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Supercritical Fluid Chromatography of Ionic Compounds
Jun Zheng

ABSTRACT

Addition of a small amount of polar solvent (i.e. modifier) which contains an
ionic component (i.e. additive) to a CO, mobile phase has shown major improvement in
the elution of ionic analytes via packed column supercritical fluid chromatography (SFC).

Firstly, we focused on the elution of sodium arylsulfonate analytes by using
various ionic additives, such as lithium acetate, ammonium acetate,
tetramethylammonium acetate, tetrabutylammonium acetate, and ammonium chloride.
The analytes were successfully eluted with all additives with good peak shape under
isocratic/isobaric/isothermal conditions. Three stationary phases with different degrees of
deactivation were considered. They were conventional Cyanopropyl, Deltabond
Cyanopropyl, and non-chemically bonded silica. The effect of additive concentration and
additive functionality on retention was also investigated.

Secondly, solid state NMR of the silica packing material before and after being
flushed with supercritical CO, modified by methanol containing the ionic additives was
performed to gain some insight into the retention mechanism(s). A fraction of silanol
protons were undetected after being treated with the mobile phase which suggested
replacement by the cationic component of the additive. CaChe calculations were carried
out on several of the additives in an attempt to explain why different ionic additives
produce different effects on chromatographic retention. Modification of the stationary
phase and ion pairing with the analyte are two possible retention mechanisms being

considered.



As ion-pair formation was considered to be one of the retention mechanisms, the
use of sodium sulfonates as mobile phase additives to elute secondary and quaternary
ammonium salts was then studied. Propranolol HCI, benzyltrimethylammonium chloride,
and cetylpyridium chloride were chosen as the probe analytes. Sodium ethansulfonate,
sodium 1-heptanesulfonate, and sodium 1-decanesulfonate were studied as mobile phase
additives. The analytes were successfully eluted from Deltabond Cyano phase within 5
minutes, but were retained strongly without additive or with ammonium acetate as the
additive. An Ethylpyridine column showed dramatic advantages on the elution of these
ammonium analytes. No additive was required to elute these ionic compounds.
Protonation of some fraction of the pyridine functional groups and the deactivation of
active silanol sites were believed to be the major mechanisms responsible for this
behavior.

Lastly, we successfully eluted large peptides (up to 40 mers) containing a variety
of acidic and basic residues in SFC. We used trifluoroacetic acid as additive in a
COy/methanol mobile phase to suppress deprotonation of peptide carboxylic acid groups
and to protonate peptide amino groups. The Ethylpyridine column was used for the
majority of this work. The relatively simple mobile phase was compatible with mass
spectrometric (MS) detection. To our knowledge, this is the first report of the elution of
peptides of this size with a simple, MS-compatible mobile phase. Fast analysis speed, the
possibility of coupling multiple columns to achieve desired resolution, a normal-phase
retention mechanism, and less use of organic solvents are the advantages of SFC

approach for peptide separation.
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CHAPTER 1
Introduction

A supercritical fluid is any substance above its critical temperature and critical
pressure (see Figure 1). Supercritical fluids possess both gas- and liquid-like properties.
Mass transfer is rapid with supercritical fluids. They have relatively high diffusivities,
which are more than ten times those of liquids. Their dynamic viscosities are nearer to
those of the gaseous state. On the other hand, their densities allow much greater solvating
power than gases [1].

Superecritical fluid chromatography (SFC) is an intermediate technique between
gas chromatography (GC) and liquid chromatography (LC), using a supercritical fluid as
the mobile phase. In this dissertation, no differentiation will be made between what is
sometimes called subcritical fluid chromatography (subSFC, or sSFC) and SFC. Many of
the same advantages apply to subSFC and SFC, and the same instrumentation is required.
As long as the mobile phase remains in the one-phase region, good chromatographic
performance can be achieved [2].

Supercritical carbon dioxide has a relatively low critical pressure and critical
temperature (73 atm and 31°C). Because of these factors and because of its chemical
inertness and non-flammability, supercritical CO; has been the most commonly used
mobile phase in SFC. The low viscosity of supercritical carbon dioxide results in: (a) the
use of increased flow rate, providing higher column efficiency per unit time, thus
shortening analysis time; (b) relatively low backpressure, which allows the use of longer
columns and the coupling of columns in series to increase both selectivity and efficiency.

From the environmental and economical point of view, much less organic solvent is used
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Figure 1. Phase diagram of a pure fluid. (32 °C and 73 atm are the critical temperature
and pressure for carbon dioxide.)



in SFC than in traditional LC. This provides major ecomomic advantages in preparative
SFC separations. [3]

Solutes must have some solubility in a fluid for that fluid to be an effective
chromatographic mobile phase. Unfortunately, the solvating strength of carbon dioxide
has been shown to be in the same range as liquid hexane [4,5]. In 1978, Stahl et al.[6,7]
demonstrated the solubility of several amino acids and sugars at extremely high
pressures. With carbon dioxide at 40 °C and 2000 bar, solubilities were as follows:
glycine, 0.40 pg/L; L-leucine, 0.55 pg/L; sucrose, 1.5 ng/L; glucose 2 pg/L, and xylose,
3.0 ug/L. These very low solubilities suggested that successful chromatography of
biomolecules with carbon dioxide alone would not be practical. The weak solvating
power of pure CO; has thus limited the application of SFC to intermediate polar and non-
polar compounds. [6-8] Furthermore, conventional HPLC packed columns are not
sufficiently deactivated for the separation of polar analytes with non-polar CO, as the
mobile phase.

