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Abstract

The synthesis and chromatographic characterization of a highly crosslinked self-assembled monolayer (SAM) stationary phase whose
acid and thermal stability were significantly improved relative to a sterically protected octadecylsilane (ODS) stationary phase were recently
described [B.C. Trammell, L. Ma, H. Luo, D. Jin, M.A. Hillmyer, P.W. Carr, Anal. Chem. 74 (2002) 4634]. Unfortunately, this highly crosslinked
SAM phase is much more silanophilic than a conventional sterically protected octadecyl silan€{$ia8B-MAS NMR analysis shows
that the high concentration of silanol groups in the self-assembled monolayer causes the increased retention and poor peak shape of basi
solutes. In this work dimethyl-chloromethyl-phenyletttybrosilane(DM-CMPES), a silane with only a single reactive silyl chloride group
was tested as an alternative to chloromethyl-phenygitiylorosilane(CMPES) as the basis for forming the starting phase. Most importantly
this “conventional” silanization step (i.e., a non-SAM silanization) was followed by a Friedel-Crafts reaction using aluminum chloride as the
catalyst and styrene heptamer as the multi-valent crosslinker to form the surface DM-CMPES groups into a network polymer which is fully
confined and attached to the surface. An octy) @@rivative of the hypercrosslinked (HC) dimethyl-chloromethyl-phenylethyl (DM-CMPES)
surface-confined stationary phase was synthesized to demonstrate the potential of a Friedel-Crafts based approach to making high efficiency,
acid and thermally stable polymerized phases on silica with selectivity closer to conventional aliphatic phases. The stability of the retention
factors of these phases under very aggressive conditions (5%, (v/v) trifluoroacetic acid a@jldecompared to that of a sterically protected
octadecylsilane (ODS) phase. The comparisons show that the long term stability of highly crosslinked DM-CMPES phases in acid is superior
to the conventional phase. The HG+@hase is even more stable in acid than the HC-styrene heptamer DM-CMPES phase on which itis based.
Additionally, the efficiency and peak shape of several prototypical bases under acidic (0.1% TFA, pH 2.0) elution conditions are discussed.
The column dynamics and thermodynamic characteristics of the pHah&se were investigated to demonstrate the chromatographic utility
of this ultra-stable phase. Inverse size exclusion chromatography and flow studies of thean@-Bie sterically protected;£stationary
phases indicate the absence of pore plugging and quite good (nearly 100,000 plates/m) chromatographic efficiency. Further chromatographic
investigations show that the HGgGtationary phase behaves as a typical reversed phase material. Thedtilid@hary phase offers unique
chromatographic selectivity for certain classes of analytes compared to both alkyl and phenyl bonded phases
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Additionally, enhanced acid stability allows the chromatog-
rapher to more fully exploit selectivity differences and peak
A great deal of work has gone into the development of shape improvements for small, basic solutes under acidic mo-
acid (low pH) stable stationary phases for reversed phase lig-bile phase conditions. At this time the extraordinary stability
uid chromatographf2—19]. Acid stable phases are critically  of zirconia-based reversed phases in both acid and alkaline
important for peptide and protein separations and for the lig- media has not led to improved separations of proteins and
uid chromatographic—mass spectroscopic analysis of basespeptides due to irreversible adsorption of such analytes on
zirconia surfacef20,21]

* Corresponding author. Tel.: +1 612 624 0253; fax: +1 612 626 7541. Kirkland and coworker$6,8,9] developed sterically pro-
E-mail addresscarr@chem.umn.edu (P.W. Carr). tected phases which can be considered to be the current “gold
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standard” for acid stable RPLC stationary phases. Two bulky conventional polymer coating approacligg—29] The use
isopropyl or isobutyl substituents on the silicon atom of the of free radical and related non-orthogonal reactive moieties is
silane shield the underlying siloxane bond between the silanelargely self-defeating. Second, it is a property of the Friedel-
and the silica surface, thereby slowing acid-catalyzed hydrol- Crafts chemistry that each time an alkyl crosslink is formed
ysis and phase loss. Such sterically protected ODS phasedetween two aromatic rings, the rings become more activated
show minimal losses in solute retention as measured by thetowards additional Friedel-Crafts reaction. Third, the aro-
decrease ik’ of nonpolar solutes under highly aggressive matic network formed by crosslinking can be subsequently
mobile phase conditions (1.0%TFA, pH 1.0, 1.0mL/min, chloromethylated and re-crosslinked to further increase sta-
90°C, 25,000 column volumes). However, these phases showbility. Finally, the highly crosslinked aromatic network is
nearly 50% loss in solutk’ in only 1400 column volumes  easily derivatized by a wide variety of chemistries, thus
under accelerated acid aging conditions (5.0% TFA, pH 0.5, leading to stationary phases with different chromatographic
2.0 mL/min, 150°C)[1,22]. While we do not advocate theuse selectivities. We note that Davankov has made extensive
of such harsh conditions for routine use, this accelerated ag-use of Friedel-Crafts chemistry to make hyper-crosslinked
ing test clearly illustrates that the sterically protected phasespolystyrene beads forion exchange chromatogrfpoy32]
are not immune to acid catalyzed phase loss. It is also im- We have studied two types of highly crosslinked sta-
portant to realize that because sterically protected phases aréionary phases. The first type uses a self-assembled mono-
intended for use in acidic media they are not end-capped withlayer (SAM) of chloromethyl-phenylethyl-trichlorosilane
small silanes that would, under acid conditions, be rapidly on silica as the starting phase. The SAM approach is
cleaved from the surface. very attractive because it provides a very high surface
We believe it would be beneficial to improve the acid sta- density of reactive chlorine for subsequent Friedel-Crafts
bility of RPLC phases beyond that provided by the sterically crosslinking; however, the inevitable defedts/—19,33]
protected ODS phases. For example, certain classes of solutes the monolayer produce many highly deleterious silanol
(i.e., hydrophobic peptides and proteins) benefit significantly groups. Details of its synthesis, and excellent acid and
from higher mobile phase acidity and higher column temper- thermal stability were discussed in a recent publication
atures. Further improvements in acid stability will also be [1]. A second type of highly crosslinked stationary phase,
necessary to enable high temperature ultra-fast liquid chro-more recently communicatef?2] and further elaborated
matography[23—26]especially for biomolecule separations. here, uses a monomeric silane, dimethyl-chloromethyl-
Additionally, longer column life under acidic mobile phase phenylethylchlorosilane (DM-CMPES), to bond the reactive
conditions reduces the amount of time and expense requiredchlorine to the silica. This type of “conventional” monomeric
to qualify new columns. silanization (i.e., non-SAM) is much easier to perform than
We have developed two types of highly crosslinked sta- self-assembly and in contrast to the SAM process it cannot
tionary phases that show dramatically better acid stability introduce additional silanols to the surface; however, the sur-
compared to sterically protected phage22]. These highly face density of reactive chlorine is substantially lower than
crosslinked stationary phases are synthesized in two stepsthat of the material made by the SAM process, and thus it was
First, a chlorinated aromatic silane is covalently bonded to not clear if a phase made from DM-CMPES as compared to
the silica surface in either a surface assembled monolayerone made from CMPES would be stable after Friedel-Crafts
type process or by a conventional silanization. In a second crosslinking.
step a Friedel-Crafts reaction catalystis used to self-condense
adjacent phenyl groups of the silanes to each other and to non-
adjacent chloromethylphenyl groups by means of an added2. Experimental
non-polymerizable multi-valentreagent (such as styrene hep-
tamer). It is also possible to use additional Friedel-Crafts re- 2.1. Chemicals and substrates
action steps to further crosslink or add desirable alkyl func-
tional groups (e.g., octyl) to the hypercrosslinked, surface  All solvents used in this work were HPLC grade. Ace-
confined polymer. tonitrile was obtained from Burdick and Jackson (Muskegon,
There are several reasons for using covalently bondedMlI). Dichloromethane was obtained from Mallinkrodt-Baker
chlorinated, aromatic silanes, aromatic crosslinkers and (Paris, KY). Tetrahydrofuran was obtained from EM Sci-
Friedel-Crafts chemistry to synthesize highly crosslinked ence (Gibbstown, NJ). Acetone and isopropanol were ob-
stationary phases. First, covalent bonding of the reactive tained from PharmCo (Brookfield, CT). Trifluoroacetic acid
alkylchloro group completely confines the crosslinking pro- (TFA) was from Spectrum (New Brunswick, NJ). Nitroben-
cess to the silica surface, thereby precluding any pore block-zene, 1.0 M aluminum chloride in nitrobenzene, styrene hep-
age. The use of a surface reagent, that reacts “orthogonally”tamer M, = 770), and triphenylmethane were obtained
with a multi-valent crosslinker, and cannot react with itself, from Aldrich (Milwaukee, WI). Chloromethyl-phenylethyl-
is essential in this regard. Such reaction chemistry preventsdimethylchlorosilane (DM-CMPES) was obtained from
formation of bulk polymer which can potentially plug pores Gelest Inc. (Tullytown, PA). The aluminum chloride in ni-
and impede mass transfer in the stationary phase as it does itrobenzene solution and the DM-CMPES were stored under



