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The effects of the backbone and side chain on the molecular environments in the chiral cavities of three
commercially important polysaccharide-based chiral sorbeseBulose tris(3,5-dimethylphenylcarbamate) (CD-
MPC), amylose tris(3,5-dimethylphenylcarbamate) (ADMPC), and amyloseSrigf(nethylbenzylcarbamate]
(ASMBC)—are studied by attenuated total reflection infrared spectroscopy (ATR-IR), X-ray diffraction (XRD),
13C cross-polarization/magic-angle spinning (CP/MAS) and MAS solid-state NMR, and density functional theory
(DFT) modeling. These sorbents are used widely in preparative-scale chiral separations. ATR-IR is used to determine
how the H-bonding states of the=<€© and NH groups of the polymer depend on the backbone and side chain.
The changes in the polymer crystallinity are characterized with XRD. The changes in the polymer helicity and
molecular mobility for polymer-coated silica beads (commercially called Chiralcel OD, Chirapak AD, and Chiralpak
AS) are probed witH3C CP/MAS and MAS solid-state NMR. The IR wavenumbers and the NMR chemical
shifts for the polymer backbone monomers and dimers and the side chains are predicted at the DFT/B3LYP/6-
311+g(d,p) level of theory. It is concluded that the molecular environments of #8@,0\NH, and phenyl groups

show significant differences in intramolecular and intermolecular interactions and in the nanostructures of the
chiral cavities of these biopolymers. These results have implications for understanding how the molecular
environments of chiral cavities of these polymers affect their molecular recognition mechanisms.

1. Introduction amylose backbone linkages but different side chains. The side
chain of ADMPC has no chiral center, and that of ASMBC has
The mechanism of the molecular recognition of solutes by one chiral center (Figure 1). The rather large side chains seem
substrates or sorbents plays a crucial role in many chemicalto generate nanometer-sized molecular cavities in the polymer
and biological systemisAn important area is enantiorecognition  structures (Figure 2). The predicted cavities in these polymers
or chiral discriminatior?. The importance of pharmaceutical show significant differences in their sizes and steric environ-
chiral separations has grown significantly in the past decade ments. In addition to steric hindrances, these cavities allow
after the FDA decided to require that racemic drug mixtures H-bonding and dipoledipole interactions of polymer carbamate
must be separated and that individual enantiomers must be testegroups with solute or solvent functional groups, and phenyl
separately for their pharmacokinetic and pharmacodynamic phenyl interactions of the phenyl rings with the solute phenyl
effects® Many types of chiral stationary phases (CSPs) groups? The molecular environments of such “chiral” cavities
proteins, antibiotics, cyclodextrins, polysaccharides, Pirkle may be different for different polymers and appear to be related
phases, ete:have significant selectivities, or selective “molec- to the chiral recognition mechanisms, which for these polymers
ular recognition”, of enantiomers of chiral solutes.Certain have not been completely elucidated.
polysaccharide-based biopolymers, first developed by Okamoto Toward that objective, and since the detailed crystal structures
and co-worker$;’® have been quite successful in separating a of these polymers have not been solved, a fundamental study
wide variety of chiral molecules. of the molecular environments of the “chiral” cavities in these
Among such sorbents, the following three chiral sorbents have biopolymers in detail is desired. Multiple direct experimental
been chosen for study: cellulose tris(3,5-dimethylphenylcar- techniques, including infrared spectroscopy (IR), X-ray diffrac-
bamate) (CDMPC), amylose tris(3,5-dimethylphenylcarbamate) tion (XRD), and solid-state NMR, and also density functional
(ADMPC), and amylose trisf)-o-methylbenzylcarbamate] theory (DFT) modeling are used. Attenuated total reflection
(ASMBC) (Figure 1). These sorbents are widely used in infrared spectroscopy (ATR-IR) on polymer films is used
analytical and preparative chiral separations due to their primarily for elucidating the H-bonding states of the=O and
versatility and effectivenes8-12 These polymers are normally NH groups in these polymers. The IR wavenumbers are
used as thin films deposited on porous silica beads. ADMPC compared with the wavenumbers of the optimized side chain
and CDMPC have the same side chains but different backbonesstructures calculated from DFT. The variations in the polymer
(Figure 1). The former, being amylose-based, has(1—4) crystallinity are studied by XRD. And finally3C CP/MAS and
linkages, while the latter, being cellulose-based,fras(1—4) MAS (magic-angle spinning, with and without cross-polariza-
linkages. ADMPC and ASMBC have the samep-(1—4) tion) solid-state NMR spectra for CDMPC-polymer-coated silica
beads (Chiralcel OD), ADMPC-polymer-coated silica beads
* Author to whom correspondence should be addressed. Phefie: (Chiralpak AD), and ASMBC-polymer-coated silica beads
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Amylose Cellulose

Figure 1. Amylose tris(3,5-dimethylphenylcarbamate) (ADMPC) (R = R3), amylose tris[(S)-a-methylbenzylcarbamate] (ASMBC) (R = Ry), and
cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC) (R = R;). Amylose has a-b-(1—4) linkages and cellulose has -p-(1—4) linkages. An
asterisk indicates the chiral center.
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Figure 2. Three-dimensional structures of a CDMPC 9-mer rod and an ASMBC 8-mer rod generated by Materials Studio (see section 2.5). The
predicted rods contain several nanometer-sized cavities between the side chains.

in the polymer backbone and side chain structures and theirresulting in better insights into the molecular environments of
molecular mobilities. The NMR chemical shifts are compared the chiral cavities.

