o�n�s� �o�f� �p�r�o�b�e� �v�a�p�o�r� �(�w�i�t�h� �n�i�t�r�o�g�e�n� �a�s� �a� 

�n�o�n�-�a�d�s�o�r�b�i�n�g� �m�a�r�k�e�r�)� �i�n�t�o� �t�h�e� �c�o�l�u�m�n�s� �w�e�r�e� �a�c�c�o�m�p�l�i�s�h�e�d� �w�i�t�h� �a�n� �H�P� �1�9�3�9�5�A� 

�H�e�a�d�s�p�a�c�e� �S�a�m�p�l�e�r�.� �T�h�e� �c�a�r�r�i�e�r� �g�a�s� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e� �c�o�l�u�m�n� �f�l�o�w� �r�a�t�e� �u�s�e�d� �i�n� 

�a�l�l� �a�n�a�l�y�s�e�s� �w�e�r�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �d�r�y� �h�e�l�i�u�m� �a�n�d� �5� �m�l�/�m�i�n�.� �T�h�e� �c�a�p�i�l�l�a�r�y� �s�p�l�i�t� 

�r�a�t�i�o� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�/�2�0�.� �T�h�e� �p�r�o�b�e�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� 

�a�n�d� �t�h�e� �h�o�m�o�l�o�g�o�u�s� �s�e�r�i�e�s� �o�f� �n�-�a�l�k�a�n�e�s� �f�r�o�m� �n�o�n�a�n�e� �t�o� �d�o�d�e�c�a�n�e�.� �A�l�l� �n�-�a�l�k�a�n�e�s� 

�w�e�r�e� �f�r�o�m� �A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� �I�n�c�.� �i�n� �t�h�e� �9�9�%� �o�r� �9�9�+�%� �p�u�r�e� �s�t�a�t�e�.� 

�3�.�3�.�3� �G�r�a�v�i�m�e�t�r�i�c� �S�o�r�p�t�i�o�n� 

�T�h�e� �s�o�r�p�t�i�o�n� �o�f� �w�a�t�e�r� �i�n�t�o� �t�h�e� �s�a�m�p�l�e� �f�i�l�m�s� �u�p�o�n� �e�x�p�o�s�u�r�e� �t�o� �w�a�t�e�r� �v�a�p�o�r� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d� �g�r�a�v�i�m�e�t�r�i�c�a�l�l�y�.� �T�h�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �u�t�i�l�i�z�e�d� �f�o�r� �t�h�i�s� 
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�e�x�p�e�r�i�m�e�n�t� �i�s� �s�h�o�w�n� �s�c�h�e�m�a�t�i�c�a�l�l�y� �i�n� �F�i�g�u�r�e� �9�.� �A� �P�e�r�k�i�n�-�E�l�m�e�r� �T�G�S�-�2� 

�T�h�e�r�m�o�g�r�a�v�i�m�e�t�r�i�c� �S�y�s�t�e�m� �a�n�a�l�y�z�e�r� �w�a�s� �f�i�t�t�e�d� �w�i�t�h� �a� �l�e�n�g�t�h�e�n�e�d� �s�a�m�p�l�e� �h�o�o�k� 

�a�n�d� �a� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �t�h�r�o�u�g�h� �w�h�i�c�h� �e�i�t�h�e�r� �d�r�y� �o�r� �h�u�m�i�d� �a�i�r� �c�o�u�l�d� �b�e� �p�a�s�s�e�d�.� 

�T�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �w�a�s� �h�e�a�t�e�d� �t�o� �j�u�s�t� �a�b�o�v�e� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �b�y� �m�e�a�n�s� �o�f� �a�n� 

�e�x�t�e�r�i�o�r� �w�r�a�p� �o�f� �t�h�e�r�m�a�l� �t�a�p�e� �r�e�g�u�l�a�t�e�d� �b�y� �a� �V�a�r�i�a�c� �r�e�s�i�s�t�o�r�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� 

�t�h�e� �w�r�a�p� �i�n�s�u�l�a�t�i�o�n� �a�n�d� �i�n�s�i�d�e� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r�.�w�e�r�e� 

�m�o�n�i�t�o�r�e�d� �u�s�i�n�g� �a�n� �O�m�e�g�a� �8�7�1� �D�i�g�i�t�a�l� �T�h�e�r�m�o�m�e�t�e�r� �a�n�d� �T�y�p�e� �K� �(�N�i�C�r�-�N�i�A�l�)� 

�t�h�e�r�m�o�c�o�u�p�l�e�s�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n�s�i�d�e� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �w�a�s� �f�o�u�n�d� �t�o� �b�e� 

�a�b�o�u�t� �2�°�C� �l�e�s�s� �t�h�a�n� �t�h�e� �o�u�t�e�r� �w�r�a�p� �t�e�m�p�e�r�a�t�u�r�e�.� �D�u�r�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �t�e�s�t�i�n�g� �o�f� �t�h�e� 

�a�p�p�a�r�a�t�u�s�,� �i�t� �w�a�s� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �t�h�e� �i�n�n�e�r� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �t�e�m�p�e�r�a�t�u�r�e� �d�i�d� �n�o�t� 

�c�h�a�n�g�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �u�p�o�n� �s�w�i�t�c�h�i�n�g� �f�r�o�m� �a� �f�l�o�w� �o�f� �d�r�y� �a�i�r� �(�0�%� �h�u�m�i�d�i�t�y�)� �t�o� �a� 

�f�l�o�w� �o�f� �h�u�m�i�d�i�f�i�e�d� �a�i�r�.� �T�h�e� �a�v�e�r�a�g�e� �i�n�n�e�r� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�v�e�r� �a�l�l� 

�r�u�n�s� �w�a�s� �3�2� �+�4� �°�C�.� �T�h�e� �m�o�u�t�h� �o�f� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �l�i�m�i�t�e�d� �t�h�e� �m�a�x�i�m�u�m� 

�w�i�d�t�h� �o�f� �t�h�e� �t�h�i�n� �r�e�c�t�a�n�g�u�l�a�r�l�y�-�c�u�t� �s�a�m�p�l�e� �f�i�l�m�s� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �c�e�n�t�i�m�e�t�e�r�s�.� 

�L�e�n�g�t�h�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �5� �a�n�d� �6� �c�m�.� 

�A�n� �a�i�r� �f�l�o�w� �o�f� �c�o�n�t�r�o�l�l�e�d� �h�u�m�i�d�i�t�y� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �s�a�m�p�l�e� 

�c�h�a�m�b�e�r� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�a�n�n�e�r�.� �A� �c�y�l�i�n�d�e�r� �o�f� �c�o�m�p�r�e�s�s�e�d� �b�r�e�a�t�h�i�n�g� �a�i�r� �w�a�s� 

�u�s�e�d� �a�s� �a�n� �"�i�n�f�i�n�i�t�e�"� �s�o�u�r�c�e� �o�f� �d�r�y� �a�i�r� �f�l�o�w� �t�h�r�o�u�g�h� �t�h�e� �t�u�b�i�n�g� �s�y�s�t�e�m� �a�n�d� �s�a�m�p�l�e� 

�c�h�a�m�b�e�r�,� �w�i�t�h� �t�h�e� �o�u�t�l�e�t� �o�f� �t�h�e� �t�u�b�i�n�g� �a�t� �a�t�m�o�s�p�h�e�r�i�c� �p�r�e�s�s�u�r�e�.� �T�h�e� �a�i�r� �p�r�e�s�s�u�r�e� 

�w�a�s� �r�e�d�u�c�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4� �p�s�i� �b�y� �m�e�a�n�s� �o�f� �t�h�e� �a�i�r� �t�a�n�k� �p�r�e�s�s�u�r�e� �g�a�u�g�e�.� �T�h�e� 

�a�i�r� �w�a�s� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a�n� �A�l�l�t�e�c�h� �A�s�s�o�c�i�a�t�e�s� �G�a�s� �P�u�r�i�f�i�e�r� �c�o�n�t�a�i�n�i�n�g� �i�n�d�i�c�a�t�i�n�g� 

�d�r�i�e�r�i�t�e� �a�n�d� �m�o�l�e�c�u�l�a�r� �s�i�e�v�e�s� �p�r�i�o�r� �t�o� �e�n�t�e�r�i�n�g� �a� �n�e�e�d�l�e� �v�a�l�v�e� �f�l�o�w�m�e�t�e�r� �w�i�t�h� 

�s�t�e�e�l� �a�n�d� �g�l�a�s�s� �f�l�o�a�t�i�n�g� �b�a�l�l�s�.� �T�h�e� �f�l�o�w�m�e�t�e�r� �w�a�s� �a�d�j�u�s�t�e�d� �s�o� �t�h�a�t� �t�h�e� �f�l�o�w�r�a�t�e� 

�w�o�u�l�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �b�e� �1�0�0� �m�l�/�m�i�n� �a�t� �t�h�e� �o�p�e�n� �s�y�s�t�e�m�'�s� �o�u�t�l�e�t�;� �t�h�e� �s�t�e�e�l� �b�a�l�l� �o�f� 

�t�h�e� �f�l�o�w�m�e�t�e�r� �w�o�u�l�d� �c�o�m�e� �t�o� �r�e�s�t� �n�e�a�r� �8�0� �o�n� �t�h�e� �f�l�o�w�m�e�t�e�r� �s�c�a�l�e� �f�o�r� �t�h�e�s�e� 
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�M�o�n�i�t�o�r�.� �O�V�E�N� �S�a�t�u�r�a�t�e�d� �N�a�C�l� 
�s�o�l�u�t�i�o�n� 