B.C. Trammell et al. / J. Chromatogr. A 1060 (2004) 61-76 63

nitrogen at all times. HPLC water was prepared by purifying surface chloromethyl groups. The slurry was sonicated under
house deionized water with a Barnstead Nanopure Il deioniz- vacuum at each step for 30 min to fully wet the particle pores.
ing system with an organic-free cartridge and ayh2final An appropriate amount of the Algin nitrobenzene solution
filter. was transferred from the drybox and added to the slurry. An
All chromatographic solutes were obtained from Aldrich activated alumina column was used to prevent atmospheric
(Milwaukee, WI) or Sigma (St. Louis, MO). Chromato- water from deactivating the catalyst.
graphic solutes were dissolved in acetonitrile/water or pure  After each Friedel-Crafts synthesis step, the particles were
THF (polystyrene standards) at a concentration of approxi- filtered and washed sequentially on a medium porosity glass
mately 0.5-2 mg/mL. fritted funnel with 250 mL of fresh nitrobenzene, 500 mL of
Type B silica particles (Zorbax) from Agilent Technolo- tetrahydrofuran, 30/70 tetrahydrofuran/water, and acetone.
gies (Wilmington, DE) were used for all stationary phases. Atthe end of the reaction sequence, the stationary phase was
The particle diameter, surface area, pore diameter and poradried under vacuum for 30 min at ambient temperature.

volume of the particles are 48n, 180 nf/g (BET), 80A The first step in the reaction sequence was crosslinking
and 0.4 mL/g, respectively. with styrene heptamer and simultaneous self-condensation
of the surface chloro methyl phenyl groups. The styrene
2.2. Stationary phase synthesis heptamer:initial surface chloromethyl groups molar ratio
was 2:1 (14:1 phenyl rings in the styrene heptamer:surface
2.2.1. Highly crosslinked self-assembled monolayer chloromethyl groups). It is very important to note that the
stationary phases reaction chemistry between the surface and the multi-valent

The procedures for synthesizing the CMPES-SAM and for Crosslinking reagent is “orthogonal”, that is, the crosslinking
performing the Friedel-Crafts crosslinking were described in @gent (styrene heptamer) cannotreact with itself to form bulk
detail in a previous publicatiofd]. polymer which could then plug pores or become attached to
the surface. In this regard the approach to forming a highly
interconnected polymer on the surface used here is unique.
The second reaction used methoxychloromethane to fur-
ther crosslink the stationary phase and provide chloromethyl
groups for the third reaction. The GBCH,Cl:initial sur-
face chloromethyl group molar ratio was 10:1. In a third
reaction, 1-phenyloctane groups were added to the residual
5 7 - ] chloromethyl groups from the second reaction. After 24 h, a
B (100A pore diameter Zorbax) silica were dried under |arge molar excess of benzene was added to the reaction mix-
vacuum at 160C overnight prior to use. After cooling  tyre to “endcap” any remaining chloromethyl groups. This
to room temperature under vacuum, the dried silica was gtep was deemed important in that alkyl chloro groups could
slurried in a 250 mL round bottom flask using 100 mL of \ye|| hydrolyze during use or react with analytes or mobile
fresh dichloromethane (<0.01% water). The slurry was son- phase components which are strong electrophiles.
icated under vacuum for 30min to fully wet the pores. = Tne stationary phases synthesized here were washed in
After sonication, 33:mol of 2,6-lutidine/nf of silica was situ in a packed column using an ACN/water/TFA gradient
added to the slurry. This amine acted as an “acid scavenger’iy remove residual At from the Friedel-Crafts crosslink-
and/or silanization catalyst. To the magnetically stirred slurry, ing steps prior to characterization. Mobile phase A was
16pumol of DM-CMPES/nt of silica were added. An acti- 7 5/87.5/5.0 ACN/water/TFA (v/v/v) and mobile phase B
vated alumina column inserted in the flask was used to pre-\yas 87.5/7.5/5.0 ACN/water/TFA (v/vIv). The gradient pro-
ventwater access. The reaction mixture was refluxed @50  fjje was as follows: 05 min = 100% A, 5-20 min = 100% A
for 24 h. __ _ to 100% B, 20-25 min = 100% B. The gradient was run at a

After 24h, the silica particles were washed on a fiow rate of 2.0 mL/min and a column temperature of 160

fritted glass funnel sequentially with 500mL aliquots Foyr gradient cycles were used to attempt to completely re-
of dichloromethane, tetrahydrofuran, methanol, methanol/ ove all AB* deposited during synthesis. It is important to

water, and acetone. After washing, the silica was dried undernote that only in the case of the stability testing were the

2.2.2. Monomeric silanization

The DM-CMPES silica was prepared by a slight modi-
fication of a method developed by Dorsg84]. All glass-
ware was rigorously cleaned in an ethanol-potassium hy-
droxide bath, rinsed thoroughly with HPLC water and dried
at 150°C overnight prior to use. Five grams of the Type

vacuum at 60C for a minimum of 4 h. stationary phases not washed in an acidic eluent. All other
chromatographic testing was done on columns subjected to
2.2.3. Friedel-Crafts crosslinking of the monomeric the hot acidic gradients described above.

phase and derivatization

All glassware was cleaned and dried as described above2.3. Elemental analysis
Three sequential Friedel-Crafts reactions were used to syn-
thesize thehypercrosslinkedCg phase. Each reaction was Carbon, hydrogen, and chlorine analyses were performed
performed in a 150 mL roundbottom flask using 50 mL of by Atlantic Microlabs, Norcross, GA, and MicroAnalysis
nitrobenzene at 50C and a 5:1 molar ratio of AlGlinitial Inc., Wilmington, DE.
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2.4. 29Sj and'3C CP-MAS NMR analyses injection volumes of solute with an absorbance detector set
to a wavelength of 254 nm.