with DFT simulated chemical shifts of the optimized backbone  Many literature studies report the successful use of these
and side chain structures. These results are important for betteipolymers in the chromatographic separations of numerous chiral
understanding of the=€0, NH, and phenyl functional groups, solutest31° The effect of additives on the chiral separatioesv
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of various solutes by use of these polymers was extensively Technologies, Inc. (Exton, PAN,N-dimethylformamide (DMF)N,N-

studied!-20Reversals in elution orders of some of the racemic

dimethylacetamide (DMAc), and tetrahydrofuran (THF) were purchased

compounds were sometimes observed by changing the polymefrom Mallinckrodt Chemicals (Phillipsburg, NJ). Tetramethylsilane

sorbentl22 Wainer and co-workefé developed structure

(TMS) and glycine were purchased from Siga#drich (Milwaukee,

retention correlations by measuring the retention times and W
selectivities of a series of amides on three amylose-based CSPs. 2.2. ATR-FTIR Spectroscopy.Polymer films for ATR-IR experi-
They concluded that the elution order of the solutes dependedments were prepared as follows. Each polymer was dissolved in THF

on the amylose backbone chirality, while the selectivity was

at 60°C, and the solution was cooled to room temperature. The polymer

affected by the side chain chirality. The differences in the Was spin-coated on Si-ATR plates (Wilmad, NJ) by use of a WS-400A-
enantioseparation of racemates by the phenylcarbamates opNPP-Lite spin processor (Laurell Technologies Corp.), at a spinning

amylose and cellulose were ascribed to “differences in their
higher-order structure$’For the cellulose tris(phenylcarbam-
ates), Vogt and Zugenmaférhave proposed a 3-fold (3/2)
helical conformation. Okamoto and co-work&ralso proposed

a similar helical conformation for CDMPC using molecular

mechanics calculations. For the amylose tris(phenylcarbamates)

Vogt and Zugenmaiét have proposed a 4-fold helical confor-
mation. On the basis of their solid-state NMR results, Wenslow
and Wang’ proposed that the ADMPC has a helical structure
less than 6-fold” From 2D solution-state NMR and molecular
modeling of the ADMPC polymer with a lower degree of
polymerization, Okamoto and co-worké&proposed a left-
handed 4-fold (4/3) structufg,in which the glucose residues
lie along the helical axis while the side chains form chiral
grooves in which the chiral solutes enter and interact. The

speed of 500 rpm for 5 min. The film thicknesses were aboetid

um. The films were annealed in a vacuum oven for attldals at 80

°C. A Nicolet Protge 460 Fourier transform infrared spectrometer
(Thermo Scientific), equipped with a mercurgadmium-telluride
(MCT) detector cooled with liquid nitrogen, was used to obtain all
Fourier transform infrared (FTIR) spectra. Spectral contributions from
water vapor and carbon dioxide were minimized by continuously
purging from a Balston purge gas generator (Parker, MA). ATR spectra
were collected with unpolarized incident light at 26 by use of a
custom-made ATR accessory. Each experiment was reproduced at least
twice. All spectra were taken at a resolution of 2 ¢nwith Happ—
Genzel apodization. Even though the Si-ATR plate has an absorption
cutoff at about 1500 cri, spectra down to ca. 1000 cfnwere still
collected reliably because of the large sample thickness, and were the
same as those obtained with a plate made of Ge, which has a cutoff of
ca. 800 cmt. All spectra were collected from 256 scans. The IR spectra

variations in the helical conformations are related to the changesof the polymer films prepared with DMAc and DMF as solvents are

in the molecular environments of the sorbent chiral cavities.
Chankvetadze et &:*°studied various phenylcarbamate deriva-
tives of amylose and cellulose by IR solution-state NMR,

and circular dichroism (CD). They concluded that the chro-

identical to that obtained with THF and are not shown here. These
spectra are also independent of the annealing conditions used in
preparing the polymer films.

2.3. Wide-Angle X-ray Diffraction. Dry polymer films were cast

matographic elution order and selectivity of chiral solutes depend from THF on glass slides at 8 in an oven. A wide-angle (angles

on the positions of different substituents on the phenyl groups.
They correlated the chiral recognition ability of the stationary
phase with the NMR chemical shifts of NH protons and the IR
wavenumber shifts of the NH band.

Wenslow and Wartg-3 attributed the elution order reversal
and other unusual retention behavior to differences in the
molecular environments of the chiral cavities in the polymer
structure due to the alcohol modifiers. Our group recently
studied the effects of the solvent (or “mobile phase”) on the
structure of the ADMPC polymer by IR, NMR, XRD, and DFT
modeling®? It was found that the H-bonding states of the
ADMPC polymer change upon absorption of polar solvents and
usually result in an increase of both the polymer crystallinity
and the side chain mobili§% By use of IR and DFT modeling,

the chromatographic retention times of simple nonchiral solutes

with ADMPC polymer were also interpretéé Here, for the
first time the structure of the ADMPC is compared to that of
two related polymers, CDMPC (different backbone, same side

ranging from 3 to 50°) X-ray instrument (Bruker, Madison, WI) was
used at room temperature with Cuxkbeam radiation of 0.154 nm.
The scan rate was 1 deg/min with a step size of 0.05. Identical patterns
are observed for the films produced from DMF or DMAc solvent. These
spectra are also independent of the annealing conditions used.

2.4. Solid-State NMR.*3C CP/MAS and MAS spectra were obtained
for the three polymers coated on silica beads; Chiralcel OD, Chiralpak
AD, and Chiralpak AS. The experiments were performed on a 400
MHz NMR spectrometer CMX-Infinity (Varian, CA), equipped with
a Chemagnetics DR-T3 MAS probe operating at 100.61 MHZ¥0r
Experiments were done with a 0.8 ms contact timd an5 spulse
delay. The pulse sequences used in the experiments were from the
Spinsight software package (Varian, CA). The spinning frequency was
8 kHz. All 13C spectra were referenced to TMS (0 ppm) and to glycine
(176.03 ppm) as a secondary reference.