�F�i�g�u�r�e� �9�.� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �a�p�p�a�r�a�t�u�s� �u�s�e�d� �i�n� �s�o�r�p�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� �C�l�o�s�e�d� �f�l�o�w� 
�p�a�t�h� �u�s�e�d� �t�o� �e�q�u�i�l�i�b�r�a�t�e� �h�u�m�i�d�i�t�y� �i�n�s�i�d�e� �s�a�l�t� �s�o�l�u�t�i�o�n� �c�h�a�m�b�e�r� �i�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� 
�d�o�t�t�e�d� �l�i�n�e�.� 
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�c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �a�v�e�r�a�g�e� �v�o�l�u�m�e�t�r�i�c� �f�l�o�w� �r�a�t�e� �m�e�a�s�u�r�e�d� �u�n�d�e�r� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� 

�w�a�s� �1�0�0� �+� �7� �m�l�/�m�i�n�.� 

�T�h�e� �a�i�r� �f�l�o�w� �c�o�u�l�d� �b�e� �r�o�u�t�e�d� �o�n�e� �o�f� �t�w�o� �d�i�r�e�c�t�i�o�n�s�.� �T�h�e� �d�r�y� �a�i�r� �f�r�o�m� �t�h�e� 

�t�a�n�k� �c�o�u�l�d� �b�e� �r�o�u�t�e�d� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �o�r� �i�t� �c�o�u�l�d� �b�e� �d�i�v�e�r�t�e�d� �f�i�r�s�t� 

�i�n�t�o� �a� �h�u�m�i�d�i�f�y�i�n�g� �c�h�a�m�b�e�r� �c�o�n�t�a�i�n�i�n�g� �a� �s�a�t�u�r�a�t�e�d� �s�o�d�i�u�m� �c�h�l�o�r�i�d�e� �s�a�l�t�/� �d�i�s�t�i�l�l�e�d� 

�w�a�t�e�r� �s�o�l�u�t�i�o�n�.� �I�n� �o�r�d�e�r� �t�o� �h�a�v�e� �a� �p�r�o�p�e�r�l�y� �c�o�n�t�r�o�l�l�e�d� �h�u�m�i�d�i�t�y�,� �p�r�e�c�a�u�t�i�o�n�s� 

�w�e�r�e� �t�a�k�e�n�.� �T�h�e� �s�a�l�t� �s�o�l�u�t�i�o�n� �c�h�a�m�b�e�r� �w�a�s� �p�l�a�c�e�d� �i�n� �a�n� �o�v�e�n�,� �w�h�o�s�e� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �m�e�a�n�s� �o�f� �a� �V�a�r�i�a�c�.� �T�o� �i�n�s�u�r�e� �t�h�a�t� �t�h�e� �s�a�l�t� �s�o�l�u�t�i�o�n� 

�w�a�s� �t�r�u�l�y� �s�a�t�u�r�a�t�e�d� �i�t� �w�a�s� �s�t�i�r�r�e�d� �a�n�d� �h�e�a�t�e�d� �t�o� �a� �t�e�m�p�e�r�a�t�u�r�e� �a�b�o�v�e� �i�t�s� �u�s�e� 

�t�e�m�p�e�r�a�t�u�r�e� �b�e�f�o�r�e� �i�t� �w�a�s� �a�l�l�o�w�e�d� �t�o� �c�o�o�l� �t�o� �t�h�e� �o�v�e�n� �t�e�m�p�e�r�a�t�u�r�e�;� �i�t� �w�a�s� �f�o�u�n�d� 

�t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �u�n�d�i�s�s�o�l�v�e�d� �s�a�l�t� �w�a�s� �a� �n�e�c�e�s�s�a�r�y� �b�u�t� �n�o�t� �s�u�f�f�i�c�i�e�n�t� �i�n�d�i�c�a�t�o�r� 

�o�f� �s�a�t�u�r�a�t�i�o�n�.� �T�h�e� �d�r�y� �a�i�r� �e�n�t�e�r�i�n�g� �t�h�e� �s�a�l�t� �s�o�l�u�t�i�o�n� �c�h�a�m�b�e�r� �w�a�s� �p�a�s�s�e�d� �t�h�r�o�u�g�h� 

�t�h�e� �l�i�q�u�i�d� �o�f� �t�h�e� �s�a�t�u�r�a�t�e�d� �s�o�l�u�t�i�o�n� �i�n� �o�r�d�e�r� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� �h�u�m�i�d�i�f�y�i�n�g� �c�o�n�t�a�c�t�.� 

�T�h�e� �t�u�b�i�n�g� �w�h�i�c�h� �b�r�i�d�g�e�d� �t�h�e� �g�a�p� �b�e�t�w�e�e�n� �t�h�e� �o�v�e�n� �a�n�d� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� 

�w�a�s� �m�a�d�e� �a�s� �s�h�o�r�t� �a�s� �p�o�s�s�i�b�l�e� �a�n�d� �w�a�s� �i�n�s�u�l�a�t�e�d� �u�s�i�n�g� �f�o�a�m� �p�i�p�e� �i�n�s�u�l�a�t�i�o�n� �t�o� 

�p�r�e�v�e�n�t� �c�o�n�d�e�n�s�a�t�i�o�n� �d�u�e� �t�o� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�s� �I�d�e�a�l�l�y�,� �t�h�e� �e�n�t�i�r�e� �s�o�r�p�t�i�o�n� 

�a�p�p�a�r�a�t�u�s� �s�h�o�u�l�d� �h�a�v�e� �b�e�e�n� �p�l�a�c�e�d� �i�n�s�i�d�e� �a� �c�o�n�t�r�o�l�l�e�d� �t�e�m�p�e�r�a�t�u�r�e� �e�n�v�i�r�o�n�m�e�n�t�,� 

�b�u�t� �n�o� �a�v�a�i�l�a�b�l�e� �o�v�e�n� �w�a�s� �l�a�r�g�e� �e�n�o�u�g�h� �t�o� �h�o�u�s�e� �t�h�e� �t�h�e�r�m�a�l� �g�r�a�v�i�m�e�t�r�i�c� 

�a�n�a�l�y�z�e�r�.� 

�H�u�m�i�d�i�t�y� �w�a�s� �m�o�n�i�t�o�r�e�d� �b�y� �m�e�a�n�s� �o�f� �a� �D�i�c�k�s�o�n� �T�e�m�p�e�r�a�t�u�r�e�/� �H�u�m�i�d�i�t�y� 

�M�e�t�e�r�.� �T�h�e� �h�u�m�i�d�i�t�y� �m�o�n�i�t�o�r� �p�r�o�b�e� �w�a�s� �l�o�c�a�t�e�d� �i�n� �a� �s�m�a�l�l� �v�o�l�u�m�e� �c�h�a�m�b�e�r� 

�i�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �t�h�e� �t�u�b�i�n�g� �e�x�i�t�e�d� �t�h�e� �o�v�e�n�.� �T�h�e� �p�r�o�b�e� �t�i�p� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� 

�c�h�a�m�b�e�r� �s�u�c�h� �t�h�a�t� �i�t� �w�a�s� �s�h�i�e�l�d�e�d� �f�r�o�m� �d�i�r�e�c�t� �f�l�o�w� �p�a�t�h� �o�f� �t�h�e� �a�i�r�.� �I�n� �o�r�d�e�r� �t�o� 

�m�a�x�i�m�i�z�e� �t�h�e� �r�a�t�e� �o�f� �i�n�i�t�i�a�l� �i�n�c�r�e�a�s�e� �i�n� �h�u�m�i�d�i�t�y�,� �a� �l�a�r�g�e�,� �6� �l�i�t�e�r� �v�a�c�u�u�m� �f�l�a�s�k� �w�a�s� 

�u�t�i�l�i�z�e�d� �a�s� �t�h�e� �s�a�t�u�r�a�t�e�d� �s�a�l�t� �s�o�l�u�t�i�o�n� �c�h�a�m�b�e�r�.� �T�h�e� �s�a�l�t� �s�o�l�u�t�i�o�n� �c�h�a�m�b�e�r� �w�a�s� 
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�c�o�n�n�e�c�t�e�d� �i�n� �a� �s�e�p�a�r�a�t�e� �c�l�o�s�e�d� �l�o�o�p� �t�o� �a�n� �a�q�u�a�r�i�u�m� �a�i�r� �p�u�m�p�,� �s�o� �t�h�a�t� �t�h�e� 

�c�o�n�t�r�o�l�l�e�d� �h�u�m�i�d�i�t�y� �c�o�u�l�d� �b�e� �b�u�i�l�t� �u�p� �a�n�d� �e�q�u�i�l�i�b�r�a�t�e�d� �p�r�i�o�r� �t�o� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� 

�o�f� �t�h�e� �d�r�y� �a�i�r� �i�n�t�o� �t�h�e� �s�o�l�u�t�i�o�n� �c�h�a�m�b�e�r�.� �U�s�i�n�g� �t�h�e� �l�a�r�g�e� �f�l�a�s�k� �a�s� �a� �h�u�m�i�d�i�t�y� 