Deactivated stationary phases have been studied to extend the application of
packed column SFC [9-11]. Ashraf-Khorassani et al. [11] and Berger et al. [12] reported
that less active phases provided a significant improvement in peak shape compared to
similar, but non-deactivated, phases for the elution of phenols, anilines, and
benzylamines. Not only was deactivation of the stationary phases important, but the right
polarity match between the stationary phase, solute, and mobile phase was also thought to
be critical.

To increase the solvating power of carbon dioxide, researchers have explored the

use of polar modifiers. Both inorganic and organic polar solvents have been studied.



When water was used as a CO, mobile phase modifier, retention time was shortened and
a significant improvement of peak shape was achieved for the elution of weak acids and
bases from various stationary phases [13-15]. The low solubility of water in supercritical
carbon dioxide, however, limited its further application as a mobile phase modifier. On
the other hand, methanol is miscible with liquid CO,. Solvatochromic dye studies showed
that a small amount of methanol added to CO; can produce a dramatic increase in mobile
phase solvent strength [1]. Many papers have been published on the effects of methanol
as a secondary mobile phase component, especially with respect to retention
characteristics, selectivity, and peak shape of various test solutes. The separation of
clevidipine, a new dihydropyridine drug, and its by-products [16]; a mixture of
lenbuterol, salbutamol, terbutaline and fenoterol [17]; Pd-B-diketonates of pentane-2,4-
dione, 6-methylheptane-2,4-dione and 2,2,7-trimethyloctane-3,5-dione [18]; and various
sulphonamides [19] have all been reported.

The binary mobile phase system is an improvement over pure CO,. But binary
fluids are often still not sufficient to elute highly polar or even ionic compounds because
modifiers that are miscible with carbon dioxide are also only moderately polar solvents.
Berger et al. [20] conducted solvatochromic dye studies and showed that very polar
compounds, such as trifluoroacetic acid (TFA), when added to modifiers could
significantly increase the polarity of modified mobile phases. Small concentrations (i.e.,
10 M) of such very polar compounds improved chromatographic peak shapes and eluted
solutes that were normally retained. For example, the elution of strong organic bases was
investigated with first pure carbon dioxide, pure Freon-23, or pure Freon-13, then with

methanol-modified carbon dioxide containing a basic additive [21]. The solutes did not



elute with pure solvent from a packed column (Figure 2A). They were eluted but with
poor peak shapes when only methanol was added (Figure 2B) to the CO,. The addition
of a base to the mobile phase dramatically improved the peak shapes of the solutes that
included three benzylamines (Figure 2C). Ion suppression of the analytes by the basic
additive was believed to be the retention mechanism involved in this work. Other workers
have reported the application of various organic acids and bases as mobile phase
additives in SFC [20,22-32].

Generally, acidic additives are needed to improve the peak shapes of acidic
solutes. Basic additives are needed to improve the peak shapes of basic solutes. Berger
has speculated, “Additives will provide a key to the separation of more polar solutes by
SFC.” [1]

The purpose of this research is to extend the application of SFC to ionic, fully
ionic, and even to biologically important, amphoteric polypeptides with up to 4500 Da
molecular weight by introducing ionizable additives and novel stationary phases. The
retention mechanisms of ionic analytes with ionic additives has also been studied.
Chapter 2 deals with the elution of sodium para-normal dodecylbenzene sulfonate,
sodium 4-octylbenzene sulfonate, and sodium p-toluene sulfonate from three stationary
phases that vary in degrees of deactivation by using various ammonium salts as mobile
phase additives. The ammonium salts that were studied include ammonium acetate,
tetramethylammonium acetate, tetrabutylammonium acetate, ammonium chloride and
lithium acetate. The three stationary phases applied were bare silica, end-capped
Cyanopropyl silica phase, and deactivated, polymer-coated Deltabond Cyano silica

phase. In Chapter 3, the retention mechanism of these sodium aryl sulfonates with
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Figure 2. (A) Benzylamines eluted from a Deltabond octyl column using pure carbon
dioxide as the mobile phase. 100x2mm, 5um, 0.5mL/min, 40°C, 182 bar. (B) Separation
of three benzylamines on Diol column, using 5% methanol in carbon dioxide; Nucleosil
Diol 100x2mm, 7um, 0.5mL/min, 40 °C, 182 bar. (C) Separation of the same three
benzylamines using a ternary mobile phase of 2% methanol (containing 0.1% t-
butylammonium hydroxide) in carbon dioxide; Deltabond CN column 100x2mm, Sum,
0.5 mL/min, 40 °C, 182 bar. Solutes in order of retention are: (T) tribenzylamine, (D)
dibenzylamine, and (B) benzylamine. [21]



various ammonium additives were investigated using solid state ’Si NMR and
computational calculations. We focused on the different behavior of the ammonium
additives on the active bare silica column and the deactivated Deltabond Cyano stationary
phase. Ammonium acetate, tetramethylammonium acetate, and tetrabutylammonium
acetate were evaluated. The success of eluting ionic sulfonate salts by using ammonium
salt additives suggested the use of sulfonate salts as mobile phase additives to elute
ammonium salt analytes. Chapter 4 demonstrates the successful application of
chromatographic reciprocity. Propranolol hydrochloride and two quaternary ammonium
salts (cetylpyridinium chloride and benzyltrimethylammonium chloride) were
successfully eluted from a Deltabond Cyano column using either sodium ethanesulfonate,
sodium 1-heptanesulfonate, or sodium 1-decanesulfonate as additive. The retention
mechanisms were also discussed. Beyond the the Deltabond Cyano column, three silica-
based stationary phases, an Ethylpyridine column, a strong anion exchange column, and
an aminopropyl column, were also evaluated. Finally in Chapter 5, four groups of
polypeptides that contain a large variety of amino acid groups, with up to 40 mers and
with more than 4500 Dalton, have been investigated using CO,/methanol based mobile
phase. The compatibility of the SFC mobile phase with mass spectrometry was also

discussed.