2.5. Computational Details.An estimate of the polymer structure
was obtained as follows. A 8-mer ASMBC polymer rod with 4-fold
helix and a 9-mer CDMPC polymer rod with 3-fold helix were
constructed by use of linked-atom least-squares (LAL3)3*These

chain) and ASMBC (different side chain, same backbone) by siryctures were then energy-minimized via the molecular mechanics

direct experimental techniques and DFT modeling, to establish (vm) simulations, which were done by using the Discover module
the backbone and side chain effects on the nanostructures ofrom the Materials Studio Modeling 3.0 software (Accelrys, G&Jhe

the dry polymers. The main objective of this study is to elucidate
the molecular environments of the chiral cavities (Figure 2),
which play important roles in the chiral discrimination mech-

force field used in these calculations was PCFF (polymer-consistent
force field) 3¢ Different starting guesses can yield different local minima
instead of a global minimum. In this study, different initial guesses

anism of these polymers. Future studies may focus on theyielded similar structures qualitatively. No quantitative predictions from

structure modification by solvents and various chiral solutes
interacting with these polymers.

2. Materials and Methods

2.1. Materials. CDMPC-polymer-coated silica beads (Chiralcel OD),
ADMPC-polymer-coated silica beads (Chiralpak AD), and ASMBC-
polymer-coated silica beads (Chiralpak AS) were provided by Chiral

the MM calculations are reported here.

The Gaussian 03 program was used for ab initio electronic structure
calculations of the single side chaifisOnly one side chain was
simulated, to avoid time-consuming calculations of monomers or
oligomers containing large numbers of atoms, in order to obtain certain
predictions of the structures. The results were used to calculate the IR
wavenumbers of the amide-lll bands, phenyl bands, and other groups
of the polymer side chains and tH€ chemical shifts for the optimized
structures. CDV
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Figure 3. Experimental IR spectra of all the polymers and simulated IR spectra of polymer side chains at the DFT/B3LYP/6—311+g(d,p) level
of theory. Spectra are shifted vertically to avoid overlap; there are no significant lines due to the side chains between 2700 and 1850 cm~1.

Table 1. Measured and Predicted IR Wavenumbers for Different Amide and Phenyl Bands of Dry Polymers?

IR wavenumbers (cm~1)

system amide | phenyl peaks amide I amide 11l
CDMPC 1744 (A), 1725 (B) 1614, 1603 1540 1213
ADMPC 1745 (A), 1717 (B) 1615, 1604 1542 1215
predicted for ADMPC/CDMPC side chain 1717 (312) 1581 (103), 1575 (72) 1512 (500) 1181 (364)
ASMBC 17315 (br) (A), 1696 (B) 1604, 1583 1507—-1527 (br) 1240 (br)
predicted for ASMBC side chain® 1702 (329), 1710 (409) 1578 (5), 15597 (1) 1471 (385), 1476 (445) 1186 (302), 1189 (331)
2|R wavenumbers and intensities for amide I1—IIl and phenyl bands of polymer side chains are predicted at the DFT/B3LYP/6-311+g(d,p) level of

theory (shown in italic type). Predicted IR intensities are given in parentheses. Predicted IR wavenumbers are corrected by a scaling factor of 0.96. br,
broad. ? A third peak at 1717 cm~! is also observed. ¢ DFT predicts two conformers with a small energy difference. @ The phenyl band wavenumbers of
the two ASMBC conformers are nearly the same.

The geometry optimization calculations for minimum energy were CDMPC, different coating solvents can result in slightly
performed by nonlocal gradient-corrected density functional theory different chromatographic enantioselectivities, but the effects
(DFT). The structures of single side chains for COMPC or ADMPC  are not as pronounced as for triacetylcellulose or cellulose
and for ASMBC were optimized at the DFT/B3LYP/6-3#d(d,p) level tribenzoatée? It is found that the IR spectra are independent of
of theory. The B3LYP hybrid function&f, which includes a mixture the coating solvent used (see section 2.2). Any small confor-
of Hartree-Fock exchange with DFT exchange-correlation functional, mational change possibly due to the change in coating solvent
gives intermolecular geometries and IR wavenumbers similar to those does not result in any significant difference in the IR spectra.
obtained from MP2? Basis sets at the 6-331(d,p) level (triple¢ The IR spectra of CDMPC and ADMPC are shown in Figure
level) have polarization functions on non-hydrogen and hydrogen atoms3 The ADMPC spectrum was analyzed in detail previctsiy
and diffused functions with diffuse sp shell on non-hydrogen atims. L P yz! pre .
With a scaling factor of 0.96, the calculated IR wavenumbers give and is shown here to e.”ab'e comparisons. The main focus is in

the 1800-1500 cn! region, because the=€D, NH, and phenyl

significantly better accuracy with triple-basis sets compared to ; . o .
double€ basis seté! The ab initio!*C chemical shieldings of cellulose, ~ 9"OUPS, which are part of the chiral cavities, have IR bands in