�r�e�s�e�r�v�o�i�r� �w�a�s� �f�o�u�n�d� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� �r�a�t�e� �o�f� �h�u�m�i�d�i�t�y� �i�n�c�r�e�a�s�e� �f�o�r� �t�h�i�s� �s�y�s�t�e�m�.� 

�T�h�e� �j�u�m�p� �i�n� �h�u�m�i�d�i�t�y� �w�a�s� �n�o�t� �i�n�s�t�a�n�t�a�n�e�o�u�s� �(�a�s� �r�e�q�u�i�r�e�d� �b�y� �t�h�e�o�r�y�)� �b�u�t� �t�o�o�k� �a� 

�m�i�n�i�m�u�m� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�o� �m�i�n�u�t�e�s� �t�o� �a�p�p�r�o�a�c�h� �m�a�x�i�m�u�m�.� 

�T�h�e� �a�v�e�r�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �o�v�e�n� �w�a�s� �2�5� �+� �3� �°�C� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� 

�r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �N�a�C�]� �s�a�l�t� �s�o�l�u�t�i�o�n� �a�t� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �8�2� �+� 

�2� �p�e�r�c�e�n�t�.� �A�s�a� �f�a�i�l�s�a�f�e� �m�e�a�s�u�r�e� �a�g�a�i�n�s�t� �p�o�s�s�i�b�l�e� �c�o�n�d�e�n�s�a�t�i�o�n� �i�n� �t�h�e� �b�r�i�d�g�i�n�g� 

�t�u�b�i�n�g�,� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �k�e�p�t� �a�t� �a� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �a�b�o�u�t� �3�2�°�C�.� �R�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� 

�q�u�a�n�t�i�t�y� �o�f� �w�a�t�e�r� �v�a�p�o�r� �p�r�e�s�e�n�t� �i�n� �t�h�e� �a�i�r� �t�o� �t�h�e� �q�u�a�n�t�i�t�y� �t�h�a�t� �w�o�u�l�d� �s�a�t�u�r�a�t�e� �t�h�e� 

�a�i�r� �a�t� �t�h�e� �g�i�v�e�n� �t�e�m�p�e�r�a�t�u�r�e�.�!�2�!� �T�h�e� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �i�n�s�i�d�e� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� 

�w�a�s� �e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �t�h�e� �k�n�o�w�n� �a�v�e�r�a�g�e� �h�u�m�i�d�i�t�y� �a�t� �2�5�°�C� �a�n�d� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� 

�r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�:� 

�X�2�5�°�C�*� �H�o�v�e�n�,�2�5�°�C� 

�X�3�2�°�C� �(�3�4�)� 
� � �H� �s�a�m�p�l�e�,�3�2�°�C� �=� 

�w�h�e�r�e� �X� �i�s� �t�h�e� �w�e�i�g�h�t� �i�n� �g�r�a�m�s� �o�f� �a� �c�u�b�i�c� �m�e�t�e�r� �o�f� �s�a�t�u�r�a�t�e�d� �w�a�t�e�r� �v�a�p�o�r� �a�t� �t�h�e� 

�i�n�d�i�c�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �o�v�e�n� �a�n�d� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r�.� �T�h�e� �c�a�l�c�u�l�a�t�i�o�n� �w�a�s� 

�a�l�s�o� �d�o�n�e� �w�i�t�h� �X� �a�s� �v�a�p�o�r� �p�r�e�s�s�u�r�e�s� �o�f� �w�a�t�e�r� �a�t� �t�h�e� �g�i�v�e�n� �t�e�m�p�e�r�a�t�u�r�e�s�.� �F�r�o�m� 

�b�o�t�h� �c�a�l�c�u�l�a�t�i�o�n�s�,� �t�h�e� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �i�n�s�i�d�e� �t�h�e� �s�a�m�p�l�e� �c�h�a�m�b�e�r� �w�a�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�5� �p�e�r�c�e�n�t�.� �L�i�t�e�r�a�t�u�r�e� �v�a�l�u�e�s� �f�o�r� �X� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�a�b�l�e�s� �i�n� 

�t�h�e� �C�R�C� �C�h�e�m�i�s�t�r�y� �a�n�d� �P�h�y�s�i�c�s� �H�a�n�d�b�o�o�k�.�!�2�!� �D�a�t�a� �w�a�s� �c�o�l�l�e�c�t�e�d� �u�s�i�n�g� �a� 
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�G�a�t�e�w�a�y� �2�0�0�0� �3�8�6�/�2�5� �c�o�m�p�u�t�e�r� �a�n�d� �a� �d�a�t�a� �c�o�l�l�e�c�t�i�o�n� �p�r�o�g�r�a�m� �w�r�i�t�t�e�n� �b�y� �H�.� 

�F�r�a�n�c�i�s� �W�e�b�s�t�e�r�.� �H�u�m�i�d�i�t�y� �a�n�d� �s�a�m�p�l�e� �w�e�i�g�h�t� �d�a�t�a� �w�e�r�e� �a�v�e�r�a�g�e�d� �a�n�d� �c�o�l�l�e�c�t�e�d� 

�a�t� �a� �r�a�t�e� �o�f� �o�n�e� �s�a�v�e�d� �d�a�t�a� �p�o�i�n�t� �e�a�c�h� �m�i�n�u�t�e�.� 
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�4�.� �G�E�N�E�R�A�L� �P�O�L�Y�M�E�R� �C�H�A�R�A�C�T�E�R�I�Z�A�T�I�O�N�:� 
�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�4�.�1� �S�U�R�F�A�C�E� �C�H�A�R�A�C�T�E�R�I�Z�A�T�I�O�N� 

�4�.�1�.�1� �x�-�r�a�y� �P�h�o�t�o�e�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� 

�A�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n� �X�P�S� �d�a�t�a� �w�a�s� �c�o�l�l�e�c�t�e�d� �o�n� �t�h�e� �t�h�r�e�e� �s�i�l�o�x�a�n�e�-� 

�c�o�n�t�a�i�n�i�n�g� �c�o�p�o�l�y�m�e�r�s� �u�s�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �r�e�s�e�a�r�c�h�.� �D�a�t�a� �o�n� �s�i�l�i�c�o�n� �a�n�d� �n�i�t�r�o�g�e�n� 

�w�a�s� �u�s�e�d� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� �t�h�e� �s�i�l�o�x�a�n�e� �a�n�d� �i�m�i�d�e� �b�l�o�c�k�s�.� �W�e�i�g�h�t� �p�e�r�c�e�n�t� 

�s�i�l�o�x�a�n�e� �p�r�e�s�e�n�t� �i�s� �l�i�s�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�a�m�p�l�i�n�g� �d�e�p�t�h� �i�n� �T�a�b�l�e� �3�,� �w�i�t�h� �t�h�e� �1�5�°� 

�t�a�k�e�-�o�f�f� �a�n�g�l�e� �b�e�i�n�g� �t�h�e� �m�o�s�t� �s�h�a�l�l�o�w� �s�a�m�p�l�i�n�g� �d�e�p�t�h� �(�~� �1�0�-�2�0� �A�)�.� �T�h�e� �9�0�°� �t�a�k�e�-� 

�o�f�f� �a�n�g�l�e� �s�a�m�p�l�e�s� �a�t� �d�e�p�t�h�s� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�0� �t�o� �1�0�0� �A�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w� �a� 

�g�r�a�d�i�e�n�t� �o�f� �s�i�l�o�x�a�n�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �A� �l�a�r�g�e�r� �p�e�r�c�e�n�t�a�g�e� �o�f� �s�i�l�o�x�a�n�e� �i�s� �a�t� �t�h�e� 

�s�u�r�f�a�c�e� �o�f� �t�h�e� �p�o�l�y�m�e�r� �t�h�a�n� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �f�o�r� �t�h�e� �w�e�i�g�h�t� �p�e�r�c�e�n�t� 

�i�n�c�o�r�p�o�r�a�t�e�d�.� �T�h�i�s� �e�n�r�i�c�h�m�e�n�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� �h�a�s� �b�e�e�n� �s�e�e�n� �p�r�e�v�i�o�u�s�l�y� �i�n� 

�s�i�l�o�x�a�n�e�-�c�o�n�t�a�i�n�i�n�g� �p�o�l�y�i�m�i�d�e� �a�n�d� �o�t�h�e�r� �p�o�l�y�m�e�r�s�.�2�1�1�7�,�1�2�2�-�1�2�7� �T�h�e� �l�o�w�e�r� �s�u�r�f�a�c�e� 

�f�r�e�e� �e�n�e�r�g�y� �o�f� �t�h�e� �P�D�M�S� �b�l�o�c�k� �d�r�i�v�e�s� �i�t� �t�o�w�a�r�d� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �p�h�a�s�e�-� 

�s�e�p�a�r�a�t�e�d� �p�o�l�y�m�e�r�.� 

�4�.�1�.�2� �C�o�n�t�a�c�t� �A�n�g�l�e� �M�e�a�s�u�r�e�m�e�n�t�s� �a�n�d� �C�a�l�c�u�l�a�t�i�o�n�s� 

�C�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �d�o�n�e� �o�n� �t�h�e� �p�o�l�y�i�m�i�d�e� �c�o�n�t�r�o�l� �a�n�d� �t�h�e� 