CHAPTER 2
Effect of Ionic Additives on the Elution of Sodium Aryl Sulfonates in Supercritical

Fluid Chromatography

2.1 INTRODUCTION

Many papers [13-15] have been published on the effects of methanol as a
secondary mobile phase component, especially with respect to retention characteristics,
selectivity, and peak shapes of various test solutes [16-19]. Lee et al. [33] for example
resolved free bases of rac-propranolol, rac-pindolol, and rac-metoprolol as well as HCI
salts of rac-betaxolol and rac-cicloprolol with Chiralcel OD and CH;0H/CO, (20/80,
v/v). Direct, preparative, enantioselective chromatography of rac-propranolol
hydrochloride was later reported [34] using a Chiralpak AD stationary phase and
CH;0OH/CO, mobile phase without the use of basic or acidic additives. After the
separation, isolated fractions of the hydrochloride salts were positively identified by mass
spectrometry. More recently these investigators have demonstrated [35] on-line
polarimetric detection with SFC instrumentation for the enantio-separation of the same
HCl salts.

While common binary mobile phases significantly improve the elution of polar
analytes in SFC, in general, highly polar or ionic compounds are still not eluted because
the organic modifiers that are miscible with liquid carbon dioxide are also only
moderately polar cosolvents. Berger et al.[20] conducted solvatochromic dye studies and

showed that very polar compounds, such as trifluoroacetic acid (TFA), when added to



SFC modifiers, could significantly increase the solvating power of modified mobile
phases. Small concentrations (i.e., 10™* M) of such very polar compounds, called
additives, improved chromatographic peak shapes and allowed the elution of solutes that
were normally very strongly retained. Berger speculated that “additives will provide a
key to the separation of more polar solutes by SFC”. [20]

Various investigations in this regard have been reported in which weak organic
acids and bases have been employed as mobile phase additives. Generally, acidic
additives such as trifluoroacetic acid are needed to improve the peak shapes of acidic
solutes. Basic additives such as isopropylamine are needed to improve the peak shapes of
basic solutes. Berger and Deye [12,21] believed that, in most cases, the mechanism of
action involved suppression of analyte ionization by the additive. A less conventional
additive, tetramethylammonium hydroxide (TMAQOH), was later studied by other workers
[22,23] that may suggest a role for the additive other than ion suppression. Specifically,
the SFC separation of 24 PTH-amino acids was facilitated with a mobile phase of
supercritical CO,, the additive, and methanol. No modifier was required for the elution
of neutral PTH — amino acid derivatives, but the addition of TMAOH and methanol to the
mobile phase played a major role in the elution of both acidic and basic PTH amino
acids. Peak tailing was minimized and the elution order of several peaks was altered by
incorporation of this additive into the mobile phase. The base was thought to interact
with, or block active sites on, the stationary phase to significantly improve peak tailing.

The use of ion-pairing principles in SFC has been demonstrated to a limited
degree. [24,25] The influence on the selectivity of sodium heptane sulfonate and

dimethyloctyl amine (DMOA) with cyano and diol bonded phase columns has been



investigated. The limited solubility of ion-pairing agents in CO,-modifier mixtures was
noted as being a problem in ion-pair SFC. Elution of propranolol with 25 mM sodium
heptane sulfonate in CH;0H/CO; was reported; whereas, the analyte failed to elute from
the cyano packed column without sodium heptane sulfonate. As a rule of thumb, the
paper suggested that the best choice of initial conditions when starting an optimization of
the separation of ionizable compounds is to use a diol phase, tributylamine, and acetate
ion in methanol as the ion-pairing agent.

Pinkston et al. recently reported the application of mass-spectrometry compatible,
volatile ammonium salts as mobile phase additives in SFC. [36] Ammonium acetate,
ammonium formate, and ammonium carbonate were used to elute several cationic
(quaternary ammonium salts) and anionic (sulfonic acid salts) organic ions under SFC
conditions. With the addition of 1.1 mM ammonium acetate in methanol as mobile phase
modifier, analytes that were very strongly or irreversibly retained without additive (at the
same percentage of methanol) were successfully eluted from a Deltabond Cyano
stationary phase. A three-descriptor model was developed in this study where one
descriptor, the “relative negative charged surface”, explained 61% of the variance in the
retention value.

In this work, we have systematically studied the effect of the nature and
concentration of mobile phase ionic additives on the elution of sodium 4-dodecylbenzene
sulfonate from two cyano bonded silica phases and bare silica itself. Two other
sulfonates, sodium 4-octylbenzene sulfonate, and sodium p-toluene sulfonate have also

been studied in this work.
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2.2 EXPERIMENTAL

2.2.1 Chemicals

Methanol was HPLC grade, (EMD, Durham, NC, USA). The carbon dioxide was
SFE/SFC grade (Air Products and Chemicals, Inc., Allentown, PA, USA) with no helium
head pressure. Lithium acetate (99+%, ACS grade), ammonium acetate (99%, ACS
grade), tetramethylammonium acetate (90%, tech. grade), and tetrabutylammonium
acetate (97%) were obtained from Sigma Aldrich (Milwaukee,WI, USA). Ammonium
chloride (ACS grade) was obtained from J.T.Baker (Phillipsburg, NJ, USA).