amylose, amylose acetate, and cellulose acetate monomers werdhis region. Also, the effects of solvents or $'m9'e SP'Utes, on
computed with the gauge-including atomic orbital (GIAO) method by the ADMPC polymer structure can be studied in this region
use of DFT theory and the 6-331(d,p) basis set. The results were ~ Without significant overlap from the solvent or solute peaks.
scaled with the chemical shielding computed at the B3LYP/6+3t1 For CDMPC, the broad peak in the region 17800 cnr?!
(2d,p) GIAO level of theory for the methyl carbons of tetramethylsilane is due to amide I, which results from 80%~O stretching and
(TMS). The dimers of cellulose (3-fold helical conformation), and 20% NH bending vibration& This band (Table 1) shows two
amylose (4-fold helical conformation) were generated by linked-atom proad overlapping peaks, which are termed A and B. The peaks
|east-squal’es (LALSa and Optimized with Gaussian for pl’ediction of are shifted from the (assumed) wavenumber of “free” groups

the chemical shifts. taken at ca. 1790 cmd at the band edge due to the well-known
effect of H-bonding on the €0 stretching vibration4? Band
3. Results and Discussion B is assigned mainly to €0 relatively “strongly H-bonded”

to NH, and band A is assigned mainly to=O relatively
3.1. ATR-IR Results and DFT Wavenumber Predictions. “weakly H-bonded” to NH (Figure 1), while each band is so
3.1.1. Effect of Backbone: CDMPGersus ADMPC.For broad that it must include a distribution of H-bonding strenggBV
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The weakly H-bonded €0 can also have contributions from
likely dipole—dipole and van der Waals interactions with the
neighboring side chains in the same monomer or polymer or
from adjacent polymer chains. Similar trends are observed for
the amide | band for dry ADMPC polymer, which has the same
side chain as CDMPC but an amylose backb&féIt has been
postulated that the strongly H-bonded band B arises mainly from
intrapolymer interactions (Figure 2), while the weakly H-bonded
band A arises from weaker intrapolymer interactions and also
possibly from some interpolymer interactions among interpen-
etrating chaing233

Since the wavenumber of band A for amide | is the same in
CDMPC as in ADMPC, and the wavenumber of band B is larger
(by 8 cntl) in CDMPC (Table 1), it is concluded that the
strongly H-bonded H-bonds of=€0 are slightly weaker in
CDMPC. The small differences reflect the backbone effect on

the supramolecular packing at the nanoscale. With a possible

3-fold helix and ca. 15 A helical pitch, COMPC has a rise per
residue of ca. 5 &® By contrast, with a possible 4-fold helix
and ca. 16 A helical pitch, ADMPC has a rise per residue of
ca. 4 A28 It is postulated that the higher the rise per residue,
the weaker the intrapolymer H-bonding interactions between
side chains, resulting in weaker H-bond interactions.

The DFT-simulated IR spectrum for one side chain of either
CDMPC or ADMPC polymer, corresponding to completely free
amide groups with no intra- or interpolymer H-bonds (section
2.4), is also shown in Figure 3. The predicted wavenumber of
the amide | band is 1717 crh (Table 1)3233and the band is

Kasat et al.
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Figure 4. Optimized structures of COMPC/ADMPC side chain and
ASMBC side chain. The ASMBC side chain structure is predicted to
have a nonplanar structure, or “kink”, due to the tetrahedral carbon
atom between the phenyl ring and NH group, resulting in the smaller
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narrow. This indicates that the large width of the observed amide end-to-end distance. Only one conformer is shown for ASMBC. The

| band in the actual spectra arises mostly from the wide
distribution of intra- and interpolymer interactions, confirming
our earlier conjecture. The predicted value differs by 4% or less
from the experimental value of ca. 1790 cmThe accuracy

other conformer (see text) looks similar to the one shown.

For CDMPC, the band at 1614 ¢ with a shoulder at 1603
cm™1, is due to the quadrant stretching of the phenyl ring
carbon-carbon bond$* These wavenumbers are the same as

seems fair, if one considers that the calculation accounts only yqca in ADMPC (Table 1). These bands have significant

for one polymer side chain.

The amide Il band is centered at 1540 @mwhich consists
of 60% NH bending and 40% CN stretchif®ft® The wave-
number of the amide Il band is known to increase with
increasing strength of the H-bond of the NH group. The

intensities in both the CDMPC and ADMPC spectra, because
of the CH; and NH groups attached to the phenyl rings. These
substituents provide a substantial asymmetry to the phenyl
vibrations, resulting in large changes in the transient dipole
moments, and hence higher intensities of the phenyl b¥nds.

observed CDMPC amide Il band line shape has a shoulder, andThe simulations confirm that the asymmetric and symmetric

hence it can also be separated into two bands (Figure 3),

indicating two populations, with distributed wavenumbers of
mainly N—H---O=C H-bonds, consistent with the amide | band.
The wavenumber of the amide Il band is lower in CDMPC than
that in ADMPC by 2 cmi! (Table 1), indicating again slightly
weaker H-bonds in CDMPC than in ADMPC. The NH stretch
band is centered at 3300 cfhand shows a significant shift
from the “free” NH wavenumber of ca. 3600 cf This band
shows consistent evidence of H-bonding of the NH groups. The
amide Il band, centered at 1213 cin for CDMPC is a
combination of several vibratioffsand is not examined in detail
due to its complexity. Nonetheless, the slightly smaller wave-
number of the amide Il band in CDMPC, compared to that in
ADMPC, is consistent with the amide | and Il results (Table

vibrations of the phenyl bands are coupled to the NH bending
mode, resulting in enhancement of the phenyl intensities (Figure
4, see also Supporting Information). The detailed normal-mode
analysis done with Gaussian software (also shown in the
Supporting Information) shows that the phenyl bands have ca.
5% contribution from NH bending vibrations. The gldub-
stituents increase the-basicity of the phenyl groups, resulting
in 7—u interactions with the phenyl groups of the solutes.
3.1.2. Effect of Side Chain: ASMB#&&rsus ADMPC.The
IR spectrum of ASMBC is significantly different from that of
CDMPC or ADMPC (Figure 3). For ASMBC, three overlapping
peaks may be distinguished from the line shape of the amide |
band. The wavenumbers of these bands are lower than those in
ADMPC (Table 1). DFT simulations predict a nonplanar