�t�w�o� �(�3�.�6� �K�)� �P�D�M�S� �c�o�n�t�a�i�n�i�n�g� �c�o�p�o�l�y�m�e�r�s�.� �D�i�i�o�d�o�m�e�t�h�a�n�e� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �w�e�r�e� 

�o�n�l�y� �m�e�a�s�u�r�e�d� �o�n� �t�h�e� �p�o�l�y�i�m�i�d�e�.� �C�o�n�t�a�c�t� �a�n�g�l�e�s� �w�e�r�e� �a�l�s�o� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �t�h�e� 

�p�o�l�y�i�m�i�d�e� �u�s�i�n�g� �a�n� �a�d�d�i�t�i�v�e� �m�e�t�h�o�d�.�1�2�8� �(�N�o� �a�d�d�i�t�i�v�e� �i�n�c�r�e�m�e�n�t� �f�o�r� �t�h�e� �m�o�l�a�r� 

�v�o�l�u�m�e� �o�f� �a�n� �i�m�i�d�e� �l�i�n�k�a�g�e� �w�a�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�,� �s�o� �t�h�e� �m�o�l�a�r� 

�v�o�l�u�m�e� �o�f� �a�n� �a�m�i�d�e� �l�i�n�k�a�g�e� �w�a�s� �s�u�b�s�t�i�t�u�t�e�d� �a�s� �a� �b�e�s�t� �a�p�p�r�o�x�i�m�a�t�i�o�n�.�)� �A�l�l� �v�a�l�u�e�s� 
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�T�a�b�l�e� �3�.� �W�e�i�g�h�t� �p�e�r�c�e�n�t� �P�D�M�S� �a�t� �a�n�d� �n�e�a�r� �c�o�p�o�l�y�m�e�r� �s�u�r�f�a�c�e�s� �a�s� �d�e�t�e�r�m�i�n�e�d� 
�f�r�o�m� �x�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y�.� 

� � � � � � 

�C�o�p�o�l�y�m�e�r� �T�a�k�e�-�o�f�f� �a�n�g�l�e� 

�1�5�°� �4�5�°� �9�0�°� 

�1�0� �w�t�%� �(�3�.�6�K�)� �P�D�M�S� �7�6� �5�1� �4�5� 

�3�0� �w�t�%� �(�3�.�6�K�)� �P�D�M�S� �1�0�0� �9�7� �8�5� 

�3�0� �w�t�%� �(�1�.�5�K�)� �P�D�M�S� �7�6� �6�1� �4�8� 

�T�a�b�l�e� �4�.� �M�e�a�s�u�r�e�d� �a�n�d� �c�a�l�c�u�l�a�t�e�d� �c�o�n�t�a�c�t� �a�n�g�l�e�s�.� �S�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� 
�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �a� �m�i�n�i�m�u�m� �o�f� �f�o�u�r� �d�r�o�p�l�e�t�s�.� 

�H�O� �H�C�O�N�H�)�*� �C�H�o�l�*�*� 
�P�o�l�y�i�m�i�d�e� �C�o�n�t�r�o�l� �7�5�4�2� �5�9� �+�2� �4�1�+�3� 

�P�o�l�y�i�m�i�d�e� �C�o�n�t�r�o�l�*� �7�8�*� �5�8�*� �3�9�*� 

�1�0� �w�t�%� �(�3�.�6�K�)� �P�D�M�S� �9�9� �+�3� �9�2�+�3� �n�d�*�*� 

�3�0� �w�t�%� �(�3�.�6�K�)� �P�D�M�S� �1�0�3� �+�3� �9�6�+�5� �n�d�*�*� 

�*� �F�o�r�m�a�m�i�d�e� 

�*� �D�i�i�o�d�o�m�e�t�h�a�n�e� �o�r� �M�e�t�h�y�l�e�n�e� �I�o�d�i�d�e� 
�*� �c�a�l�c�u�l�a�t�e�d� �v�a�l�u�e�s� 
�*�*� �n�o�t� �d�e�t�e�r�m�i�n�e�d� 
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�a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.� �T�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �f�o�r� �t�h�e� �s�i�l�o�x�a�n�e�-�c�o�n�t�a�i�n�i�n�g� �p�o�l�y�m�e�r�s� �a�r�e� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�o�s�e� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e�,� �s�u�g�g�e�s�t�i�n�g� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �n�o�n�-�p�o�l�a�r� �s�i�l�o�x�a�n�e� 

�a�t� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �w�a�t�e�r� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �o�n� �t�h�e� �c�o�p�o�l�y�m�e�r�s� �a�r�e� �a� �l�i�t�t�l�e� �l�o�w�e�r� �t�h�a�n� 

�t�h�e� �r�e�p�o�r�t�e�d� �w�a�t�e�r� �c�o�n�t�a�c�t� �a�n�g�l�e� �v�a�l�u�e� �o�f� �1�1�0�°� �f�o�r� �p�u�r�e� �P�D�M�S�.� �1�2�9� �T�h�e� �c�a�l�c�u�l�a�t�e�d� 

�c�o�n�t�a�c�t� �a�n�g�l�e�s� �o�f� �t�h�e� �l�i�q�u�i�d�s� �o�n� �t�h�e� �p�o�l�y�i�m�i�d�e� �a�r�e� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� 

�m�e�a�s�u�r�e�d� �c�o�n�t�a�c�t� �a�n�g�l�e�s�.� 

�T�h�e� �s�o�l�i�d� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �a�n�d� �t�h�e� �p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� 

�c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�s� �o�f� �t�h�e� �u�t�i�l�i�z�e�d� �l�i�q�u�i�d�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �O�w�e�n�s� 

�a�n�d� �W�e�n�d�t�,�1�9�0� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� �a� �l�i�q�u�i�d� �o�n� �a� �s�o�l�i�d� �s�u�r�f�a�c�e� �c�a�n� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

�p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�i�e�s� �o�f� �t�h�e� �l�i�q�u�i�d� �a�n�d� �t�h�e� 

�s�o�l�i�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�a�n�n�e�r�:� 

�S� �(�1�+� �c�o�s�0�)�=�/� �7�2� �y�i� �+� �¥� �y�e� �V�y�P� �(�3�5�)� 

�w�h�e�r�e�  ��Y�,� �i�s� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �l�i�q�u�i�d� �a�n�d� �'�Y�,�P� �a�n�d� �v�i� �a�r�e� 

�t�h�e� �p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �l�i�q�u�i�d� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�,� �w�h�i�c�h� �a�r�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.�!�2�8�1�2�9� �T�h�e� �v�a�l�u�e�s� �o�f� �t�o�t�a�l�,� �d�i�s�p�e�r�s�i�v�e� �a�n�d� �p�o�l�a�r� 

�l�i�q�u�i�d� �s�u�r�f�a�c�e� �e�n�e�r�g�i�e�s� �u�s�e�d� �i�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �5�.� �T�h�e�t�a� �i�s� �t�h�e� 

�c�o�n�t�a�c�t� �a�n�g�l�e�.� �I�f� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�w�o� �d�i�f�f�e�r�e�n�t� �l�i�q�u�i�d�s�,� �t�h�e�n� 

�t�h�e�r�e� �a�r�e� �t�w�o� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�w�o� �u�n�k�n�o�w�n�s� �a�n�d� �t�h�e� �p�o�l�a�r�,�  ��.�P�,� �a�n�d� �d�i�s�p�e�r�s�i�v�e�,�  � �� 

�y� �5� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�o�l�i�d� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�y� �a�r�e� �s�o�l�v�a�b�l�e�.� �T�h�e� �d�i�s�p�e�r�s�i�v�e� 

�c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e� �s�u�r�f�a�c�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �s�o�l�v�i�n�g� �t�h�e� �a�b�o�v�e� 

�e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �t�h�r�e�e� �c�o�m�b�i�n�a�t�i�o�n� �p�a�i�r�s� �o�f� �t�h�e� �l�i�q�u�i�d�s� �f�o�r�m�a�m�i�d�e�,� 
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�T�a�b�l�e� �5�.� �L�i�s�t�i�n�g� �(�i�n� �u�n�i�t�s� �o�f� �m�J�/�m�2�)� �o�f� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�s� �a�n�d� �d�i�s�p�e�r�s�i�v�e� �a�n�d� �p�o�l�a�r� 
�c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�s� �f�o�r� �t�h�e� �l�i�q�u�i�d�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �c�o�n�t�a�c�t� 
�a�n�g�l�e�s� �a�g�a�i�n�s�t� �s�a�m�p�l�e� �p�o�l�y�m�e�r� �f�i�l�m�s�.� �1�2�8�,�1�3�0� 

�H�2�0� �H�C�O�N�H�?� �C�H�o�a�I�2� 

�y�,� �7�2�.�8� �5�8�.�2� �5�0�.�8� 
�4� �2�1�.�8� �3�9�.�5� �4�9�.�5� 

�V�P� �5�1� �1�9� �1�3� 

�T�a�b�l�e� �6�.� �L�i�s�t�i�n�g� �o�f� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�o�l�i�d� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� 
�t�h�e� �p�o�l�y�i�m�i�d�e� �c�o�n�t�r�o�l� �a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �d�i�f�f�e�r�e�n�t� �p�a�i�r�s� �o�f� �l�i�q�u�i�d�s�.� 