295j and3C CP-MAS NMR spectra were obtained ona ~ Dynamic acid stability testing was performed using a
Chemagnetics CMX-400 spectrometer operating at 100.4547.5/47.5/5.0 by volume ACN/water/TFA (the pH of the wa-
and 79.80 MHz, respective|yl All Samp|es were spun at ter/TFA is 0.5) mobile phase at a flow rate of 2.0 mL/min
5-6 kHz. Typically, spectra were obtained by using a con- and a column temperature of 150. A 50/50 by volume
tact time of 5 ms and a pulse repetition time of 1-2s. A 90 ACN/water mobile phase was flowed through the column at

pulse width of Gus was used for botR®Si and13C experi- 2.0mL/min and 150C for 15 min prior to testing to allow
ments, which corresponds to a spin-lock field of 42 kHz. For the column to reach the set temperature. The eluent was then
13C CP experiments, the Hartmann-Hahn match was estab-switched to that containing acid for aggressive aging. The
lished using a sample of hexamethylbenzene (HMB), and themobile phases flow rates and column temperatures used for
chemical shifts were referenced to 17.4 ppm for the methyl the chromatographic studies are given in the figure captions.
resonance of HMB. The single pul$éC spectra were ob- Silanophilicity characterization was performed by sepa-
tained on the same spectrometer with & pQlse width of rating basic solutes in ACN/water mixtures contained TFA.

6 us and pulse delay of 1 s. F&tSi CP experiments, a sam- Inverse size exclusion chromatography was performed with
ple of 2,2-dimethyl-2-silapentane-5-sulfonic acid, which res- toluene and low polydispersity polystryrene standahdsg (

onates at 0 ppm, was used to establish the Hartmann-Hahr= 1000-18,700 g/mol) in pure THF mobile phase at a flow
condition. rate of 1.0 mL/min and a column temperature of’@us-

ing UV detection at 254 nm. The diameter of the polystyrene
probes was calculated using the method of Halasz and Mar-
tin [35,36] Flow curve analysis was performed over a re-
duced velocity range of approximately one to twenty using
alkylphenonesk = 2-25) as the probe solutes. Diffusion
coefficients were taken from Li and C487].

2.5. DRIFT analysis

Each sample was prepared by combining 0.9 g of IR grade
potassium bromide with 0.1g of a silica-based stationary
phase. The mixtures were ground in a mortar and pestle for
5 min. Each was then dried under vacuum at1®@vernight
to remove adsorbed water. After heating, the samples were
allowed to cool to room temperature under vacuum.

DRIFT spectra were collected on a Nicollet FT-IR spec-
trometer using the DRIFT optical stage. The sample compart-
ment was under ppurge at all times. The MCT detector was

cooled with liquid nitrogen for a minimum of 15 min prior . . .

to the collection of the IR grade potassium bromide back- Fig. lshows the separation of seV(_eraI basic drugs_at pH

ground. Each spectrum was collected using 256 scans with al'O ona sterically pr_otected ODS stationary phase. With the

resolution of 4 crml. exception of meclizine, the peaks are reasonably symmet-
ric with acceptable plate counts. This chromatogram is our

benchmark for silanophilicity. The sterically protectegsC

3. Results and discussion

3.1. Characterization of the silanophilicity of the highly
crosslinked styrene heptamer CMPES-SAM

2.6. Chromatography columns was chosen for two reasons. First, like the highly crosslinked
_ ) styrene heptamer stationary phases described here, the ster-
All stationary phases were packed in 5.06m0.46cm  jca|ly protected Gg phase is not endcapped and is designed

columns. Stainless steel column hardware was obtained fromg, yse in at low pH. Second, the highly crosslinked phases
Isolation Technologies (Hopedale, MA). The approximately \yere synthesized on the same Zorbax Type B silica parti-
0.8g of each phase was slurried in 8mL of isopropanol cjes as the commercial sterically protected @aterial, thus
and sonicated for 20 min prior to packing. Columns were g|iminating any differences in silanophilicity that might have
packed by downward slurry technique at a packing pressurépeen attributed to differences in the underlying silica.

of 5000 psi (345 bar) using pure isopropanol as the driving iy 2a shows the separation of selected basic drugs from

solvent. Fig. 1 on the highly crosslinked styrene heptamer CMPES-
SAM phase. The peak shape is extremely poor for all the
2.7. Chromatography experiments drugs. The U.S.P. tailing factor for each drug is significantly

worse (factor of 2—8) on the highly crosslinked styrene hep-
Chromatographic experiments were performed on an HP tamer CMPES-SAM phase compared to the sterically pro-
1090 Series Il chromatograph. For the acid stability tests, tected Gg. Additionally, the retention factors for all the ba-
a heating apparatus from Systec Inc. (New Brighton, MN) sic drugs are significantly higher on the highly crosslinked
was used to control the column temperature. This apparatusstyrene heptamer CMPES-SAM phase compared to the ODS
consists of a mobile phase preheater assembly and insulatphase despite the use of a mobile phase with a higher elution
ing jacket, which allows the column to be heated to 200 strength. The substantially higher U.S.P. tailing factors and
Unless otherwise noted all data were obtained usingull.0  higher retention factors for the basic drugs clearly indicate
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300 | 3.2. Spectroscopic and chromatographic examination of
A the CMPES-SAM phase

250 1 The high silanophilicity of the highly crosslinked styrene
heptamer CMPES-SAM phases is chromatographically prob-

200 | D i lematic. Its superior acid stability will not be generally use-
B c ful if the phase gives poor peak shapes for basic solutes.
We hypothesize that there are three possible causes for the

150 | . high silanophilicity of the highly crosslinked styrene hep-

tamer CMPES-SAM phase. First, there may be defi&3p
in the self-assembled monolayer that provide a significant
100 r 1 number of silanol sites many of which are strongly acidic.
Second, the phase may be contaminated with Al(lll) during
50 | | the Friedel-Crafts crosslinking step. Metal contamination on
E the surface of the silica would increase the acidity of nearby
L J \J /\ silanols, thus leading to poorer peak shapes for basic ana-

Py G

0 2 4 6 8 10
Time (min)

Absorbance (mAU)

lytes. Third, it is possible that both of the above hypotheses
contribute to the high silanophilicity.