1). The predicted wavenumbers for amide bands Il and Il agree structure for the ASMBC side chain compared to a planar

fairly well with the experimental values (Table 2). It is

structure for the ADMPC/CDMPC side chain (Figure 4).

concluded that the nanostructures of the chiral cavities are Simulations predict a lower wavenumber for the non-H-bonded

different in CDMPC compared to those in ADMPC, with
different strengths of H-bond distributions of the carbamate

amide | in ASMBC than in ADMPC, consistent with the data
(Table 1). Evidently, the small wavenumber shift in ASMBC

groups. This supports the hypothesis proposed by variousis due mainly to the difference in side chain structure (Figures
researchers, based on chromatographic studies, that the molect and 4). The DFT optimized structure of the ASMBC side

ular environments of these chiral cavities are different in the

chain indicates that the=€0 group interacts with the polar CH

different polymers and one cause for the observed selectivity group of the same side chain, resulting in a lower amide |

differences.

wavenumber. Moreover, the width of the amide | bandCiBV
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ASMBC is slightly broader than that in the other two polymers,

indicating that the H-bond distribution is broader in CDMPC
ASMBC. One of the reasons could be the presence of additional W
C=0---HC interactions in the side chains induced by the

different packing of the polymer chains. ADMPC

The amide Il band in ASMBC has a broader distribution than P N
those in ADMPC, consistent with the amide | results (Table
1). The amide Il band in ASMBC has a lower wavenumber ASMBC
than that in ADMPC, possibly due to the lack of coupling at

the phenyl groups. The predicted higher wavenumber of the
amide 1l band for ASMBC compared to that of ADMPC is

consistent with the data. DFT calculations predict two possible 3 23 {dggrggg}
conformations for the ASMBC side chains, corresponding Figure 5. XRD patterns of CDMPC, ADMPC, and ASMBC polymers.

probably to two local energy minima (Table 1; see also The d-spacings and peak widths are shown in Table 2.
Supporting Information), differing by only 0.06 kcal/mol and

4 5 10 1" 12

resulting in different wavenumbers for the amide bandl| Table 2. XRD d-Spacings for Polymers in the Dry State (see
The small differences in the wavenumbers of the amide bandsF9ure 9)

of these two conformers can also cause them to overlap and polymer d-spacing, A fwhm, A
cause the overall band to appear broader. The DFT-predicted ADMPC 15.5 35405
intensities of the ASMBC phenyl groups are significantly CDMPC 16.3 45405
smaller and agree well with the data. The lack of substituents ASMBC 14.1 25+05

on the ASMBC phenyl ring, compared to ADMPC, affects the
basicity of the ring, resulting in different—s interactions with

the solutes. The presence of the kink in the ASMBC side chain
can also result in different packing arrangements (see section

3.2), resulting in different interactions with the solutes and interpolymer interactions inferred from the IR restts.

solvgnts compared to ADMPC or CDMPC. The XRD pattern for the CDMPC polymer has a broad peak
It is concluded that the strengths of the H-bonds &f@ (16 3+ 4.5 A. The slightly highed-spacing suggests a larger
and NH groups present in the chiral cavities of these polymers gisiance between the polymer chains and can be attributed to
are significantly different. For COMPC, the cavities are slightly e differences in their polymer backbones. The XRD pattern
bigger in size than for ADMPC, mainly due to the differences o, ASMBC has a narrower peak at 14#12.5 A, indicating
in the backbones, resulting in weaker intrapolymer H-bonds in {hat the ASMBC may be slightly more ordered or may have
the former. For ASMBC, the H-bond strengths of the@  |5rger crystallites than ADMPC or CDMPC. The loweF
groups are stronger compared to ADMPC due to the interactions spacing indicates a smaller distance between the polymer chains.
with the neighboring CH groups in the same side chains, evenThjs can be attributed to the clearly predicted slight kink in the
though ADMPC and ASMBC have the same backbone. The Ag\MBC side chain structure (Figure 4) if one assumes that
strengths of intrapolymer H-bonds of the=O groups for these  ApMPC and ASMBC have almost the same backbone helicities
polymers are inferred to be in the following order: ASMBC (see CP/IMAS NMR results in section 3.3).
ADMPC > CDMPC. The strengths of the H-bonds of the NH e XRD results show that the packing arrangements are
groups for these polymers are inferred to be in the order gitferent in the three polymers, resulting in different interpen-
ADMPC > CDMPC > ASMBC. The coupling of the NH and  etrations of the adjacent polymer chains. The larger distance
CHs groups with the phenyl ring results in much higher pepyeen two adjacent chains for COMPC compared to ADMPC
intensities of the phenyl peaks in ADMPC and CDMPC can result in weaker H-bonds. The differences in the packing

a Full width at half-maximum.