Sodium para-normal dodecylbenzene sulfonate (tech. grade) (I), 4-octylbenzene
sulfonic acid sodium salt (97%) (II), and sodium p-toluene sulfonate (95%) (III) were
purchased from Sigma Aldrich (Milwaukee,WI), Figure 3. A solution of each sample

was prepared in methanol at a concentration of approximately 0.5 mg/mL.

2.2.2 SFC/UYV Instrumentation

The SFC system was a Berger MiniGram SFC with a Varian 320 Variable
Wavelength UV/VIS Detector (Varian,Inc., Walnut Creek, CA), and Berger Instruments
SFC ProNTo ™ MiniGram software, running on a Dell Dimension 2350 computer. In the
middle of the experiment, due to the failure of the detector, we switched to a Berger
Instruments Analytical SFC Instrument (Berger Instruments, Newark, DE) with a Hewlett
Packard Model 1050 Diode Array Detector (DAD), which employed a 13 pL high
pressure flow cell (10 mm path length) and Berger Instruments 3D SFC ChemStation

software, version 3.4.
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Figure 3. Structures of (I) sodium para-normal 4-dodecylbenzene sulfonate; (II) sodium
4-octylbezene sulfonate; (IIT) sodium p-toluene sulfonate
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The chromatographic columns were Deltabond Cyano (Thermo Hypersil-
Keystone, Bellefonte, PA)", Supelcosil LC-PCN, and Supelcosil LC-Si (both Supelco;
Bellefonte, PA). The column dimensions were 25 cm length and 4.6 mm ID, with a
particle size of 5 um for all three stationary phases. Supelcosil LC-PCN and Supelcosil
LC-Si had a pore size of 120 A, while Deltabond Cyano had a pore size of 200 A.

Unless otherwise specified, the standard chromatographic conditions were:
solution injection volume 10 uL, mobile phase flow rate 2mL/min (measured in the
liquid state), column outlet pressure 120 bar, and column oven temperature 40°C.

The isocratic mobile phase composition was 15% modifier in CO,, unless specified. The
modifier consisted of either pure methanol, or methanol with 2.5 mM lithium acetate,
ammonium acetate, tetramethylammonium acetate, tetrabutylammonium acetate, or
ammonium chloride.

Between each switch of the mobile phase additive, the modifier line leading from
the modifier bottle to the pump was first purged with the next additive solution. The
system was then equilibrated for about 10 minutes by pumping the new mobile phase
though the column. Finally, a blank injection of 10 puL of pure methanol through the
column was made with the new mobile phase modifier composition, in order to make

sure that no analyte was retained on the stationary phase from previous injections.

2.2.3 SFC/MS instrumentation
The SFC-MS system consisted of a Model G1205A (Agilent, Wilmington, DE

USA) fluid control module upgraded to a Model FCM-1200, an autosampler, and Version

" The vendor no longer supplies this stationary phase.
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3.4 Chemstation SFC control software (all three components from Mettler-Toledo
Autochem Berger SFC, Newark, DE USA). A zero-dead-volume chromatographic tee
was installed just before the outlet pressure regulator in the fluid control module for the
addition of 100 pL/min of 1 mM ammonium acetate in methanol delivered by a Model D
Series 260 Isco syringe pump (Isco, Lincoln, NE USA).

From the outlet pressure regulator of the SFC system, 100% of the flow was
directed to the TurbolonSpray source of a PE Sciex API-365 Triple-Quadrupole Mass
Spectrometer controlled by LC2Tune v1.4 acquisition software (Applied Biosystems,
Foster City, CA). The TurbolonSpray source was operated with a Turbo gas flow of 8
L/min at 450 deg C. Nitrogen gas for the nebulizer was set at 60 psi. The electrospray
capillary and orifice were held at a potential of -4500 and -50 V respectively; while the
multiplier potential was set at 2200 V. MS data were acquired via a Q1 scan from m/z 50
to 500 using a 0.1-u step value, a 0.300-ms dwell time, and a 5-ms interscan delay.
Product ion scans of m/z 325 were obtained at a collision energy of 40 V with nitrogen
collision gas. Q3 was scanned from m/z 25 to 400 with a 0.1-u step value, a 0.3-ms dwell

time, and a 5-ms interscan delay for the product ion scans.

2.3 RESULTS AND DISCUSSION

The initial goal of this work was to study the effect of various mobile phase salt
additives on packed column supercritical fluid chromatographic elution of sodium 4-
dodecylbenzene sulfonate from three different stationary phases: Deltabond Cyano,
conventional cyano, and bare silica. With 100% CO, or even 15% (v/v) pure methanol as

CO, modifier, technical grade sodium 4-dodecylbenzene sulfonate did not elute from any
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of the three stationary phases. Introduction of 2.5 mM ammonium acetate into the 15%
methanol mobile phase modifier with each of the three stationary phases, however, had a
dramatic effect on the chromatography. Figure 4 shows SFC/UV chromatograms of
sodium 4-dodecylbenzene sulfonate elution with 15 % 2.5 mM NH4OAc in methanol as
the CO, modifier on Deltabond Cyano, conventional cyanopropyl, and bare silica
stationary phases. When ammonium acetate was used as additive, the analyte eluted
within 6 minutes with reasonable peak shape under isocratic conditions from each
properly conditioned stationary phase. With just methanol modifier, no analyte peaks
were detected; thus only a noisy baseline was observed.