The most effective method for probing the quality of
the CMPES-SAM is2%Si magic angle spinning cross-
Fig. 1. The separation of bases on a sterically protected ODS phase. SopOIarlz"jltlon solid-state. NMR spectrpspopy. Wirth and
lutes: (A) pyridine, (B) alprenolol, (C) nortriptyline, (D) amitriptyline, () ~ coworkers[17,33,38]have shown that it is very powerful
meclizine. Mobile phase: 35/65 1.0% TFA in ACN/1.0% TFA in®t pH for characterizing SAM chromatographic materials. Four dis-
1.0; flow rate = 1 mL/min; temperature = 4G. tinct resonances in the spectrum are particularly useful. The

signals at—110 and—100 ppm correspond to the siloxane

(SiOg) and isolated silanols (Sg®OH) of the silica sub-

strate, respectively. Resonances-at0 and—59 ppm cor-
that the highly crosslinked styrene heptamer CMPES-SAM respond to the completely bonded (Rg)@nd isolated de-
phase is much more silanophilic than the sterically protected fect (RSiQOH) silicon atoms in the self-assembled mono-
ODS stationary phasé&ig. 2B further supports this conclu-  |ayer, respectively. Based on molecular modeling, Wirth
sion. The addition of 50 mMr-hexylamine, a strong com-  determined that a 100% methyl-SAM (produced by self-
petitor for silanol sites, to the mobile phase both decreasesassembling methyltrichlorosilane orflat silica surface) is
retention and improves peak shape for all basic solutes. Manyessentially defect-fref1 8]. The situation for highly fractal,
other silanol blocking agents were tested, but none producedchromatographic silica is quite different. Wirth showed that a
peak shapes as good as those observed on the sterically prat00% methyl-SAM on chromatographic silica is not defect-

tected ODS phase. free. Thisresult clearly indicates the importance of the silica’s
T T | A:B ]
1401 | a B A1 140 . B)
120 5\120-
-] < D
<é: 100 é 100+
- [0)
8 80t S 80f
g 38
£ eot]| © 5 60
3 3
L 40 < 40}
o QOJ
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Time (min) Time (min)

Fig. 2. Separation of bases on styrene heptamer crosslinked CMPES-SAM. (A) 45/55 1.0% TFA in ACN/1.0% T? pHHL.0. (B) 45/551.0% TFA in
ACN/1.0% TFA in O, 50 mMn-hexylamine. Solutes and other conditions are dSdgn 1
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(B) 3

. I
o

A

Fig. 3. 29Si CP-MAS NMR spectra of self-assembled monolayer station-
ary phases. (A) 100% Methyl-SAM. (B) 100% CMPES-SAM. (1) R$IO
OH (—59 ppm); (2) RSiQ@ (70 ppm); (3) SiQ-OH (—100 ppm); (4) SiQ
(=110 ppm).

surface geometry on the quality of the resulting SAM. How-
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U.S.P. Tailing Factor
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Nortriptyline  Amitriptyline  Meclizine

Solutes

Fig. 4. U.S.P. tailing factor and results for selected bases at pH 1.0. Mobile
phase: as ifrig. 1for the sterically protected ODS phase, aig. 2A for
the CMPES phases.

tailing factor (i.e., worst peak shape) for all of the solutes.
The styrene heptamer crosslinking step actually improves
the peak shape for nortriptyline and amitriptyline. The reason
for this is unknown. It is possible that the highly crosslinked

ever, it is reasonable to use the NMR spectrum of the 100% Styrene heptamer blocks access to a proportion of the silanols

methyl-SAM as a benchmark for a “low-defect” SAM.
In order to compare the CMPES-SAM phase to a “low-

in the CMPES-SAM and on the silica surface, thus leading
to improved peak shape. Based on these observations along

defect” SAM, a 100% methyl-SAM was prepared and char- With the above NMR data we conclude that the CMPES-

acterized by?Si CP-MAS NMR spectroscopy. The spectra

SAM itself is extremely silanophilic towards organic cations

for the 100% methyl-SAM and the CMPES-SAM phases are and therefore, it is not a viable route to making highly

shown inFig. 3A and B, respectively. The NMR spectra for

crosslinked stationary phases with low silanophilicity. It has

these phases are rather different. The CMPES-SAM has sig-2€€n suggested that if the initial SAM layer of CMPES were
nificantly more isolated silanol defects than the 100% methyl- Synthesized using an appropriate ratio of trichloromethyl

SAM. Additionally, the ratio of the peak heights for the silica
isolated silanol (Si@QOH) resonance and the silica siloxane

silane and chloromethyl-phenylethyl-trichlorosilane the sur-
face concentration of free silanol groups could be decreased

(SiOs) resonance peak heights are significantly higher for greatly[39]. This must be tested in the future.

the CMPES-SAM compared to the 100% methyl-SAM. This

shows that the CMPES-SAM is not as extensively bonded to 3.3. Synthesis and elemental analysis of highly
the silica surface, as is the 100% methyl-SAM. Overall, the crosslinked styrene heptamer monomeric stationary
CMPES-SAM phase has a substantially higher population of phases

silanols compared to the 100% methyl-SAM. Based on this
NMR data, we concluded that defects in the CMPES-SAM

In order to overcome the poor chromatographic perfor-

are at least partly to blame for the poor peak shape of themance of the basic drugs on the highly crosslinked styrene

basic drugs.

The high silanophilicity of the CMPES-SAM phase is fur-
ther illustrated by comparing the U.S.P. tailing factors for
three basic solutes on three different phasesKgge)). The
sterically protected €3 phase gives the lowest tailing factors.
More importantly, the non-crosslinked CMPES-SAM (which
had neverbeen exposed to AlG) gives the highest U.S.P.

heptamer CMPES-SAM stationary phase, we developed and
tested a highly crosslinkemhonomerigphases. Specifically,
DM-CMPES was covalently bonded to silica. Both the carbon
and chlorine content data show that a reasonably high surface
density of DM-CMPES groups (approximately u8hol/n?)

was achieved. This is, in itself, significant in that we could
not use maximally active aliphatic amine catalysts in the
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Si0,

Fig. 5. Representation of the synthesis steps for making the gi€afonary phase. (A) Chloromethylation and secondary crosslinking of HC-styrene heptamer
DM-CMPES. (B) Derivatization with octylbenzene. (C) Removal of chlorine by reaction with benzene or “endcapping”. (D) Removal of residualghlorine
hydrolysis.

silanization process as they react with the chloromethyl group this phase after the initial silanization with DM-CMPES and
of DM-CMPES. The best commercially available dimethyl Friedel-Crafts crosslinking with styrene heptamer. The steps

alkyl silane stationary phases have at most 3.0g&61/n? are chloromethylation and secondary crosslinking, octylben-
of bonded ligandq14,40,41] The silanization step was zene derivatization, and benzene “endcapping”.
followed by Friedel-Crafts chemistry to obtain a highly In order to better understand this multi-step synthesis,

crosslinked styrene heptamer DM-CMPES stationary phase.the product from each stage in the reaction was character-
This phase was then used as the starting material for a hyperized by elemental analysis. The elemental analysis data are
crosslinked, surface-confined octylbenzene derivative phasesummarized ifable 1 Based upon the carbon and chlorine
A schematic representation of the H@-ghase is shown in  content, the chloromethylation and secondary crosslinking
Fig. 5. There are three Friedel-Crafts steps in the synthesis ofstep adds 5.6 0.05umol/m? of CH, crosslinks and 3.3

Table 1
Summary of elemental analy8idata at each stage in the synthesis of the HGt@tionary phase
Reaction Percent carbott(.10%) Percent hydroger-0.10%) Percent chlorineH0.2%)
Stable bond &g 10.10 Not measured 0.00
Chloromethylation—secondary crosslinking .88 0.65 2.10
Phenyl-G derivatization 1276 0.93 0.86
Benzene endcapping » 1.34 0.50
After stability testing 13.00 1.36 0.00
a W/Wsio, .

b The material was unpacked from the column after the stability test shofigiBwas conducted.
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Fig. 6. 13C NMR characterization of HC-before (A) and after (B) acid
washing. The resonance under the arrow corresponds to th€l@bup.