sponds to the repeat distance between the helical polymer chains,
which interpenetrate slightly, generating some of the weak

compared to ASMBC. This coupling results in differenacidi- ~ arrangements of the polymer chains result in different nano-
ties and basicities of the phenyl rings, yielding different face- stryctures of the chiral cavities.
to-face and face-to-edge phenylhenyl interactions with the 3.3. CP/MAS Solid-State NMR Results.3.3.1. Effect of

phenyl groups of the solutes. The presence of the kink in the ggckbone: CDMPGersus ADMPCThe 13C CP/MAS NMR
ASMBC side chain can also result in a different local environ-  gpectra of the COMPC and ADMPC thin films on porous silica
ment. These results confirm the hypothesis proposed by variouspeads are shown in Figure 6. The polymer spectra with no silica
researchers, based on chromatography results, thatt@, C  peads were also obtained and show no differences. The ADMPC
NH, and phenyl groups have different molecular environments spectrum is shown here for comparidbt?and is also analyzed

in the polymer chiral cavities. in detail. For the ADMPC side chains, the following peaks are
3.2. XRD Results.It is found that the XRD spectra are seen (Figures 1 and 6, Table 3): one {Jdtak; three phenyl
independent of the coating solvent used (see section 2.3). Anypeaks, Ph II, lll, and IV (peak Ph | is observed only in MAS

small conformational change possibly due to the different but not in CP/MAS; see Figure 7 and section 3.4); and one
coating solvent does not result in any significant difference in C=0 peak?”:32The observed®C resonances are broad, mainly
the XRD spectra. The XRD spectra of all three polymers show due to the partially ordered polymer structure inferred from the
evidence of crystallinity (Figure 5). Since the polymer films XRD results. This structure apparently results in a wide
showed birefringence in polarized optical microscopy, it is distribution of local molecular environments and chemical shifts
inferred that they are partially ordered. The ADMPC spectrum, for each carboi?4°

shown here for referené@has a broad peak withdspacing The side chain peaks for CDMPC, gldnd Ph I-1V, are
centered at 15.5 A and a 3.5 A width (Table 2), indicating that quite similar to those of ADMPC. The phenyl Ph Il peak is
the polymer film is partially crystalline but substantially slightly broader in CDMPC than in ADMPC, possibly due to
amorphous. Our hypothesis is that the observed spacing correthe differences in the packing arrangements of the two polyr&%i,/
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The C-1 peak of CDMPC is broad and is centered at 104
ppm (Figure 6). The C-1 resonance appears at-10& ppm
0 PhIV Clb Cb CH; for cellulose and shifts to 160103 ppm for cellulose triacetate.

Chiralcel OD The cellulose carbamate forms a 3-fold single hétiand the

cellulose triacetate forms a 2-fold hefiIn order to understand
further the observed chemical shifts for the C-1 resonance, DFT
simulations were performed for cellulose monomer (with no
Chiralpak AD glycosidic bonds) and cellulose dimer (with one glycosidic bond
per dimer). The predicted chemical shift for {franomeric C-1
carbon in cellulose was 107 ppm. The predicted C-1 shift for
the cellulose acetate monomer was 106 ppm. The C-1 chemical
Chiralpak AS shift of the cellulose dimer with 3-fold helicity is 163.06 ppm,
which agrees with the data. Hence, the simulations and data
support the hypothesis of a 3-fold helical conformation for
CDMPC.

C=0  Ph IV C-1b C-b CH CH, ' ADMPC has two peaks (at 71 and 76 ppm) in the-66
ppm region, compared to three for CDMPC. This is attributed

150 100 50 0 ) . . : .
) " ] ppm ) to the differences in their backbones, with boat or chair
(F(':gD“,\rAePg' Coag dcglli';":bsezggj'Séf]tifal'gg"kRAst?:giAggig‘;‘;‘(’f‘siﬁz conformations, which affect their glycosidic linkages. V-
beads), and Chiralpak AS (ASMBC-coated silica beads). Assignments amylose, which forms ? single 6-fold helix, has three peaks in
and chemical shifts are shown in Table 3. Spinning side bands are the 60-90 ppm regior?® The C-6 resonance appears at ca. 61
indicated by asterisks. ppm; the C-2, C-3, and C-5 resonances appear in theB@0

ppm range; and the C-4 resonance appears at ca. 82%pon

{ﬁsucl:tl_ng n d::ferer;_t igwrlonmen:]s fo_r tk;e rrla_?te_nyl kg)]roupso.‘ fFor derivatization to amylose acetate or amylose sulfate, which are
CSM;C fr?a ,fa SA%M);gw_erd_c ?m'ci‘hst Ithlslc—)| ts)er\(/je or single helices with less than 6-fold hefikthe C-2, C-3, C-5,
an for  Indicating that the H-DoNas are .4 c.g peaks remain in the same range, with small shifts

slightly weaker in the former, ponsistently With the IR re- compared to the corresponding peaks in V-amyf8sEor
sults?4° The G=0 peak is sll_ght_ly _shar_per in CDMPC, ADMPC, these resonances appear to overlap with one broad
prc_)rt?]ablng_I(_acauzg thg\ Hk;bor_\d c|i|s:]r_|ft§ut|(f)n IS narr_c:jwer.h i of peak of 71 ppm. The shoulder at 76 ppm corresponds to the
eithe(ra CDM-S(r:e olftiDl\ilPeém(;ngel f:i,rlyozfvce)lrllew?tlh ethce a(;'gt; C-4 resonance. It is concluded that the C-4 peak moves upfield
(Table 3). These simulation’s which correspond to completely for CDMPC and_ADMPC, compared_to cellulose _and amylose,
free C=d and NH groups \,Nith no intra- or interpolymer r_espectlvely, mainly due_to qhanges in the gly_005|d|c confprma—
H-bonds, show narrow peaks. Therefore, the large width of the tion. The peak broadening is due to the partial crystallinity of