A shoulder or split peak is apparent with all three stationary phases. This is likely
due to the presence of alkyl chains that are shorter/longer than twelve carbons in the
technical grade sodium 4-dodecylbenzene sulfonate [37]. To gain a better perspective on
the nature of the split peak, mass spectrometric detection was incorporated into the SFC
experiment with a new bare silica stationary phase, Figure 5. The UV trace with the new
column gave a broader peak with a longer retention time than previously observed,
Figure SA. A second new bare silica column was then tested to confirm the earlier
results. The initial injection indeed yielded a broad peak with retention time in excess of
10 minutes. Subsequent injections gave a much narrower peak with retention time less
than 10 minutes that was clearly split. The MS contour plot (Figure 5SB) shows clear
evidence that the technical grade sulfonate we had been using was in fact a distribution of
alkyl groups on the aryl portion ranging from C7 to C15. Thus, this homologous series of
sulfonates was only partially separated on the silica phase. Next, an analogous

experiment was conducted with the Deltabond Cyano phase. Figure 6 shows the UV
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absorbance chromatogram at 230 nm and the mass chromatogram for m/z 325, which
corresponds to the [M-H]  ion for the major component of the mixture, 4-
dodecylbenzenesulfonic acid. The UV trace again clearly indicates a mixture of
components. The MS data, however, expanded the suspected multiplicity of components
because two peaks with the same mass were observed which suggested the presence of
isomeric components. Slightly different product ion spectra for different isomers of
sodium 4-dodecylbenzenesulfonate might be expected. Figure 7 shows that, in this case,
the differences are apparent but subtle. Specifically, only a small change in the relative
abundance of one of the products of m/z 325 was evident. The data discussed above help
confirm that the chromatographic peak characteristics we have observed are originating
from various components in the sample rather than an undesirable chromatographic event
(or mechanism).

Good reproducibility for three injections onto each properly conditioned
stationary phase was observed. The highest relative standard deviation (n=3) for retention
time was less than 1%. The analyte eluted fastest from the most deactivated stationary
phase, Deltabond Cyano, and was retained the longest on the most active stationary
phase, silica.

Tetramethylammonium acetate (TMAA), tetrabutylammonium acetate (TBAA),
ammonium chloride, and lithium acetate were chosen to augment and evaluate the effect
of different salts as mobile phase additives. The same isobaric and isocratic conditions
were applied as in the ammonium acetate case to provide clearer information concerning
the effect of various additives and stationary phases. Figure 8 shows the effect of

different additives on the elution from the Deltabond Cyano column. While the positive
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effect of ammonium acetate was expected from previous reports, results for the other
additive salts were not expected and suggested a general phenomenon that seems to be
neither cation (e.g. ammonium, tetraalkylammonium, and lithium) nor anion (e.g. acetate
and chloride) specific. A similar effect on elution of the sulfonate from the conventional
cyanopropyl and silica columns with each additive was observed, Figures 9 and 10.
With the exception of TMAA on the silica column, the analyte was successfully and
isocratically eluted within 10 minutes in all situations. Interestingly, TMAA provided the
fastest elution on the Deltabond stationary phase among the five additives, but the longest
retention on the silica phase. Evidence for split peaks was observed in some instances as
was the case with ammonium acetate. The Deltabond Cyano phase and TBAA showed
the best resolution of the target analyte and its congeners under isocratic conditions.

The fact that bare silica yielded analogous results to the two bonded phases
suggests some alteration of the stationary phase by the additive is strategically involved.
Table 1 shows the average retention time and peak area of each analyte for each additive
on the three stationary phases with percent relative standard deviation (RSD) in
parenthesis. Good reproducibility was achieved since the highest RSD for retention time
was 2.35%. Although not shown, reproducibility with tetramethylammonium acetate was
equally good. From the highly deactivated Deltabond Cyano phase to the highly active
silica phase, the sulfonate was retained longer on the more active phase with the same
additive present. This is probably due to interaction between the negatively charged
sulfonate ion and the partial positive proton charge of residual, active silanol sites on the

solid support of the stationary phase.
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Table 1. Retention Time/Peak Area Reproducibility Data Versus Stationary Phase and
Additive (2.5 mM in 15% methanol modified CO,).

Stationary Phase LiOAc NH4OAc TBAA NH,4Cl1

RT? PA® RT PA RT PA RT PA

Deltabond Cyano | 2.81 32.0 3.36 314 | 2.74 | 329 3.32 33.5
(0.00)° | (1.11) | (0.21) | (1.80) | (0.26) | (0.64) | (0.21) | (0.84)

Conventional 3.16 32.8 3.73 343 5.41 349 3.93 31.5
Cyano (0.22) | (1.08) | (0.57) | (0.62) | (0.13) | (0.81) | (0.18) | (1.12)

Bare Silica 5.09 31.5 5.60 32.1 7.01 322 | 4.21 31.2
(1.12) [ (1.12) | (0.88) | (0.66) | (0.91) | (3.07) | (2.35) | (1.14)

’RT = Retention Time (min.)

PA =Peak Area (LV-min)
‘Percent Relative Standard Deviation (n=3)
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We also studied the effect of column outlet pressure on the elution of sodium 4-
dodecylbenzene sulfonate with the three stationary phases and five additives. In each
case, the analyte eluted slightly earlier at higher pressure than it did at lower pressure. We
believe this may be due to the greater solvating power of the mobile phase at higher
pressure.