+ 0.1umol/m? of chloromethyl groups. The percent car-
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Fig. 7. Dynamic acid stability of the hypercrosslinked and the sterically pro-

bon increase indicates that octylbenzene derivatization re-iecteq Gj stationary phases. Mobile phase: 47.5/47.5/5.0 AGRUFTFA,

sults in the bonding of 1.3& 0.05umol/m? of octylben-

pH 0.5;T = 150°C; flow rate = 2.0 mL/min; solute = dodecanophenone; all

zene chains to the hypercrosslinked stationary phase. Thecolumns were 5.0 cnx 0.46 cm.

decrease in chlorine content after octylbenzene derivatiza-

tion is 1.2% (w/w). This corresponds to 1490.1umol/m? indicated that the HC-£phase is much more stable than
of chlorine consumption. The decrease in the surface densityeither of the other monomeric phases under these very ag-
of chlorine is greater than is the increase in surface density gressive acid aging conditions. The significant improvement
of octylbenzene groups added to the phase. This suggestsn acid stability for the HC-@ phase compared to its parent
that some octylbenzene groups are multiply bonded to the phase, the HC-styrene heptamer DM-CMPES phase, illus-
hypercrosslinked phase. The chlorine content after octylben-trates the significant benefit of the second crosslinking step
zene derivatization is 0.86% (w/w) or 144 0.1umol/m?. and the addition of the alkyl groups. The HG-ghase loses
Benzene “endcapping” adds 0.340.05umol/n? of ben- only 7% of its initial retention compared to the approximately
zene. Once again, the amount of chlorine consumed#0.6 22% loss in retention experienced by its parent phase. Note
0.1pmol/mP) in the reaction exceeds the amount of benzene that neither material was “pre-stressed” or “pre-treated” with
added, also suggesting the formation of multiple bonds be- strongly acidic media prior to stability testing (see Secfipn
tween the added benzene rings and the stationary phase suffhe sterically protected {g phase is the least stable phase

face. Both the elemental analysis data, &f@NMR spectra
before and after acid hydrolysis showrFig. 6indicate that
the residual 0.8 0.1umol/m? of chloromethyl groups are
completely hydrolyzed to —C¥#DH groups upon treatment
with the four, hot acid gradient elution runs. Note that the
resonance of the GHDH group is hidden under other peaks.

3.4. Acid stability of HC-styrene heptamer DM-CMPES
and HC-G

The dynamic acid stability comparison of the HC-styrene
heptamer DM-CMPES, HC4and the sterically protected
Cis stationary phases are shown kiig. 7. The retention
stability curve for the silanophilic HC-styrene heptamer
CMPES-SAM phase is included for comparison. The HE-C

showing a loss of nearly 50% of its initial retention in 1400
column volumes.

Elemental analysis for carbon on the H@g+@aterial prior
to and after stability testing (sélable 1last two rows) in-
dicates a decrease in carbon content from 13.2% to 13.0%.
This is a much smaller change than the 22% decreake in
We believe that the much larger decreas&' inoomes about
not due to a commensurate loss in carbon content but is pri-
marily due to changes in the polarity of the stationary phase
by two processes: first and possibly of lesser importance is
the hydrolysis of CHCI groups to CHOH groups (note the
change in %Cl infable 1) and second by hydrolysis of the
vast majority of the siloxane bonds which hold the polymer-
ized network on the surfacé?Si NMR spectroscopy (data
not shown) indicates that a very large increase in silanol pop-

phase is the most stable phase under these very aggressive tegtation occurs after the hot acid treatment. We also point out
conditions. This indicates that a self-assembled monolayer isthat our previously published SEM results show the extreme
not a prerequisite for the preparation of an ultra stable phasesstability of the polymer layer even after all the underlying

for low pH applications. The retention stability curves also

silica is removed by dissolving it in hydrofluoric adieR].
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Fig. 8. Separation of basic drugs. (A) Sterically protectegl 22/78 0.1% TFA in ACN/0.1% TFA in KO, pH 2.0. (B) HC-G; 15/85 0.1% TFA in ACN/0.1%
TFA in H20, pH 2.0. Solutes: (1) perphenazine, (2) desipramine, (3) nortriptyline, (4) amitriptyline; temperatut€ 8% rate = 1.0 mL/min.

3.5. Silanophilicity of the highly crosslinkeg C 100
monomeric stationary phases N e
As discussed in the Secti@nthe column was pre-treated X
with an acidic mobile phase prior to peak shape evaluatior
in order to remove residual A from the Friedel-Crafts cat- I:l I:l B
alyst. As stated above, substantial enhancements in acid st(A) o o o \r > o
bility are important; however, the enhancement cannot be & & 90“ & L ,51>° S S5
procured at the price of significantly diminished peak shape %"’ ’\0 F & & é@(\ e.é’\q\ \\dé‘Q \\“Q
quality. The separations of several prototypical basic solute: \*"\ Ny & @ < v

at pH 2.0 on the sterically protected4aand the HC-@ sta-
tionary phases are shown ig. 8 The volume fraction of gggg P YE—
acetonitrile in the mobile phase was decreased by 7% (v/v 5000: Pro-ca
on the HC-G phases to obtain similar retention factors, thusZ 4000
allowing for a more even handed comparison of the basic 3000
drug peak shapes. Visually, both phases give similar peal 2000
shapes for the basic drugs. A more quantitative comparism( )1
of the retentivity, efficiency and peak shape offered by the
sterically protected ¢ and the HC-@ phases is shown in
Fig. 9.

Itis clear fromFig. 9A that the HC-G phase is less reten-
tive that the sterically protected,gfor both non-electrolyte 250
and basic solutes despite using a lower elution strength ma , ./ o s R
bile phase. This finding is not entirely surprising given the ’

low density of G chains (1.4.mol/m?) on the phaseFig. 9B 0
shows that the plate counts for non-electrolyte solutes ar® 1-00-
very similar on both phasesl(= 90,000-100,000/m); how- 0.501 ﬂ ﬂ
ever, the plate counts for basic solutes are definitely lowel 0.00°
@;
0

on the HC-G phase. This is most likely due to hydrolysis (C) & & Qo° r &\0"‘ 6\\0 &

of siloxane bonds between the highly crosslinked phase an  ¢¢" «0\ 63@5‘ 0‘5‘\@ OQ"’ & GJ\Q 6@‘? @Q

the silica surface during the acidic cleaning step required tc & & & <% "Q N S
be Q\?)

remove residual A" (see Sectior). Alternative, less de-

structive cleaning methods are currently under investigation. Fig. 9. The comparison of retention factor, plate count and U.S.P. tailing

TheU.S.P. ta”mg factors for the solutes are ShOV\}FIg] &C. factor of select solutes on the sterically protectegl@hd the HC-@ phases.