�Y�e�o� 
�H�2�0� �&� �C�H�a�l�2� �3�4�.�9� 

�H�2�0� �&� �H�C�O�N�H�?� �2�2�.�4� 

�C�H�a�l�2� �&� �H�C�O�N�H�?�2� �3�7�.�3� 
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�d�i�i�o�d�o�m�e�t�h�a�n�e� �a�n�d� �w�a�t�e�r�.� �T�h�e� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �e�a�c�h� �p�a�i�r� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �6�.� 

�T�h�e� �v�a�r�i�a�t�i�o�n� �c�a�n� �b�e� �d�u�e� �t�o� �a� �c�o�u�p�l�e� �o�f� �f�a�c�t�o�r�s�,� �o�n�e� �o�f� �w�h�i�c�h� �i�s� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�e� 

�d�i�s�p�e�r�s�i�v�e� �a�n�d� �p�o�l�a�r� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �l�i�q�u�i�d�s�.� �T�h�i�s� �t�h�e�o�r�y� �a�s�s�u�m�e�s� �t�h�a�t� �p�o�l�a�r� 

�f�o�r�c�e�s� �a�c�r�o�s�s� �t�h�e� �i�n�t�e�r�f�a�c�e� �c�a�n� �b�e� �d�e�s�c�r�i�b�e�d� �a�d�e�q�u�a�t�e�l�y� �b�y� �a� �g�e�o�m�e�t�r�i�c� �m�e�a�n� 

�t�e�r�m�,� �w�h�i�c�h� �m�a�y� �n�o�t� �a�l�w�a�y�s� �b�e� �a� �g�o�o�d� �a�s�s�u�m�p�t�i�o�n� �d�u�e� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n�a�l�i�t�y� �o�f� 

�p�o�l�a�r� �f�o�r�c�e�s�.� �F�o�r�m�a�m�i�d�e� �a�l�s�o� �h�a�s� �r�a�t�h�e�r� �a� �l�a�r�g�e� �e�r�r�o�r� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� 

�s�e�p�a�r�a�t�e�d� �c�o�m�p�o�n�e�n�t�s� �o�f� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�.�!�2�8� �T�h�e� �b�e�s�t� �e�s�t�i�m�a�t�e� �i�s� �p�r�o�b�a�b�l�y� �t�h�a�t� 

�g�i�v�e�n� �b�y� �t�h�e� �d�i�i�o�d�o�m�e�t�h�a�n�e� �a�n�d� �w�a�t�e�r� �p�a�i�r�,� �w�h�i�c�h� �g�i�v�e�s� �a� �s�o�l�i�d� �d�i�s�p�e�r�s�i�v�e� 

�c�o�m�p�o�n�e�n�t� �o�f� �3�4�.�9� �m�J�/�m�2�.� 

�4�.�2� �G�E�L� �P�E�R�M�E�A�T�I�O�N� �C�H�R�O�M�A�T�O�G�R�A�P�H�Y� 

�G�e�l� �p�e�r�m�e�a�t�i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �a�b�o�v�e� �p�o�l�y�m�e�r�s� 

�u�s�i�n�g� �N�M�P� �a�s� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �s�o�l�v�e�n�t�.� �B�o�t�h� �t�h�e� �p�o�l�y�i�m�i�d�e� �c�o�n�t�r�o�l� �a�n�d� �t�h�e� 

�B�T�D�A�-�B�i�s� �P�-�3�0�-�w�t�%� �(�1�.�5� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r� �w�e�r�e� �c�o�m�p�l�e�t�e�l�y� �s�o�l�u�b�l�e� �i�n� �t�h�e� 

�s�o�l�v�e�n�t�.� �T�h�e� �1�0�-� �a�n�d� �3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�3�.�6� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n�s� �w�e�r�e�,� 

�h�o�w�e�v�e�r�,� �s�l�i�g�h�t�l�y� �c�l�o�u�d�y� �a�n�d� �h�a�d� �t�o� �b�e� �f�i�l�t�e�r�e�d� �p�r�i�o�r� �t�o� �t�h�e� �G�P�C� �e�x�p�e�r�i�m�e�n�t�,� 

�w�h�i�c�h� �m�a�y� �h�a�v�e� �h�a�d� �a�n� �e�f�f�e�c�t� �o�n� �t�h�e� �r�e�s�u�l�t�s�.� �T�h�e� �G�P�C� �v�i�s�c�o�s�i�t�y� �c�h�r�o�m�a�t�o�g�r�a�m�s� 

�o�f� �a�l�l� �t�h�e� �p�o�l�y�m�e�r�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�0�.� �T�h�e�s�e� �r�e�v�e�a�l� �n�o� �e�v�i�d�e�n�c�e� �o�f� 

�h�o�m�o�p�o�l�y�m�e�r� �c�o�n�t�a�m�i�n�a�t�i�o�n� �i�n� �t�h�e� �c�o�p�o�l�y�m�e�r�s�;� �t�h�e� �s�m�a�l�l� �p�e�a�k�s� �t�o� �t�h�e� �r�i�g�h�t� �a�r�e� 

 ��s�o�l�v�e�n�t� �p�e�a�k�s�.�"� �T�h�e� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �w�a�s� 

�f�o�u�n�d� �t�o� �b�e� �0�.�5�4� �d�L�/�g�,� �i�n�d�i�c�a�t�i�n�g� �a� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �w�a�s� �a�t�t�a�i�n�e�d� �d�u�r�i�n�g� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� 

�2�.�4�6� �X� �1�0�#� �g�/�m�o�l� �a�n�d� �t�h�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �w�a�s� �2�.�5�.� �A�n� �e�x�a�c�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �r�a�n�d�o�m�l�y� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� �b�y� �G�P�C� �i�s� �p�e�r�h�a�p�s� �l�e�s�s� 

�r�e�l�i�a�b�l�e� �d�u�e� �t�o� �a� �l�a�c�k� �o�f� �p�r�e�d�i�c�t�a�b�l�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �a� �m�u�l�t�i�-�c�o�m�p�o�n�e�n�t� 
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�c�h�a�i�n�'�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �i�t�s� �h�y�d�r�o�d�y�n�a�m�i�c� �v�o�l�u�m�e� �i�n� �a� �g�i�v�e�n� �s�o�l�v�e�n�t�.� �G�P�C� 

�i�s� �s�i�z�e� �e�x�c�l�u�s�i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�h�i�c�h� �s�e�p�a�r�a�t�e�s� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �s�i�z�e� �o�f� �t�h�e� 

�s�o�l�v�a�t�e�d� �p�o�l�y�m�e�r� �m�o�l�e�c�u�l�e�.� �T�h�e� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�i�e�s� �o�f� �t�h�e� �1�0�-� �a�n�d� �3�0�-�w�e�i�g�h�t�-� 

�p�e�r�c�e�n�t� �(�3�.�6� �K�)� �P�D�M�S� �a�n�d� �3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�1�.�5� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� 

�0�.�2�8�,� �0�.�2�0�,� �a�n�d� �0�.�3�1� �d�L�/�g�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �a�n�d� 

�t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�e�t�e�n�t�i�o�n� �v�o�l�u�m�e� �o�f� �t�h�e� �c�o�p�o�l�y�m�e�r�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�h�o�m�o�p�o�l�y�m�e�r� �m�a�y� �i�n� �p�a�r�t� �b�e� �d�u�e� �t�o� �t�h�e� �f�l�e�x�i�b�i�l�i�t�y� �o�f� �t�h�e� �s�i�l�o�x�a�n�e� �s�e�g�m�e�n�t�s� 

�a�l�l�o�w�i�n�g� �f�o�r� �a� �m�o�r�e� �c�o�m�p�a�c�t� �h�y�d�r�o�d�y�n�a�m�i�c� �v�o�l�u�m�e�.� 

�4�.�3� �B�U�L�K� �C�H�A�R�A�C�T�E�R�I�Z�A�T�I�O�N� 

�4�.�3�.�1� �T�h�e�r�m�a�l� �G�r�a�v�i�m�e�t�r�i�c� �A�n�a�l�y�s�i�s� 

�T�h�e�r�m�a�l� �g�r�a�v�i�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �f�i�l�m�s� �p�r�e�p�a�r�e�d� �f�o�r� �t�h�e� 

�s�o�r�p�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �f�i�l�m�s� �u�s�e�d� �h�a�d� �b�e�e�n� �c�a�s�t� �f�r�o�m� �s�o�l�v�e�n�t�,� �d�r�i�e�d� �a�n�d� 

�q�u�e�n�c�h�e�d� �f�r�o�m� �w�e�l�l� �a�b�o�v�e� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�,� �T�y�,� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� 

�t�h�e� �E�x�p�e�r�i�m�e�n�t�a�l�.� �T�h�e� �T�G�A� �t�r�a�c�e�s� �f�o�r� �t�h�e� �p�o�l�y�m�e�r�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�1�.� �N�o� 

�a�p�p�r�e�c�i�a�b�l�e� �w�e�i�g�h�t� �l�o�s�s� �o�c�c�u�r�r�e�d� �n�e�a�r� �t�h�e� �p�o�l�y�m�e�r� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s�,� 

�i�n�d�i�c�a�t�i�n�g� �s�o�l�v�e�n�t� �r�e�m�o�v�a�l�.� �I�n�i�t�i�a�l� �w�e�i�g�h�t� �l�o�s�s� �i�s� �l�e�s�s� �t�h�a�n� �o�n�e� �p�e�r�c�e�n�t� �a�n�d� �o�c�c�u�r�s� 