In Pinkston’s previous work [36], 1.1 mM ammonium acetate was dissolved in
the modifier in order to elute highly polar compounds. We therefore decided to use
ammonium acetate to investigate any additive concentration effect with the Deltabond
column. Sodium 4-dodecylbenzene sulfonate did not elute with 0.01 mM or with 0.1 mM
NH4OAc in 25 minutes. The analyte, however, started to elute with methanol modifier
containing 0.25 mM NH4OAc as a very broad peak at about 11 minutes. With increased
concentration of additive in methanol, the analyte eluted faster and with a sharper peak
shape. At 2.5 mM, the analyte eluted at about 3 minutes compared to 11 minutes with
0.25 mM. We thought that it would be interesting to do the same concentration study
with bare silica. The analyte again did not elute with mobile phase modifier containing
0.1 mM NH4OAc, but started to elute with 0.25 mM NH4OAc. Interestingly, we found
that the sulfonate was retained more strongly on the silica column when the concentration
of NH4OAc in methanol was increased, which was the inverse of the trend we observed
with the Deltabond Cyano phase. These results suggested that different elution
mechanisms might dominate with the Deltabond Cyano and the silica phases.

When ionic salts are introduced into the primary modifier which is then added to
the nonpolar CO», it is very important that the salts remain dissolved in the resulting

ternary mobile phase. Among the five additives we studied, ammonium chloride had the
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worst solubility in methanol. When we tried, for example, to introduce methanol
containing 10.0 mM NH4CI into the CO, mobile phase, a significant increase in inlet
pressure was observed, which suggested the precipitation of the salt in column.

The effect of salt additives on the elution of two much purer congeners of sodium
4-dodecylbenzene sulfonate (e.g. sodium 4-octylbenzene sulfonate (OSNa) and sodium
p-toluene sulfonate (TSNa) was studied with the silica phase. The less complex
sulfonates either did not elute (OSNa) or eluted with poor peak shape (TSNa) when pure
methanol (15%) was used as the CO, modifier, but both compounds eluted with good
peak shape when ammonium salts (2.5 mM) were added to the methanol. Each sulfonate
sodium salt eluted readily from the silica phase with either ammonium acetate, TMAA,
or TBAA as the mobile phase additive. The trend was very similar to the findings
obtained with sodium 4-dodecylbenzene sulfonate. TMAA provided the longest retention
time among the three ammonium salts; whereas both sulfonates eluted fastest with
ammonium acetate. Since these two sodium sulfonates were more pure than sodium 4-
dodecylsulfonate, as might be expected, the former two components yielded more narrow
chromatographic peaks. The results for TSNa are illustrated in Figure 11, for example.

The elution mechanisms envisioned in this study involve (1) modification of the
stationary phase by the ionic additive and (2) ion-pair formation between additive and
analyte. On the silica surface modification of the stationary phase may actually convert
the silica to an ion-exchange phase. This observation is prompted by the fact that when
higher concentrations of ammonium acetate were introduced (e.g. more sites were
modified by ammonium cations), the sulfonate was retained longer. On the other hand,

ion-pairing formation may be the dominating elution mechanism on the Deltabond Cyano
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phase since there should be fewer accessible silanol sites on the particle surface. In this
case, higher concentrations of ammonium acetate should result in more ion-pairing
between ammonium cation and sulfonate anions. Our results with the bonded phase
indicated that the analyte eluted faster at a higher concentration of additive. This bimodal
behaviour is most dramatically seen with the results afforded by tetramethylammonium
acetate.

To gain a more thorough understanding of the general effect of salt additives in
the mobile phase, the elution of a secondary ammonium hydrochloride salt, propranolol
hydrochloride, on a silica phase was also studied. The cationic amine did not elute with
pure methanol as modifier even at concentrations as high as 40% methanol. Elution,
albeit with peak tailing, was achieved with 30% methanol containing 2.5 mM ammonium
acetate in CO,. The effect of various salts (2.5 mM) on the elution of the amine
hydrochloride on the silica phase is shown in Figure 12. In this case, TMAA provided
the fastest elution, and lithium acetate provided the longest retention of the analyte.
Ammonium acetate provided the strongest retention among the three quaternary
ammonium acetate salts. Importantly, the retention trend was opposite to that observed
for negatively charged sulfonate analytes in that TMAA gave the shortest retention time
for the amine hydrochloride. Unfortunately, this analyte, unlike the sulfonate salts, did
not yield sharp peaks on silica with any of the additives under isocratic conditions which
suggests that a different type of ionic additive may be required for elution of cationic

species.
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2.4 CONCLUSIONS

In future work, we plan to use NMR and other spectroscopic methods to study the
interaction between additives and the stationary phases. We will also compare the various
salt additives using computational modelling methods. These methods, in combination
with the data presented here, may help shed more light on the retention and elution
mechanisms which dominate the CO,/modifier/salt additive/silica stationary phase
system.