The U.S.P. tailing factor is defined as: Flow rate: 1.0 mL/min; temperature = 36; non-electrolyte solutes: 45/55
ACN/water, 4-phenyl butyl amine: 28/72, 0.1% TFA in ACN/, 0.1% TFA in

T; = a+b (1) water, pH 2 (sterically protected;§), 10/90 0.1% TFA in ACN/, 0.1% TFA

2a in water, pH 2 (HC-@); basic solutes: same mobile phases dSiin 8.
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wherea s the front half-width of the peak at 5% peak height
andb is the back half-width of the peak at 5% peak height. 107 —e— Bare Silica
The U.S.P. tailing factors for all of the basic solutes are closer Y -0 Sterically Protected C,q
to unity (less tailed) on the HCgbhase compared to the ster- \ —-v- Hypercrosslinked C,
ically protected Gs. The lower tailing factors of the HC«C
phase help explain why the solute peak shapes look quite sim-
ilar in Fig. 8 despite the higher plate counts of the sterically
protected Gg phase. The difference in U.S.P. tailing factors
is especially evident for 4-phenylbutylamine (4-PBA). The
U.S.P. tailing factor for 4-PBA is 2.4 on the sterically pro-
tected Gg, but only 1.2 on the HC-gphase. Although the
same amount of sample was injected on both phases, columr
overloading on the sterically protectedgphase may be the
cause of the overall higher U.S.P. tailing factors. McCalley
[42] has studied the effect of overloading RPLC columns with
basic analytes on the evaluation of efficiency and tailing. Pre-
liminary results (not given here) suggest that the sterically

) ” . 0.2 . : ' ' : ' ' :
protected @g phase tends to “overload” more easily than 0 20 40 60 80 100 120 140 160 180
the HC-G phase, thus helping to explain the higher tailing
factor for 4-PBA on the sterically protectedigphase. A
detailed study of the silanophilicity of HCgds currently

0.8

0.6

0.4t

Fraction of Pore Volume Accessible

Probe Diameter (A)

Fig. 10. Plot of pore accessibility of sterically protecteg &hd HC-G sta-
Underway-_ _ _ _ _ tionary phases by inverse size exclusion chromatography with polystyrene
In additional to possible differences in the basic solute standards. Mobile phase: 100% THF; temperature 2GiOflow rate =

mass loadability of the phases, the lower U.S.P. tailing fac- 1.0mL/min, UV detection at 254 nm.

tors on the HC-@ phase is conceivably due to the presence

of CH,OH groups in the stationary phase that are acting as of the HC-G is the lowest of all phases, but this must be so
polar embedded groups. These hydroxyl groups result from because it has the highest carbon loading.

conversion of CHCI groups to CHOH groups. It is pos- For chromatographic stationary phases, it is very impor-
sible that the CHOH groups provide additional shielding tantto determine whether or not the synthetic process results
of the silanol groups via hydrogen bonding, thus leading to in significant pore blockagf8,46]. It is well known that
lower U.S.P. tailing factors. Within the last few years, sev- pore blockage can lead to poor mass transfer in the stationary
eral stationary phase manufacturers have developed “polarzone, thus giving poor chromatographic efficienigyr].
embedded” phases which generally show additional silanol Some simple calculatiorj§] using the inverse size exclusion
shielding resulting from hydrogen bonding interactions be- chromatography data shownkig. 10and the carbon com-
tween a polar functionality (e.g., an embedded amide group) position allow for a much more quantitative comparison of
and the silanols on the surface. Polar embedded phases gerthe stationary phases. We compare the change in pore volume
erally show improved peak shapes for basic drugs comparedas calculated from inverse size exclusion chromatography

to a conventional alkyl bonded phase. data with that based on the carbon content. If significant pore
blocking is occurring, th¥ppase, isecwill be larger than the
3.6. Efficiency characterization of the HGC calculatedVpnase, sc For a reasonably uniform coating of

stationary phase (little or no pore blockage), Wagase, Isec

The pore accessibility and chromatographic efficiency of will be approximately equal to the calculat&byase, wc
the HC-G stationary phase were evaluated by inverse size [27,46]
exclusion chromatography and van Deemter analysis of the The results of this comparison are givenTable 2 The
flow curves. Related data for the sterically protectegl Gare Vphasek, Isecfor the HC-G is approximately equal to the cal-
silica and the HC-gphases are given below. culatedVpnase, e This is good evidence that none of the

Inverse size exclusion chromatography allows a com- steps in the stationary phase synthesis leads to pore blockage
parison of pore accessibility of different substrates through of the silica[48,49]We believe that this confirms our hypoth-
elution volume measurements of a series of polymeric esis that the polymer formation by our orthogonal reaction
samples of well-defined molecular weigf85,36,43—45] route is confined to the surface. At this time we have not car-
The pore accessibility of the bare silica used in the synthesisried out nitrogen adsorption studies of the pore structure but
of the crosslinked self-assembled monolayer phases wasprior work has led us to the conclusion that ISEC is chromato-
evaluated to determine how each step in the synthesisgraphically more relevant and provides more directly useful
effects the pore volume. As shown Fig. 10 the pore information.
volume decreases as the total amount of stationary phase (as The HC-G and the sterically protected;g stationary
measured by carbon content) increases. The pore volumephases were further compared by generating a “flow curve”
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Table 2
Calculated pore accessibility data for sterically protectggland the HC-@ stationary phase

Percent carber0(10%) Vporeby ISEC  Calculatedphaseby %C* (mL/column)

Stationary phase Calculate®pnaseby ISEC (mL/column)

Bare silica 00 0.239 0.000 0.000 mL
Sterically protected ¢ 10.1 0.176 0.107 Not available
HC-Cg 130 0.176 0.065 0.061mL

a A reasonable estimate for the density of the phases was used in the calculation (1.3 g/mL for thght3e; 0.80 g/mL for sterically protectedgst
b The pore volume of the bare silica used for this stationary phase was not provided by the manufacturer.

6 . . . . .
e Sterically Protected C,
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4t |
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Fig. 11. Analysis of van Deemter curve of sterically protectegdad HC-

Cg. The van Deemter equation was used to obtain the curve fit. Solute:
butanophenone; mobile phase: 30/70 ACNIHT = 40°C, sterically pro-
tected Gg: K = 24.5,hmin = 2.04; HC-G: k' = 13.5,hnin = 2.03.

using reduced parameters and fitting the data via the van

= 0.04). This result is also not very surprising because the
HC-Cg phase before it is acid aged has about 3% (w/w) more
carbon than the sterically protectedsCDespite the lack of
packing and synthetic optimization, the HG-Gives chro-
matographic efficiency which is quite acceptable for non-
electrolyte solutes. The plate counts for a wide variety of
non-electolyte solutes are givenliable 6 The average plate
count is nearly 100,000/m and there are no systematic vari-
ations in N with retention factor. The only unusual result is
the low efficiency observed for benzophenone.