�b�e�l�o�w� �1�0�0�°�C�,� �w�h�i�c�h� �s�u�g�g�e�s�t�s� �t�h�e� �l�o�s�s� �o�f� �a�d�s�o�r�b�e�d� �s�u�r�f�a�c�e� �w�a�t�e�r�.� �T�h�i�s� �w�a�s� 

�c�o�n�f�i�r�m�e�d� �u�s�i�n�g� �t�h�e� �3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�3�.�6� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�,� �w�h�i�c�h� �w�a�s� 

�t�a�k�e�n� �t�o� �2�7�5�°�C� �i�n� �t�h�e� �T�G�A� �a�n�d� �h�e�l�d� �f�o�r� �a�b�o�u�t� �a� �h�a�l�f� �h�o�u�r�.� �U�p�o�n� �r�e�-�e�x�p�o�s�u�r�e� �o�f� 

�t�h�e� �s�a�m�p�l�e� �i�n� �t�h�e� �T�G�A� �p�a�n� �t�o� �t�h�e� �l�a�b� �a�t�m�o�s�p�h�e�r�e� �f�o�r� �2�0� �m�i�n�u�t�e�s�,� �t�h�e� �w�a�t�e�r� �w�a�s� 

�r�e�-�a�d�s�o�r�b�e�d�.� �U�p�o�n� �r�e�-�r�a�m�p�i�n�g� �t�h�e� �c�o�p�o�l�y�m�e�r� �t�o� �p�a�s�t� �2�7�5�°�C�,� �t�h�e� �l�o�s�s� �f�o�l�l�o�w�e�d� 

�t�h�e� �p�r�e�v�i�o�u�s� �t�r�a�c�e�.� �T�h�i�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�2�.� 
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�4�.�3�.�2� �D�y�n�a�m�i�c� �M�e�c�h�a�n�i�c�a�l� �T�h�e�r�m�a�l� �A�n�a�l�y�s�i�s� 

�D�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �t�h�e�r�m�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�i�l�m�s� �p�r�e�p�a�r�e�d� �f�o�r� �t�h�e� 

�s�o�r�p�t�i�o�n� �e�x�p�e�r�i�m�e�n�t� �r�e�v�e�a�l�e�d� �m�o�r�e� �t�h�a�n� �o�n�e� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �e�v�i�d�e�n�t� �i�n� 

�t�h�e� �d�r�o�p� �o�f� �t�h�e� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s�.� �(�F�i�g�u�r�e�s� �1�3�,� �1�4�,� �1�5�)� �T�h�i�s� �c�o�n�f�i�r�m�e�d� �t�h�e� 

�e�x�i�s�t�e�n�c�e� �o�f� �m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �i�n� �t�h�e� �c�o�p�o�l�y�m�e�r�s�.� �A� �s�t�a�t�i�s�t�i�c�a�l�l�y� �r�a�n�d�o�m� 

�c�o�p�o�l�y�m�e�r� �e�x�h�i�b�i�t�s� �a� �s�i�n�g�l�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �w�h�i�c�h� �f�a�l�l�s� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� 

�c�o�m�p�o�n�e�n�t�s �� �h�o�m�o�p�o�l�y�m�e�r� �T�g�s�.� �A� �b�l�o�c�k� �c�o�p�o�l�y�m�e�r� �w�i�l�l� �e�x�h�i�b�i�t� �t�w�o� �T�g�s� �n�e�a�r� �t�h�e� 

�h�o�m�o�p�o�l�y�m�e�r�s �� �T� �g�s�,� �i�f� �i�t� �m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�e�s�.�!�3�!� �M�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �i�s� 

�g�e�n�e�r�a�l�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�r�e�e� �f�a�c�t�o�r�s�:� �t�h�e� �d�i�s�s�i�m�i�l�a�r�i�t�y� �o�f� �t�h�e� 

�c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� �o�f� �t�h�e� �c�o�m�p�o�n�e�n�t�s�,� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �b�l�o�c�k�s�,� �a�n�d� 

�t�h�e� �c�r�y�s�t�a�l�l�i�z�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �m�u�l�t�i�-�b�l�o�c�k� �c�o�p�o�l�y�m�e�r�s� �u�s�e�d� �i�n� �t�h�i�s� 

�s�t�u�d�y� �w�e�r�e� �e�x�p�e�c�t�e�d� �t�o� �e�x�h�i�b�i�t� �m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n�.� �T�h�e� �c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� 

�o�f� �t�h�e� �i�m�i�d�e�-�b�l�o�c�k� �a�n�d� �t�h�e� �s�i�l�o�x�a�n�e�-�b�l�o�c�k� �a�r�e� �e�x�t�r�e�m�e�l�y� �d�i�f�f�e�r�e�n�t�.� �T�h�e� �s�o�l�u�b�i�l�i�t�y� 

�p�a�r�a�m�e�t�e�r�s� �a�r�e� �a�l�s�o� �n�o�t� �c�l�o�s�e�.� �T�h�e� �p�a�r�a�m�e�t�e�r�,� �5�,� �f�o�r� �t�h�e� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� 

�w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�3�.�1� �(�c�a�l�/�c�m�3�)�1�/�2� �u�s�i�n�g� �V�a�n� �K�r�e�v�e�l�e�n�'�s� 

�l�i�s�t�i�n�g� �o�f� �F�e�d�o�r�'�s� �t�a�b�l�e� �o�f� �a�d�d�i�t�i�v�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�o�h�e�s�i�v�e� �e�n�e�r�g�y� �a�n�d� �m�o�l�a�r� 

�v�o�l�u�m�e�.�!�2�8� �P�o�l�y�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e ��s� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� 

�r�a�n�g�e� �7�.�3�-�7�.�5� �(�c�a�l�/�c�m�)�1�/�2�,� �(�R�e�f�e�r�e�n�c�e� �1�3�1�,� �p�p�.� �4�0�6� �a�n�d� �4�2�0�.�)� �S�u�c�h� �c�h�e�m�i�c�a�l� 

�d�i�s�s�i�m�i�l�a�r�i�t�y� �p�r�o�m�o�t�e�s� �s�e�p�a�r�a�t�i�o�n� �e�v�e�n� �w�h�e�n� �l�e�n�g�t�h�s� �o�f� �P�D�M�S� �a�r�e� �r�e�l�a�t�i�v�e�l�y� 

�s�h�o�r�t�.� �D�o�m�a�i�n� �f�o�r�m�a�t�i�o�n� �o�f� �s�i�z�e� �3�0� �A� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�o�r� �B�I�D�A�-�D�D�S�-�2�0� �w�t�%� 

�(�2�.�0� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�s�,� �w�h�e�r�e� �D�D�S� �s�t�a�n�d�s� �f�o�r� �3�,�3�'�-� 

�d�i�a�m�i�n�o�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e�.�1�5�2� �S�o� �i�t� �i�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �t�h�a�t� �t�h�e� �p�o�l�y�i�m�i�d�e�s�i�l�o�x�a�n�e�s� �i�n� 

�t�h�i�s� �s�t�u�d�y� �h�a�v�e� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� 

�t�w�o� �t�r�a�n�s�i�t�i�o�n�s� �n�e�a�r� �t�h�e� �h�o�m�o�p�o�l�y�m�e�r� �v�a�l�u�e�s�,� �t�h�e�r�e� �a�p�p�e�a�r�s� �a� �t�h�i�r�d� �t�r�a�n�s�i�t�i�o�n� 