’ ' X ADMPC .22 |t has been shown that, upon absorption of a polar

observed &0 peak arises mostly from the wide distribution
- - ; . - solvent, the backbone peaks become better resolved due to the
of intra- and interpolymer interactions, which affect the elec- . : S oor o
increase in polymer crystallinits/.

tronic environment of €0, supporting our previous conclusion. . .
The H-bonding of €O (see IR data) can affect the resonance 1€ C-1 peak of ADMPC is also broad and is centered at 97

frequency of the carbon atom, resulting in ca. 4% discrepancy PPM (Figure 6), whereas the C-1 peak in V-amylose appears at
between the observed and simulated chemical shifts. 103 ppm2® The peak is known to move upfield in derivatized
The chemical shifts of the backbone carbons are analyzed in@Mylose polyme?? The shift can be due to one of two possible
detail, because they provide information on the glycosidic bonds &ffects. The firstis that the derivatization at the C-2 site affects
and the polymer helicity. The chemical shifts of the C-1 to C-6 the C-1 chemical shifz The second is that the glycosidic
backbone peaks (Figures 1 and 6) show some significant“nkage changes from 6-fold to lower-fold. A- and B-amylose
differences between CDMPC and ADMPC. CDMPC has three Nave C-1 peaks at 9901 ppm, because they form double
peaks at 66, 73, and 80 ppm. The peak at 66 ppm is due to thehelices® It is assumed that ADMPC forms a single helix,
C-6 resonance; the broad peak at 73 ppm in CDMPC includes Pecause of its bulky side chains (Figure 2), which may hinder
the C-2, C-3, and C-5 resonances; and the peak at 80 ppm ist from forming a double helix, and since most o]‘ the der!vatlzed
due to the C-4 resonance. These peaks are assigned on the baginylose polymers (e.g., esters) seem to form single helices upon
of the literature spectra of cellulose and cellulose triacetate asderivatization. In COMPC or ADMPC, the observed broad C-1
follows. Cellulose, which forms a single 2-fold helix, also shows Peak corresponds to wide distributions of local molecular
three peaks in the 6695 ppm regiorf’ The C-6 resonance  €nvironments, since the polymer is partially ordeteef.
appears at 67 ppm; the C-2, C-3, and C-5 resonances are in the The DFT-predicted chemical shift for the-anomeric C-1
70—80 ppm range; and the C-4 resonance appears at 9%ppm. resonance in amylose monomer was 105 ppm g-anomeric
For derivatized cellulose triacetate, the C-6 resonance appear$-1 carbon in cellulose, the effect of the substituent is less
at 62 ppm (slightly upfield compared to cellulose); the C-2, significant compared to the-anomeric C-1 in amylose, with
C-3, and C-5 resonances remain in the-80 ppm range; and  the resonance of thg-anomeric C-1 atom being observed
the C-4 resonance appears at 80 ppm (significantly upfféld). downfield from the resonance of tkeanomeric C-1 atom (105
The shifts in the C-4 and C-6 resonances are due mainly to thevs 107 ppm}3 A value of 102 ppm is predicted for the amylose
cellulose derivatization, if one presumes that the helicity of the acetate monomer C-1 resonance. The shift from 105 to 102 ppm
cellulose triacetate is the same as that of celluf§Since the is due to the acetate group substituent. DFT simulations for the
type of the derivatized group (carbamate rather than acetate) isamylose dimer, by use of conformation angles of 4-fold helicity,
expected to affect only slightly these chemical shifts, similar and results in predicted values for the C-1 resonance 6096
trends are expected in the CDMPC shifts for the backbone ppm, which are in agreement with the ADMPC data. The
carbon resonances. simulations show that changes in the glycosidic Iink%qgv
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Table 3. Measured and Predicted Chemical Shifts of 13C Peaks for the Polymers?2

phenyl peaks

CH3 CH-s? CH-bb C1-b? | 1] 1] [\ C=0

Chiralpak OD or CDMPC-coated 21 (21) N/A 68, 73,80¢ 104°¢ N/O (112) 117° 125 138 (138) 152°¢
silica beads

Chiralpak AD or ADMPC-coated 21 (21) N/A 71, 76¢ 97¢  N/O(111) 116 125 138 (139) 154°¢
silica beads

predicted for ADMPC/CDMPC 23,24 N/A N/A N/A N/O 116, 117 127 144, 147 157
side chain?

Chiralpak AS or ASMBC-coated 23¢(23) 51¢(50) 70¢ 97¢  N/O(112) N/A 127,129 (127, 129) 144¢ 156°¢
silica beads

predicted for ASMBC side chain® 19, 26 54, 57 N/A N/A N/O N/A 128—-135, 128—132 148, 152 159, 159

2 Peaks are from CP/MAS and MAS solid-state NMR. Chemical shifts in parts per million, £1 ppm, with glycine as a reference are listed; see Figures
6 and 7. Only the peaks observed in MAS 13C spectra in Figure 7 are shown in parentheses. N/O, not observed; N/A, not available ?b = backbone of
the polymer; s = side chain of the polymer. ¢ Peaks too broad to establish chemical shift accurately; see text. ¢ Chemical shifts for polymer side chains
are predicted at the DFT/B3LYP/6-311+g(d,p) level of theory (shown in italic type).

conformation affect the C-1 chemical shift more than the Ph IV Ph 1 CH;
substituent (102 vs 9699 ppm). This is in agreement with the _‘—_’_,/LChiralcel oD
suggestion by Gidley and Bocigkthat the C-1 chemical shift — -

is primarily determined by the glycosidic linkage conforma-
tion.>*Hence, our simulations support the hypothesis of a 4-fold Chiralpak AD
helical conformation for ADMPC.