3.7. Retention characterization of the HG:C

3.7.1. Linear solvent strength characterization

The linear relationship given below is often used to cor-
relate the retention factok’] of non-ionic solutes in RPLC
with the volume fraction of organic modifiep)in the mobile
phase.

logk” = logky, — S - ¢ )

where k), is the extrapolated retention of the solute in 100%
water andSis a solute specific parameter that controls the
change irk for a given change ig. Itis important to remem-
ber that this relationship is only accurate (<1-2% deviation)
over narrow ranges it (A¢ = 0.20-0.40). A representative
plot of logk’ versusp for some alkylphenones on the HG-C
stationary phase is shown kig. 12

Deemter equation. The flow curves for the two phases and the The slopes and correlation coefficients obtained by linear

van Deemter coefficients are shownHig. 11andTable 3

The HC-G (A = 1.05) is not quite as well-packed as the
commercial sterically protected;gphase A = 0.88). This

is not surprising because the packing procedure for the HC-
Cg was not optimized. Th& term values for both phases
are higher than theoretical but this is often obsel4&g50]
Additional low v data is needed to attain a more meaning-
ful value forB. It is also evident that the resistance to mass
transfer in the stationary zone is slightly higher for the HC-
Cs (C = 0.06) compared to the sterically protectegs @QC

Table 3
Comparison of van Deemter flow curve coefficients for sterically protected
C1g and the HC-@ stationary phas@$:¢

Stationary phase A B C
Sterically protected ¢ 0.88+ 0.03 8.22+ 0.12 0.04+ 0.005
HC-Cg 1.05+ 0.04 4.06+ 0.16 0.06+ 0.007

@ Solute = butanophenone.
b Mobile phase = 30/70 ACN/}D.
¢ T=40°C.

regression of the data are summarizedable 4 Overall,

for non-ionic solutes the HC-4{Cphase behaves as a typi-
cal reversed phase material. The slog8sirffcrease as the
hydrophobicity of the solute increases in all three types of
mobile phases. Additionally, the correlation coefficients are
all above 0.995 indicating that the linear relationship given
above adequately describes the retention data.

3.7.2. Analysis of retention energetics

The free energy of transfer per methylene unitis an impor-
tant measure of phase hydrophobidil—-54] The magni-
tude of the free energy of transfer per methylene unit allows
a direct quantitative comparison of the hydrophobicity of dif-
ferent stationary phases. It can be calculated from the Martin

equation as follows:
logk’ = A + Bnch, 3)

Linear regression analysis of l&gversusicp, allows the
free energy of transfer per methylene unit to be calculated
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Table 4
Summary of the statistical results of the linear solvent stréngdression for the HC£phase
Intercept ¢S.D.) Slope £S.D.) R2 S.EP
ACN CH3OH THF CAN CH;OH THF ACN CHOH THF ACN CHOH THF

Acetophenone  1.270.02) 1.9840.01) 1.2440.03) 2.40 {0.04) 2.60{0.01) 2.76{0.07) 0.999 0.999  0.998 0.008 0.002  0.012
Butanophenone 2.080.05) 3.04 £0.01) 2.15£0.05) 3.25£0.10) 3.5340.01) 4.1140.13) 0.998 0.999  0.997 0.019 0.002  0.021
Hexanophenone 2.930.09) 4.17 £0.01) 3.09£0.09) 4.1840.18) 4.5240.02) 5.7 ¢0.24) 0.996 0.999  0.995 0.035 0.003  0.038

2 All chromatograms used for the study were obtained at30°C andF = 1.0 mL/min. The mobile phase composition for the ACN, methanol and THF
runs ranged from 35-60%, 60—85% and 25-45%, respectively.
b Standard error of the fit.

2.0 . . ) . Table 6
LSER descriptokand average plate counts for the 22 non-electrolyte solutes
; gﬁte&:ﬂggﬁgzzie Solutes Vs o o Yd YA R Plates/m
Toluene 0.8573 052 0 0.14 0.601 100,000
Ethylbenzene 0.9982 0.51 0 0.15 0.613 100,000
p-Xylene 0.9982 0.52 0 0.16 0.613 95,000
10l ] Propylbenzene 1.1391 050 O 0.15 0.604 90,000
- Butylbenzene 1.280 051 O 0.15 0.600 85,000
_\0‘3 Naphthalene 1.0854 0.92 0 0.20 1.340 93,000
o p-Dichlorobenzene 0.9612 0.75 O 0.02 0.825 98,000
0.5 & 1 Bromobenzene 0.8914 0.73 O 0.09 0.882 92,000
Nitrobenzene 0.8906 1.11 O 0.28 0.871 100,000
p-Nitrotoluene 1.0315 1.11 O 0.28 0.870 110,000
Anisole 0.9160 0.75 O 0.29 0.708 90,000
0.0 1 ] Benzonitrile 0.8711 1.11 O 0.33 0.742 86,000
p-Nitrobenzyl chloride 1.1539 1.34 0 0.40 1.080 84,000
Methylbenzoate 1.0726 0.85 0 0.46 0.733 78,000
Acetophenone 1.0139 101 O 0.48 0.818 94,000
-0.5 w ‘ : : : : Benzophenone 1.4808 1.50 0O 0.50 1.447 41,000
030 035 040 045 050 055 060 0.65 3-Phenylpropanol 1.1978 0.90 0.30 0.67 0.821 88,000
Benzyl alcohol 0.9160 0.87 0.33 0.56 0.803 84,000
P N-Benzylformamide 1.1137 1.80 0.40 0.63 0.990 91,000
Phenol 0.7751 0.89 0.60 0.30 0.805 92,000
Fig. 12. Linear solvent strength characterization of HEu€ing ACN/HO p-Chlorophenol 0.8975 1.08 0.67 0.20 0.915 41,000
mobile phasesT = 35°C; flow rate = 1.0 mL/min. Plate count calculated at half height on a 4.6 miB0 mm Hypercrosslinked
Cg column in 50/50 ACN/HO.
from the slopeB from the equation: a All data taken from Zha¢63].
AGOCH2 = —2.3RTB (4)

HC-Cs stationary phase is less retentive than the highly aro-
The logk' versusnc, plots for four homologous series  Matic PRP-1 (Hamilton) phase. Again, this is not surprising,
and the calculated G°cy, data for the HC-g and some @S the PRP-1 phase is an entirely aromatic polymeric particle,
widely used stationary phases are giveRig 13andTable 5 it has a drastically higher density of phenyl r_ings across its
respectively. For all of the homologous series tested, the HC-Surface than does the HCGs(@hase, thus leading to a more
Cg phase is more retentive than a phenyl stationary phase favorable free energy of transfer per methylene unit.
This result is not very surprising since the Hg-Ghase has To fgrther compare the energetics of retention of the HC-
both phenyl and alkyl moieties in the stationary phase. The Cs Stationary phase to several commonly used phases, plots of