�7�4



�(�e�q�)� �s�n�[�n�p�o�y�l� �a�3�e�1�0�j�s� �8�0�7�]� 

 ��r�a�u�r� �T�o�d�o�s� 
�S

�W
�I�C

�d�(�1�9�'�E
�)� 

�%
�I�M

�O
�L� 

�O
�J� �a�i�n�y�e�s�o�d�u�i�a� 

 ��s�a� �s�n�{�n�p�o�u�r� 
�a�8�v�J�0�}�s� 

�B�o�]� �p�u�e� �g� �u�e�}� �8�0�7�]�  ��E�T� �a�M
�3�I�y� 

�S
�E

�L�,�  � �� �8
� 

�
F

�
e
�
,
�
 

�B� 
�a�e� 

�S
�H

�.� �
 
�
 

�
 
�
 

�S�l� � � �
 
�
 � � 

�
 
�
 

�7�9



�(�e�q�)� �s�n�[�n�p�o�y�p�y� �e�8�e�1�o�j�s� �3�0�7�]� 

�-�t�a�u�t�A�j�o�d�o�d� 
�S

�W
�C

�d�(�M
�9�'�E

�)� 
�Y

�I�M
�O

�E
� 

�J�0�J� �a�i�n�y�e�s�r�a�d�u�u�a�}� 
 ��s�a� �s�n�j�n�p�o�u�t� 

�a�3�e�i�0�}�s� 
�Z�o�]� �p�u�e� �g� �u�e�}� �3�0�7�]�  ��p�l� �a�m

�3�r�y� 

�Y�o� 
�d

�W
�a

�l� 
�S

�B
�E

� 
�a

�s�e
� 

�g
�a

�d
� 

�a
�g

�i� 
�a�s�l� 

�g�s� 
�p

�e
� �a

� 
�R

�R
� 
�
e
�
R

�
 

�p
�o

�r� �o�b� �r�e
� 

�o�b� 
�p

�o
�o

�r� �r�o
�t� 

�o�r�e�s� 

�o
�g

� �t�e� 
�+�,� 

�4� 
�r�e�s�t� �F

�n
� 

�F
�O

� 
�F� 

�w
�o

�e
 �� �+� 
�"�x� 

�a�'�s�|�_� 
�.� �e

�+
� 

�r� 
�w

�i�f� 
�e� 

�e�e� 
�2

�7
�2

�i�.� 
�+� 

�w
�i�t� 

�e�+� 
�L� 

�¥� 
�e�t� 

�+� 
�e

�t� 
�3�°� �2�_� 

�.� 
�o

�t� 

�+
� 

�s� 
�
g
�
t
�
 

�8� 
�%� �o�t�e� 

�t� 
�a

�r
� 

�h
�e

� 
�1�.� 

�a� 
�a

�f� 
�e

�e
� 

�*� 
�g�e� �t�t�t� 

�j�t�i�e�t� 
�+�~� 

�#�8� 

�a�r�e� 
�r� 

�8
�°�e

�L
� �+

� 

�2�°�6�|�_� 

�.� 

�s�"�6�|�_� 

�L� 

�
2

�
 � � 

�g
�o

�c
�r

�:� 

�'� 
�o�l� 

�
e
�
e
�
e
�
 

�.� 

�f� 

�
S

�
e
�
 

�r�e� 
�
a

�
 �
t
�
o

�
 

�;� 
�B

�s�-� 
�@

�o
�t�-� 

�B
�S

�s�t�-� 

� � 
�
 
�
 

�9�°�t� 

�2�°�}� 

�7�6



�(�e�q�)� �s�n�j�n�p�o�y�y� �a�8�e�1�0�}�s� �8�0�7�]� 

 ��r�a�u� �A�j�o�d�o�o� 
�S�W

�I� �(�I�S� �1�)�%
� �M

�O
�E

� 
�J�O�J� �a�n�y�e�s�a�d�u�r�a�y� 

 ��s�a� �s�n�j�n� �p�o�u�t� �a�s�e�i�o�}�s� 
�B�o�]� �p�u�e� �Q� �u�e�}� �S�O�T�]�  ��c�t� �a�m

�3�i�y� 

�p�e� 
�d

�W
�a

�l� 

�O�P� �
e
�
a
�
 

�e
�e

� 
�i� 

�I�R� 
�a

� 
�r

�o
� �4� 

�a� 

 ��.� 
�@� 

�a� 

� � �
 
�
 � � 

�
 
�
 

�7�7



�b�e�t�w�e�e�n� �t�h�e� �o�t�h�e�r� �t�w�o�,� �e�s�p�e�c�i�a�l�l�y� �p�r�o�m�i�n�e�n�t� �i�n� �t�h�e� �t�a�n� �5� �(�d�a�m�p�i�n�g�)� �t�r�a�c�e� �f�o�r� �t�h�e� 

�3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�1�.�5� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�.� �T�h�i�s� �c�a�n� �i�n�d�i�c�a�t�e� �s�o�m�e� �p�a�r�t�i�a�l� 

�m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �w�h�e�r�e� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �d�o�m�a�i�n�s� �i�s� �d�i�f�f�u�s�e�.�1�5�3� 

�T�h�e� �(�1�.�5� �K�)� �c�o�p�o�l�y�m�e�r� �h�a�s� �s�h�o�r�t�e�r� �s�i�l�o�x�a�n�e� �b�l�o�c�k�s�.� �I�n�c�o�r�p�o�r�a�t�i�n�g� �a� �g�i�v�e�n� �w�e�i�g�h�t� 

�p�e�r�c�e�n�t� �o�f� �s�i�l�o�x�a�n�e� �i�n�t�o� �a� �c�o�p�o�l�y�m�e�r� �u�s�i�n�g� �s�h�o�r�t�e�r� �b�l�o�c�k�s� �r�e�q�u�i�r�e�s� �t�h�a�t� �a� �l�a�r�g�e�r� 

�n�u�m�b�e�r� �o�f� �c�o�v�a�l�e�n�t� �b�o�n�d�s� �b�e� �m�a�d�e� �c�o�n�n�e�c�t�i�n�g� �d�i�s�s�i�m�i�l�a�r� �b�l�o�c�k�s�.� �T�h�e� �l�a�r�g�e�r� �i�s� 

�t�h�e� �n�u�m�b�e�r� �o�f� �c�o�v�a�l�e�n�t� �l�i�n�k�s� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �b�l�o�c�k�s�,� �t�h�e� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �i�t� 

�b�e�c�o�m�e�s� �t�o� �p�l�a�c�e� �t�h�e�s�e� �b�o�n�d�s� �a�t� �a� �"�s�h�a�r�p�"� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �d�o�m�a�i�n�s�.� 

�T�h�e�s�e� �b�o�n�d�s� �a�r�e� �a� �s�t�r�u�c�t�u�r�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o�w�a�r�d� �e�n�t�r�o�p�y� �o�r� �d�i�s�o�r�d�e�r� �a�n�d� �c�a�u�s�e� �a� 

�d�i�f�f�u�s�e� �i�n�t�e�r�f�a�c�e�.� 

�4�.�3�.�3� �D�i�f�f�e�r�e�n�t�i�a�l� �S�c�a�n�n�i�n�g� �C�a�l�o�r�i�m�e�t�r�y� 

�I�t� �w�a�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�c�t� �t�h�e� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �s�i�l�o�x�a�n�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �b�y� 

�d�i�f�f�e�r�e�n�t�i�a�l� �s�c�a�n�n�i�n�g� �c�a�l�o�r�i�m�e�t�r�y� �o�f� �t�h�e�s�e� �c�o�p�o�l�y�m�e�r�s�.� �U�p�p�e�r� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e�s� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �i�m�i�d�e� �b�l�o�c�k� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�S�C� �a�n�d� �a�r�e� 

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �7�.� �T�h�e� �T�y�s� �o�f� �t�h�e� �m�i�c�r�o�p�h�a�s�e�-�s�e�p�a�r�a�t�e�d� �d�o�m�a�i�n�s� �w�i�l�l� �n�o�t� �b�e� 

�a�f�f�e�c�t�e�d� �b�y� �c�h�a�n�g�e�s� �i�n� �c�o�m�p�o�s�i�t�i�o�n� �a�s� �l�o�n�g� �a�s� �b�l�o�c�k� �l�e�n�g�t�h�s� �a�r�e� �o�f� �s�u�f�f�i�c�i�e�n�t� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.�1�3�!� �T�h�e� �T�g�s� �o�f� �t�h�e� �c�o�p�o�l�y�m�e�r�s� �i�n� �t�h�i�s� �s�t�u�d�y� �o�b�v�i�o�u�s�l�y� �s�h�o�w� �a� 

�d�e�p�e�n�d�e�n�c�e� �o�n� �c�o�m�p�o�s�i�t�i�o�n�.� �T�h�i�s� �i�n�v�o�l�v�e�s� �a� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�e�p�e�n�d�e�n�c�e� �o�f� 

�t�h�e� �T�,� �w�h�i�c�h� �c�a�n� �b�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �h�o�m�o�p�o�l�y�m�e�r� �T�g�s� �o�n� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �b�e�l�o�w� �a� �p�l�a�t�e�a�u� �o�r� �e�n�t�a�n�g�l�e�m�e�n�t� �w�e�i�g�h�t�.� �T�h�i�s� �d�e�p�e�n�d�e�n�c�y� �h�a�s� 

�b�e�e�n� �o�b�s�e�r�v�e�d� �f�o�r� �p�o�l�y�(�b�i�s�p�h�e�n�o�l� �A� �c�a�r�b�o�n�a�t�e�-�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e�)� �m�i�c�r�o�p�h�a�s�e�-� 

�s�e�p�a�r�a�t�e�d� �m�u�l�t�i�-�b�l�o�c�k� �c�o�p�o�l�y�m�e�r�s�.�!�5�4� �T�h�e� �p�o�l�y�c�a�r�b�o�n�a�t�e� �T�g� �d�e�p�e�n�d�e�d� �o�n� �t�h�e� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�r� �l�e�n�g�t�h� �o�f� �i�t�s� �c�o�m�p�o�n�e�n�t� �b�l�o�c�k�;� �t�h�e� �T�,� �d�e�c�r�e�a�s�e�d� �w�i�t�h� 

�d�e�c�r�e�a�s�i�n�g� �b�l�o�c�k� �l�e�n�g�t�h�.� �T�h�e� �s�i�l�o�x�a�n�e� �s�e�g�m�e�n�t�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �s�o� �f�l�e�x�i�b�l�e� 
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�T�a�b�l�e� �7�.� �U�p�p�e�r� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �(�i�n� �°�C�)� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�S�C� �o�f� 
�p�o�l�y�m�e�r� �f�i�l�m�s� �c�a�s�t� �f�r�o�m� �c�h�l�o�r�o�f�o�r�m� �a�n�d� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� �M�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 
�c�a�s�t� �f�i�l�m�s� �w�e�r�e� �d�r�i�e�d� �a�t� �=�2�1�5�°�C� �i�n� �v�a�c�u�u�m� �o�v�e�n�.� �C�h�l�o�r�o�f�o�r�m� �f�i�l�m�s� �w�e�r�e� �v�a�c�u�u�m� 
�o�v�e�n� �d�r�i�e�d�,� �q�u�e�n�c�h�e�d� �f�r�o�m� �a�b�o�v�e� �T�g�,� �a�n�d� �h�a�d� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �w�a�t�e�r� �v�a�p�o�r� 
�s�o�r�b�e�d� �/� �d�e�s�o�r�b�e�d�.� 