The elution mechanisms envisioned in this study involve modification of the
stationary phase by the ionic additive and/or ion-pair formation between additive and
analyte. The exact elution mechanism for this study remains uncertain at this time.
Nevertheless, the data reported in this work are noteworthy: the ionic analytes were
eluted with a CO,-based mobile phase from a highly active packed column stationary
phase. Up to now, this achievement under these conditions would have been thought to
be highly unlikely. The exact role of the additive appears critical since each of the ionic
analytes was irreversibly retained on each of the same stationary phases with only

methanol as the modifier.
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CHAPTER 3
Study of the Elution Mechanism of Sodium Aryl Sulfonates on Bare Silica and a
Cyano Bonded Phase with Methanol-Modified Carbon

Dioxide Containing an Ionic Additive

3.1 INTRODUCTION

Traditionally, the application of packed column supercritical fluid
chromatography (SFC) was thought to be limited to non-polar and moderately polar
analytes because of (a) the weak solvating power of the mobile phase, which typically
was supercritical carbon dioxide, and (b) the strong irreversible interaction between
analytes and residual active silanol groups associated with silica-based bonded stationary
phases.

The active silanol sites on silica-based stationary phases can irreversibly adsorb
highly polar solutes, especially when the mobile phase does not have sufficient solvating
power. End-capping with trimethylchlorosilane has been used to reduce the number of
residual silanol sites. Due primarily to steric hindrance and a highly porous solid support,
all silanol sites on the silica surface cannot be removed by this treatment. Polymer-
coated, bonded stationary phases have been shown to provide a higher degree of
deactivation. Berger et al.[12] and Ashraf-Khorassani et al.[11], for example, reported
that a polymer-coated cyanopropyl (e.g. Deltabond) phase significantly improved

chromatographic peak shapes of eluted phenols, anilines, and benzylamines compared to
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a non-deactivated cyanopropyl phase. This was thought to be due to the presence of
fewer accessible active silanol sites on the polymer-coated phase.

An alternative strategy in this chromatographic area has been to increase the
solvating power of supercritical CO, by the addition of small amounts of polar organic
mobile phase modifiers, such as methanol, 1-propanol, and acetonitrile [16-19,38].
While these binary mobile phases significantly improved the elution of polar analytes in
SFC, they are still not sufficiently solvating to elute highly polar or ionic compounds due
to the fact that the organic solvents that are miscible with carbon dioxide are not
sufficiently polar.

The addition of a small amount of a very polar component to the mobile phase
modifier has been shown to further enhance chromatographic performance. More
specifically, solvatochromic studies showed that, for example, a low concentration of
trifluoroacetic acid (TFA) dramatically improved the solvating power of methanol-
modified CO; [20]. Such very polar, low molecular weight compounds, called additives,
improved chromatographic peak shape and allowed the elution of solutes that would
otherwise be very strongly retained by silica-based packed column stationary phases.
Both low molecular weight organic acids and bases have been utilized as mobile phase
additives in SFC to facilitate elution of moderately acidic and basic analytes [20-23,27-
31]. In addition to enhancing the solvating strength of the mobile phase, suppression of
analyte ionization by the polar additive was believed to be a competing mechanism of
action [12,21].

In addition to (1) enhancing the solvating power of the mobile phase and (2)

deactivating the stationary phase, ion-pairing of the ionic analyte with the additive in the
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supercritical fluid mobile phase has been successfully demonstrated to a limited degree
[24,25]. Successful elution of propranolol hydrochloride from a cyano packed column
with 25 mM sodium heptane sulfonate (HSNa) in methanol-modified CO, has been
reported. Without HSNa in the mobile phase, the analyte failed to elute. Solubility of the
ion-pairing reagent (i.e. additive) in the mobile phase was suggested to be a critical
feature in the success of the ion-pair SFC elution mechanism.

In another study, ammonium acetate, ammonium formate, and ammonium
carbonate were each recently reported to be effective SFC mobile phase additives for the
successful elution of several organic ions from packed columns, which up to that point
were either very strongly or irreversibly retained on the stationary phase [36]. The
authors suggested two possible roles for the ammonium salts: (1) charge neutralization
via ion-pairing formation between the solute and additive and (2) charge introduction to
the stationary phase by exchange of silanol hydrogen for ammonium ion followed by
anion exchange of the analyte.

In our previous research [39], we successfully eluted three sodium aryl sulfonates
with various ammonium salts added to the primary modifier at a concentration of 2.5 mM
from Deltabond cyanopropyl, conventional cyanopropyl, and bare silica phases. In some
cases, we found that lithium acetate as an additive was even effective in promoting
elution. We discovered that different stationary phases yielded different analyte retention
properties when the same mobile phase additive was used. Moreover, with the same
analyte and stationary phase, various ammonium salts gave rise to different analyte

retention times. This study addresses our desire to understand more thoroughly the
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retention and elution mechanisms of ionic sulfonates on both a deactivated cyano phase
and a bare silica phase with ionic mobile phase additives.

Solid state nuclear magnetic resonance (NMR) spectroscopy, with the help of
cross polarization and magic angle spinning (CP-MAS), has been widely used to provide
valuable structural information concerning the surface of bare and bonded silica
stationary phases [40-44]. Three types of silicon atoms can be identified on the bare silica
surface by solid state 2Si NMR (i.e., silicon bonded to two, one, or no hydroxyls). Thus,
we decided to use this technique to investigate the interaction between ionic mobile phase
additives and the silica stationary phase.

In this work, we have studied the elution mechanism of sodium sulfonates on both
Deltabond cyanopropyl and bare silica phases with three ammonium salts as the mobile
phase additive. Solid state *Si NMR spectroscopy provided some insight concerning the
interaction of the mobile phase additive with the silica-based stationary phase.
Computational calculations concerning the charge distribution on various ammonium
salts were also performed in an effort to explain the elution behavior of ionic sulfonates
observed with the various additives. To support our hypothesis of the retention

mechanism, the acidity of CO, and methanol mixture solvent was also discussed.