Table 5
Summary of free energy of transfer per methylene®foit various stationary phase$
Stationary phase AG°ch, (cal mol1)

Alkylbenzenes Alkylphenones Alkylacetates Alkylanilines
PRP-1 —294+ 4 —340+ 18 —316+ 3 —293+1
Phenyl —-197+1 —215+7 —228+3 —189+1
Cis -311+4 —322+7 —-321+6 —303+3
HC-Cg —229+3 —247+7 —251+3 —220+6

a AverageAG°cy, = —237 calmot™.
b Data for PRP-1, phenyl andy,gphases adapted from Zhggs)].
¢ Mobile phases = ACN/BO, T = 35°C, F = 1.0 mL/min.
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Fig. 13. Plotoflo&’ vs.ncH, for four homologous series on HCgMobile 06 I
phase: 50/50 ACN/BD; T = 35°C; flow rate = 1.0 mL/min. '
, = 04}
logk’ (Phase X) versus ldg (HC-Cg) («—« plots) for 22 non- g
ionic solutes with different molecular volum¥4), dipolar- o
ity/polarizability (73), hydrogen bond donor acidity ag) ~ 02}
hydrogen bond acceptor basicitE(ﬁ?) and excess molar @
refraction R2) were generated. The 22 non-ionic solutes are 00 L
listed in Table 6along with their linear solvation energy re- '
lationship (LSER) descriptors and average plate counts on Slope = 0.74 +/- 0.05
the HC-G phase in 50/50 ACN/BD. This approach has -0.2 ¢ ° R%= 0.903
been used by Hoath and coworker5], and Mao and Carr ° S.D. = 0.080
[56-59]to study the mechanism of retention and chromato- 0.4 , , , , , ,
graphic selectivity. Horéth and coworkerf55] have stated ‘04 -02 00 02 04 06 08 1.0

that a good linear correlation with a slope of one indicates

that the phases have identical energetics of retention. From a

thermodynamic point of view they are homoenergetic. If the _ _ _ _

linear correlation is good, but the slope is not equal to one, Fig. 14. k—« plot comparison of stationary phases using the LSER non-

. ; electrolyte solutes. Plot (A) phenyl vs. Zorbay; ®@lot (B) phenyl vs. HC-

then the thermodynamics of the retention processes on thec,; phenyi and zorbax gdata adapted from Zhd63]; T = 30°C andF =

two phases are similar (homeoenergetic). A poor linear cor- 1.0 mL/min.

relation indicates significant differences in the intrinsic ther-

modynamic behavior (heteroenergetic) of the phases. Thisk— plot comparison of Zorbax£and PRP-1 versus HCgC

translates into major differences in chromatographic selec-is given inFig. 15 Again, the energetics of retention (i.e.,

tivity. selectivity) on the HC-gare significantly different than the
Thek—« plots for a phenyl phase versus a Zorbax sterically Zorbax G and PRP-1 phases. Clearly, the Hghase is

protected @ phase and for phenyl phase versus the HC-C an alkyl-aromatic phase that offers superb acid stability and

phase are given iffig. 14 The slope, good linear correla- has somewhat different chromatographic selectivity.

tion and low standard deviation for the phenyl-Zorbax C The differences in selectivity for non-electrolyte solutes

x— plotindicates that the phases are homeoenergetic. Alter-for the HC-G, phenyl and @ phases are clearly shown in

natively, thex— plot for phenyl/HC-G has a significantly ~ Fig. 16 By comparing the retention factors for the 22 solutes

lower correlation coefficient and a higher standard deviation. ©n all three columns in one plot, it is easy to see changes in

This indicates that the differences in selectivity between the retention order amongst the columns. It is clear that HC-C

HC-Cg phase and the phenyl phase are larger than the dif-Phase offers selectivity that is different from both conven-

ferences between the phenyl phase and the Zoraf i@ tional Gg and phenyl phases.

log k' (Highly Crosslinked Cg)
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Fig. 15. k— plot comparison of stationary phases using the LSER non-
electrolyte solutes. Plot (A) Zorbax@s. HC-G; plot (B) Hamilton PRP-1

vs. HC-G; Zorbax G and PRP-1 data adapted from ZH&8]; T = 30°C
andF = 1.0 mL/min.

3.7.3. Characterization of shape and electron acceptor
solute selectivity

Further selectivity characterization was performed using
positional isomers and electron acceptor solutes. It is very
important to probe the retention characteristics of the HC-C
phase with these types of solutes. For example, positional

isomers are better separated on phases with conformationc, sio,

ally more rigid surface such as PRP-1 arngd Bonded phase
[60-62] Additionally, electron acceptor solutes are useful
for comparing the electron donor/acceptor capability of the
stationary phases.
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1 = N-benzylformamide 6 = benzonitrile 11 = p-nitrotoluene 16 = naphthalene

2 = phenol 7 = nitrcbenzene 12 = p-nitrobenzylchloride 17 = ethylbenzene
3 = 3-phenylpropanol 8 = methylbenzoate 13 = toluene 18 = p-xylene

4 = acetophencne 9 = anisole 14 = benzophenone 19 = propylbenzene
5 = p-chlorophenol 10 = benzene 15 = bromobenzene 20 = butylbenzene

Fig. 16. Plot of log( trends for LSER non-electrolyte solutes on three sta-
tionary phases.

The selectivity data for the positional isomers is summa-
rized inTable 7 The HC-G phase shows higher shape se-
lectivity compared to the phenyl or;gphases. It is possible
that the HC-styrene heptamer on the silica is conformation-
ally more rigid, thus it is better able to differentially retain
these isomers. The shape selectivity of the H{pBase is
better for some solute pairs and worse for others compared to
the PRP-1 phase. PRP-1is thought to retain solutes by a more
adsorption-like mechanism, thus allowing for differentiation
between positional isomers. Like all RPLC stationary phases,
the exact details of the retention mechanism on the HC-C
are not well understood, but it is reasonable to conclude that
this phase provides some unique shape selectivities.

The electron acceptor solute selectiviti@g,ute/benzenfor
the HC-G and two commonly used RPLC stationary phases
are givenintable 8 With the exception gf-chlorophenol, the
HC-Cg phases offers the highest selectivity for the electron
acceptor solutes. Based upon the definitioa®fyte/benzene
it is clear that the relative retention of electron acceptor so-
lutes is significantly higher on the HCgGtationary phase
compared to the other phases. The HEi<Cphase is a bet-
ter electron donor than even the phenyl stationary phase.
The reason for this difference is not well understood at this
time.

Table 7
Summary of selectivity factors for isomeric solutes on various stationary
phasesP

Stationary phase Phenyltoluenes Terphenyls

meta/ortho  para/meta  meta/ortho  para/meta
PRP-1 1.26 1.00 2.13 1.09
Phenyl SiQ 1.03 1.00 1.13 1.07

1.05 1.00 1.23 1.09
HC-Cg SiO, 1.18 1.08 1.67 1.35

2 Data for Hamilton PRP-1, phenyl and §£phases adapted from Zhao
[63].
b Mobile phases = ACN/bO, T = 35°C, F = 1.0 mL/min.
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