�C�H�C�l�»� �C�H�C�l�3� 

�P�o�l�y�i�m�i�d�e� �C�o�n�t�r�o�l� �2�6�3� �2�6�0� 

�1�0� �w�t�%� �(�3�.�6�K�)� �P�D�M�S� �2�4�6� �2�4�4� 

�3�0� �w�t�%� �(�3�.�6�K�)� �P�D�M�S� �2�2�8� �2�2�8� 

�3�0� �w�t�%� �(�1�.�5�K�)� �P�D�M�S� �2�2�0� �n�a�*� 

 ��n�o�t� �a�p�p�l�i�c�a�b�l�e� 
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�t�h�a�t� �t�h�e�y� �d�i�d� �n�o�t� �c�o�n�s�t�r�a�i�n� �t�h�e� �p�o�l�y�c�a�r�b�o�n�a�t�e� �c�h�a�i�n�s� �s�o� �t�h�a�t� �t�h�e� �c�a�r�b�o�n�a�t�e� 

�c�o�m�p�o�n�e�n�t� �c�o�u�l�d� �i�m�i�t�a�t�e� �h�o�m�o�p�o�l�y�m�e�r� �p�r�o�p�e�r�t�i�e�s�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �u�p�p�e�r� �T�g� �f�o�r� 

�i�n�c�r�e�a�s�i�n�g� �s�i�l�o�x�a�n�e� �c�o�n�t�e�n�t� �i�s� �t�h�e�r�e�f�o�r�e� �l�i�k�e�l�y� �t�o� �b�e� �d�u�e� �t�o� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� 

�n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e� �b�l�o�c�k�-�-�s�i�m�i�l�a�r� �t�o� �t�h�e� 

�p�o�l�y�c�a�r�b�o�n�a�t�e�-�s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r�s�.� �F�o�r� �t�h�e� �(�3�.�6� �K�)� �P�D�M�S� �c�o�n�t�a�i�n�i�n�g� 

�c�o�p�o�l�y�m�e�r�s�,� �t�h�e� �i�n�c�r�e�a�s�e� �f�r�o�m� �1�0� �t�o� �3�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �m�u�s�t� �e�n�t�a�i�l� �t�h�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �m�o�r�e� �P�D�M�S� �b�l�o�c�k�s� �o�n� �a�v�e�r�a�g�e� �i�n�t�o� �a� �g�i�v�e�n� �m�u�l�t�i�-�b�l�o�c�k� 

�c�o�p�o�l�y�m�e�r� �c�h�a�i�n�.� �T�h�e� �a�v�e�r�a�g�e� �l�e�n�g�t�h� �o�f� �t�h�e� �i�m�i�d�e� �b�l�o�c�k� �m�u�s�t� �d�e�c�r�e�a�s�e�,� �a�n�d� �t�h�e� 

�T�g� �d�e�c�r�e�a�s�e�s� �a�s� �w�e�l�l�.� �T�h�e� �T�y� �o�f� �t�h�e� �3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�1�.�5� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r� �i�s� 

�d�e�c�r�e�a�s�e�d� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �T�y� �o�f� �t�h�e� �3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �(�3�.�6� �K�)� �P�D�M�S� �c�o�p�o�l�y�m�e�r�.� �A� 

�g�r�e�a�t�e�r� �n�u�m�b�e�r� �o�f� �P�D�M�S� �s�e�g�m�e�n�t�s� �o�f� �w�e�i�g�h�t� �1�.�5� �K� �m�u�s�t� �b�e� �i�n� �t�h�e� �c�h�a�i�n� �t�o� �r�e�a�c�h� 

�a� �3�0�-�w�e�i�g�h�t�-�p�e�r�c�e�n�t� �i�n�c�o�r�p�o�r�a�t�i�o�n�,� �t�h�u�s� �f�u�r�t�h�e�r� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �p�r�o�b�a�b�l�e� �i�m�i�d�e� 

�b�l�o�c�k� �l�e�n�g�t�h�.� 
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�5�.� �I�N�V�E�R�S�E� �G�A�S� �C�H�R�O�M�A�T�O�G�R�A�P�H�Y� 
�S�U�R�F�A�C�E� �E�N�E�R�G�E�T�I�C�S� 

�5�.�1� �C�O�M�M�E�N�T�S� 

�I�n�v�e�r�s�e� �G�a�s� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� �e�x�a�m�i�n�e� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� 

�w�a�t�e�r� �v�a�p�o�r� �w�i�t�h� �t�h�e� �s�o�l�i�d� �p�o�l�y�m�e�r� �a�n�d� �c�o�p�o�l�y�m�e�r� �s�u�r�f�a�c�e�s� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� 

�f�r�e�e� �e�n�e�r�g�i�e�s� �o�f� �s�p�e�c�i�f�i�c� �i�n�t�e�r�a�c�t�i�o�n�,� �A�G�g�p�°�.� �D�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �a� �h�o�m�o�l�o�g�o�u�s� �s�e�r�i�e�s� �o�f� �n�o�r�m�a�l� �a�l�k�a�n�e�s�.� 

�T�h�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �a�n�d� �d�i�s�c�u�s�s�e�d� �b�e�l�o�w�.� �T�h�e� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n� �q�u�a�l�i�t�y� �a�n�d� 

�t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �t�h�e� �i�n�f�i�n�i�t�e�-�d�i�l�u�t�i�o�n� �b�a�s�e�d� �t�h�e�o�r�y� �t�o� �t�h�i�s� �r�e�s�e�a�r�c�h� �i�s� �a�l�s�o� 

�b�r�i�e�f�l�y� �a�d�d�r�e�s�s�e�d�.� 

�5�.�2� �I�G�C� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�5�.�2�.�1� �C�a�p�i�l�l�a�r�y� �C�o�l�u�m�n�s� 

�C�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�s� �c�o�a�t�e�d� �b�y� �t�h�e� �s�t�a�t�i�c� �c�o�a�t�i�n�g� �m�e�t�h�o�d� �w�i�t�h� �7�.�5� �p�p�t� 

�p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n�s� �h�a�d� �f�i�l�m� �t�h�i�c�k�n�e�s�s�e�s� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e� �m�i�c�r�o�m�e�t�e�r�.� �T�h�e� �3�0� 

�p�p�t� �p�o�l�y�i�m�i�d�e� �s�o�l�u�t�i�o�n� �g�a�v�e� �a� �c�o�l�u�m�n� �w�i�t�h� �a� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4� 

�m�i�c�r�o�m�e�t�e�r�s�.� �F�i�l�m� �t�h�i�c�k�n�e�s�s�e�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �S�c�a�n�n�i�n�g� �E�l�e�c�t�r�o�n� 

�M�i�c�r�o�s�c�o�p�y�.� �F�i�g�u�r�e�s� �1�6� �A�&�B� �a�n�d� �1�7� �A�&�B� �a�r�e� �s�o�m�e� �S�E�M� �p�i�c�t�u�r�e�s� �o�f� �t�h�e� �c�o�a�t�e�d� 

�c�o�l�u�m�n�s�.� �T�h�e� �t�h�i�c�k� �f�i�l�m� �p�o�l�y�i�m�i�d�e� �c�o�l�u�m�n� �h�a�d� �a� �v�e�r�y� �u�n�i�f�o�r�m� �c�o�a�t�i�n�g�.� �T�h�e� 

�s�i�l�o�x�a�n�e�-�c�o�n�t�a�i�n�i�n�g� �p�o�l�y�m�e�r�s� �h�a�d� �n�o�n�-�u�n�i�f�o�r�m� �s�h�a�l�l�o�w� �d�i�m�p�l�e�s� �o�r� �p�a�t�c�h�e�s� 

�w�h�i�c�h� �s�u�g�g�e�s�t�e�d� �p�h�a�s�e�-�s�e�p�a�r�a�t�i�o�n�.� �T�h�e� �t�h�i�n�-�f�i�l�m� �c�o�l�u�m�n�s� �e�x�h�i�b�i�t�e�d� �t�o� �v�a�r�y�i�n�g� 

�d�e�g�r�e�e�s� �a� �f�i�l�m� �d�e�f�o�r�m�i�t�y� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� �s�e�r�i�e�s� �o�f� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �r�i�d�g�e�s� �a�l�o�n�g� �t�h�e� 

�l�e�n�g�t�h� �o�f� �t�h�e� �a�n�n�u�l�a�r� �f�i�l�m�.� �T�h�i�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�7� �B�.� �A� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� 
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� � 
�F�i�g�u�r�e� �1�6�.� �S�E�M� �p�i�c�t�u�r�e�s� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e� �c�o�n�t�r�o�l� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�.� �A�)� �F�i�l�m� 
�p�r�o�t�r�u�d�i�n�g� �f�r�o�m� �c�u�t� �c�o�l�u�m�n�;� �B�)� �F�i�l�m� �e�d�g�e� �f�r�o�m� �c�l�e�a�n� �c�u�t�;� �t�h�i�c�k�n�e�s�s� �~� �4� �u�m�.� 
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