3.3.2. Effect of Side Chain: ASMB&&rsus ADMPC.For

ASMBC, one broad peak is observed for the backbone C-2 to Chiralpak AS
C-6 resonances (Figure 6). The C-1 resonance is centered at 9

ppm, similar to that of ADMPC, indicating that these polymers PRIl PhI CH CH;
have similar glycosidic linkage conformations and possibly : :
similar helicities. This also supports our hypothesis that the 150 100 ppm 50 0

djspacing observed in XRD result_s mainly correspon_ds to the Figure 7. 13C MAS solid-state NMR spectra of Chiralcel OD
distance between the polymer chains and not to the pitch of the cbmpPc-coated silica beads), Chiralpak AD (ADMPC-coated silica
helix. beads), and Chiralpak AS (ASMBC-coated silica beads).

The peaks due to side chains differ significantly, however.
The CH; peak in ASMBC has a smaller intensity and is shifted ~ 3.4. MAS Solid-State NMR Results.MAS and CP/MAS
slightly upfield compared to the GHbeak in ADMPC. ASMBC 13C spectra generally show quite different intensities for the same
also has a peak at 50 ppm corresponding to the CH groups incarbons, because each technique reflects one extreme of
its side chain. Only two phenyl peaks are observed in ASMBC, molecular motion, fast or slo#%>*The backbone peaks are not
but there are three in ADMPC. The Ph Ill peak is assigned to observed in these MAS spectra (Figure 7), indicating that the
the five phenyl carbons that are not connected to the CH group backbones of all three polymers have no substantial molecular
(Figure 1). The Ph IV peak is assigned to the carbon connectedmobilities.
to CH. The G=0O peak is shifted downfield in ASMBC, Only the phenyl and CH/CHpeaks of the side chains are
compared to that in ADMPC, indicating that the strength of resolved and observed, indicating, as expected, that the side
the H-bond is higher in ASMBC, consistent with the IR results. chains are more mobile than the backbone. The phenyl peak

DFT simulations show that the chemical shifts of the CH Ph I is observed, in contrast to the CP/MAS spectra, probably
and the phenyl C-a carbon (see Figure 1) depend on the sidePecause the contact time (0.8 ms) may be adequate for observing
chain conformation. These conformations result in significantly this fast-tumbling group. For COMPC and ADMPC, the three
different chemical shifts for the CH and Ph C-a carbons but Phenyl peaks (H-1V) observed in the MAS spectra are broader
not for the other peaks. In one possible conformer, the chemicalthan in their respective CP/MAS spectra. DFT simulations of
shifts of the CH peak differ from the data by-4 ppm, and in monomers or dimers show no Ph | peak. The observed peak in
the second conformer, by3 ppm. Possibly there are several the actual spectrum may, therefore, arise from the complex

conformers, causing the observed NMR peak broadenings,Packing arrangements of the polymer chains not accounted for
consistent with the IR results. in the simulations. Overall, the combined MAS and CP/MAS

The differences in the chemical shifts T ppm) of the C-1 results provide information about the state of molecular motion
resonances of CDMPC and ADMPC indicate that the backbones@nd the crystallinity in these polymers. From this information
of these polymers have significantly different helicities. By @S @ ba_sellne, one may start eIu0|d_at|ng the effects Of solvents
contrast, the C-1 resonances of ADMPC and ASMBC differ and chiral solutes on the polymeric structures and link such
by less than 1 ppm, indicating similar helicities. This may be a €ffects to the molecular geometries and physics of molecular
major factor underlying the differences in the chiral discrimina- "€COgnition processes.
tion behavior for various chiral solutes, as suggested previously
by various researchers mostly on the basis of chromatography 4. Conclusions
results. Helicity differences can also affect the inter- and intra-
polymer H-bonds strengths, which in turn affect the chemical = The effects of the backbone and side chain on the molecular
shifts and the widths of the €0 resonances, and the IR environments of the chiral cavities in three commercially
wavenumbers (see section 3.1). important polysaccharide based chiral sorbents are studieéllﬁ)//
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ATR-IR, XRD, 13C CP/MAS and MAS solid-state NMR, and
DFT modeling. It is concluded that the strengths of H-bonds of
the C=0 and NH groups in the chiral cavities of these polymers
are significantly different. For CDMPC, the cavities are slightly
bigger than for ADMPC, mainly due to the differences in the
polymer backbones, resulting in weaker intrapolymer H-bonds
in the former. For ASMBC, the H-bond strengths of the=Q
groups are stronger than for ADMPC, even though they have
the same backbones, because of the interactions with the
neighboring CH groups in the same side chains. The strengths
of the H-bonds of &0 groups for these polymers are inferred
to be in the following order: ASMBCG- ADMPC > CDMPC.

The strengths of the H-bonds of the NH groups are inferred to
be in the order ADMPG CDMPC > ASMBC. The coupling

of the NH and CH groups with the phenyl ring results in much
higher IR intensities in ADMPC and CDMPC than in ASMBC.
XRD results show different-spacings between the polymer
chains in the three polymers, resulting in variations in the
packing arrangements, and different intra- and interpolymer
interactions between the=€D and NH groups. From the NMR
chemical shifts of the C-1 carbon, it is inferred that the backbone
glycosidic bond conformations and helicities are similar for
ADMPC and ASMBC but different for ADMPC and CDMPC.
DFT simulations predict that the ADMPC and CDMPC side
chains have a planar conformation, while the ASMBC side chain
has nonplanar, and possibly multiple, conformations. Hence,
the G=0, NH, and phenyl groups in the chiral cavities of these
polymers have different molecular environments, which may
be a major factor affecting the selectivities of chiral solutes.
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