3.2 EXPERIMENTAL

3.2.1 Chemicals

Methanol was HPLC grade, (EMD, Durham, NC USA). The carbon dioxide was

SFE/SFC grade (Air Products and Chemicals, Inc., Allentown, PA USA) with no helium
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head pressure. Ammonium acetate (AA) (99%, ACS grade), tetramethylammonium
acetate (TMAA) (90%, tech. grade), and tetrabutylammonium acetate (TBAA) (97%)
were obtained from Sigma Aldrich (Milwaukee,WI USA). Ammonium chloride was
purchase from J.T. Baker Inc. (Phillipsburg, NJ USA). Silica packing material with a
particle size of 5 um was donated by Supelco (Bellefonte, PA USA). Universal indicator
solution with pH range 4-10 (It consists with four indicators: phenolphthalein disodium
salt, bromothymol blue sodium salt, methyl red sodium salt, and thymol blue sodium
salt.) and bromocresol green solution (0.04%, aqueous) with pH range of 4.0-5.4 were
obtained from Fisher Scientific (Fair Lawn, NJ USA). Methyl red sodium salt solution
(0.1%, aqueous) with pH range of 3.1-4.4 was obtained from LabChem, Inc. (Pittsburgh,
PA USA).

Sodium para-normal dodecylbenzene sulfonate (tech. grade), sodium 4-
octylbenzene sulfonate (97%), and sodium para-toluene sulfonate were purchased from
Sigma Aldrich. A solution of each sample was prepared in methanol at a concentration of

approximately 0.5 mg/mL.

3.2.2 SFC/UV Instrumentation

The SFC system was a Berger Instruments Analytical SFC Instrument (Newark,
DE USA) with a Hewlett Packard (Little Creek, DE USA) Model 1050 Diode Array
Detector, which employed a 13-uL high pressure flow cell (10-mm path length) and
Berger Instruments 3D SFC ChemStation software, version 3.4.

The chromatographic columns were Deltabond Cyano (Thermo Hypersil-

Keystone, Bellefonte, PA USA), and Supelcosil LC-Si. The column dimensions were 25
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cm in length and 4.6 mm ID, with a particle size of 5 um for each stationary phase.
Supelcosil LC-Si had a pore size of 120 A, while Deltabond Cyano had a pore size of 200
A.

Unless otherwise specified, chromatographic conditions were: injection volume
10 pL, mobile phase flow rate 2 mL/min (measured in the liquid state), column outlet
pressure 120 bar, and column oven temperature 40°C. The isocratic mobile phase
composition was 15% modifier in CO,, unless specified. The modifier consisted of either
pure methanol or methanol with 2.5 mM ammonium salt.

Between each change of mobile phase additive, the stationary phase was
regenerated with 90% pure methanol for about fifteen minutes (about nine column
volumes) in order to purge previous additive solution from the system, or to remove
analyte that had interacted with the stationary phase. After this time period, the next
additive solution was introduced to the SFC system, and the column was equilibrated

again for 30 minutes prior to injection.

3.2.3 Solid State CP-MAS NMR Spectroscopy

¥Si CP-MAS spectroscopy was performed on a Bruker MSL300 operating at
59.601 MHz. Magic Angle Spinning parameters were 45° pulse with proton decoupling
and a recycle delay of 15 s. For CP-MAS, a recycle delay of 5 s and a contact time of 4
ms were used.

The weights of samples placed in the rotor were as follows: 143.1 mg for

untreated silica gel; 169.3 mg of silica gel treated with methanol/NH4OAc; 205.8 mg of
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silica gel treated with methanol/TMAA, and 227.5 mg of silica gel treated with
methanol/TBAA. All NMR spectra employed a fixed number of scans (27 000).

The supercritical fluid treated samples were prepared by packing a 2.5 mL
extraction vessel about 40 % full with silica packing material. The rest of the space was
filled with a glass rod. The vessel was flushed for one hour with supercritical CO,
containing 15% or 20% modifier (e.g. pure methanol or methanol containing 2.5 mM of

additive) with an outlet pressure of 120 bar and an oven temperature of 40 °C.

3.2.4 Computational Chemistry

The structures of three ammonium additives, AA, TMAA, and TBAA, were
sketched into the CAChe Worksystem Pro Version 6.1 (Fujitsu CAChe Group,
Beaverton, OR USA) on a Dell Dimension 2350 computer running Microsoft Windows
2000 operating system. The optimized geometry of the molecules was calculated based
on the postulate that the molecules take the form with the lowest energy. The optimized
geometry of individual atom was generated by three different methods: AM1 geometry;
AMI1 geometry including solvent (water) effect; and B88-LYP DFT geometry. The first
two methods are semi-empirical methods and the third one is a DGauss calculation that
provides an approximate solution to the Schrodinger equation using only mathematical

approximation [45].

3.2.5 Study of the Acidity of COx/methanol Mixed Solvent
A stable flow of CO; gas at atmospheric pressure was provided by the waste

outlet of the Berger SFC system. Before this source of CO, was used, the SFC system
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was flushed with CO,/methanol (v/v 10/90) at 40 °C and 60 bar for about 15 minutes to
remove any possible residue of additives or analytes from the SFC system, then pure CO,
was pumped through the system at 2 mL/min (measured as a liquid at the pump) for
sufficient time to remove the methanol.

Three pH indicators were used: a “universal indicator”, methyl red, and
bromocreso