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a  b  s  t  r  a  c  t

Proline  chains  have  generated  considerable  interest  as  a possible  basis  for new  selectors  in chiral  chro-
matography.  In this  article,  we  employ  molecular  dynamics  simulations  to  examine  the  interfacial
structure  of  two  diproline  chiral  selectors,  one  with  a  terminal  trimethylacetyl  group  and one  with  a
terminal  t-butyl  carbamate  group.  The  solvents  consist  of  a relatively  apolar  n-hexane/2-propanol  and  a
polar water/methanol  mixture.  We  begin  with  electronic  structure  calculations  for  the  two  chiral  selec-
tors to assess  the energetics  of  conformational  changes,  particularly  along  the  backbone  where the  amide
bonds can  alternate  between  cis  and  trans  conformations.  Force  fields  have  been  developed  for  the two
roline
olecular dynamics simulation

hiral stationary phase
PLC
ormal-phase
eversed-phase
hiral chromatography

selectors,  based  on  these  ab  initio  calculations.  Molecular  dynamics  simulations  of the  selective  interfaces
are performed  to examine  the  preferred  backbone  conformations,  as a function  of  end-group  and  sol-
vent.  The  full  chiral  surface  includes  the  diproline  selectors,  trimethylsilyl  end-caps,  and  silanol  groups.
Connection  is  made  with  selectivity  measurements  on these  interfaces,  where  significant  differences  [1]
are  observed  between  these  two  very  similar  selectors.
. Background

Polyproline chains have been of interest in biology for many
ears. These chains have a unique backbone structure that consists
f amide bonds and rigid pyrrolidine rings and, without hydrogen
ond donors, polyproline does not support main-chain hydrogen
onding. Polyproline chains can adopt different conformations. In
articular, when the backbone amides are all trans, the structure

s known as PPII. The backbone in PPII is a left-handed helix with
 pitch of 9.4 Å and 3.0 residues per turn. The all-cis configuration,
eferred to as PPI, is much more compact with a right-handed heli-
al pitch of 5.6 Å and 3.3 residues per turn. In water, polyproline
dopts a PPII structure [2,3]. PPI is known to occur [2–4] for polypro-
ines solvated by aliphatic alcohols. Structures intermediate to PPI
nd PPII are also known: recent experimental evidence [5] suggests
hat PPII structures found in proteins have a number of cis defects,
uch that the backbone is more compact than expected. Amino
cid residues, not necessarily containing proline [6],  that cannot
dopt an �-helix may  alternatively adopt the PPII structure. In fact,

 study of the HOMSTRAD database of structurally aligned homol-

gous proteins [5] found that 60% of the protein chains contained
t least one PPII helix.

∗ Corresponding author. Tel.: +1 613 533 2651; fax: +1 613 533 6669.
E-mail address: ncann@chem.queensu.ca (N.M. Cann).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.06.096
© 2011 Elsevier B.V. All rights reserved.

Chiral high performance liquid chromatography (HPLC) is a
commonly used technique for separating racemic mixtures [7].
The selector in chiral HPLC is attached to a substrate, either
covalently or ionically. In a brush-type chiral stationary phase
(CSP), the selective molecule is relatively small, and joined to
the substrate via a hydrocarbon tether. Polyproline CSPs have
been the subject of considerable interest in the past few years.
In 2005, Huang et al. [8], examined diproline and tetraproline
selectors and found that tetraproline resolved 31 out of 53 ana-
lytes tested. This promising result showed that polyproline CSPs
were competitive with the well-known Daicel AD-H, Daicel OD-H
and the Whelk O columns [8].  Huang et al. [9] undertook opti-
mization of the polyproline selector by examining the role of the
terminal group on the proline chain, specifically by replacing 9-
fluorenylmethoxycarbonyl with seven other terminal groups. In
2006, Huang et al. [1] performed a more detailed study of pro-
line chain length by comparing diproline, tetraproline, hexaproline,
and decaproline selectors. The nature and length of the tether were
also explored. Since then, a number of selectors have been synthe-
sized and examined: Sancho and Minguillon examined a selector
containing 3,5-dimethylphenylcarbamate on the 4 position on the
pyrrolidine rings [10]; Li et al. attached a diproline chiral selector to
polymer to improve selectivity for chiral alcohols and amines [11];

a pentaproline selector was  synthesized and examined by Bao et al.
[12]; triprolines and tri-�-methylproline selectors were examined
by Lao and Gan [13]; the linkage to the surface was explored by
Lao and Gan in 2009 [14] by comparing the usual singly attached

dx.doi.org/10.1016/j.chroma.2011.06.096
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:ncann@chem.queensu.ca
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Fig. 1. The two diproline selectors, TMA-(Pro)2-N(CH3)-tether and BOC-(Pro)2-
N(CH3)-tether, are shown in (a) and (b) respectively. The atom numbering shown
332 M. Ashtari, N.M. Cann / J. Chr

ovalently bonded diproline selector to a covalently bonded dou-
ly tethered selector, and to singly and doubly attached ionically
onded selectors. Collectively, these studies indicate that longer
roline chains are typically more selective but that other factors
uch as tether length, the identity of the terminal group, substitu-
ion on the pyrrolidine ring, the type of surface linkage, and the
ature of the solvent all impact the selectivity.

To accompany the experimental work on polyproline, a number
f computational studies have been reported. Zhong and Carlson
5] explored Ac-(Pro)n-OMe dimers (n = 2) and hexamers (n = 6)
sing B3LYP. They found that the all-trans PPII conformations are
avoured in the gas phase. The impact of a continuum solvent, rep-
esentative of chloromethane, methanol, or water was examined
or the hexamer. Their calculations indicate that, contrary to exper-
ment, the PPI conformer is stable in the more polar solvents but
xplicit hydrogen bonding is not present in their solvation model.
ang et al. [15] performed a similar conformational study on Ac-

Pro)n-NMe2, n = 2–5 using Hartree–Fock theory. Their calculations
ndicate that all-trans PPII conformations are most stable in the
as phase, and in solutions of chloroform, 1-propanol, and water.
n contrast, a recent RI-MP2 study by Kuemin et al. [4] suggests
hat 6-mer, 9-mer, and 12-mers of Ac-(Pro)n-NH2 and Ac-(Pro)n-
CH3 prefer the all-cis PPI configuration in the gas phase, except

or Ac-(Pro)6-NH2 where PPI and PPII are found to be isoenergetic.
In this article, we examine diproline at several levels of

heory. Specifically, conformers are examined with 2nd order
oller–Plesset (MP2) perturbation theory, coupled-cluster singles

nd doubles (CCSD) theory, the local pair natural orbital coupled
luster theory (LPNO-CCSD) [16,17],  and density functional the-
ry with the B3LYP, the B97D [18], and the MPW2PLYP-D [19–21]
unctionals. We adopt a broad range of approaches to definitively
dentify the energetic ordering of the diproline conformers. This
readth also allows some analysis of the impact of dispersion on
onformer stability and, in particular, B97D and MPW2PLYP-D are
esigned to include dispersion corrections. To develop force fields
or diproline, we begin with a series of electronic structure calcu-
ations to obtain the energy and structure of the conformers. These
alculations are performed at the B3LYP, B97D, MPW2PLYP-D, and
P2  levels, with single point energy calculations performed using

PNO-CCSD and CCSD. An assessment of energetic costs for con-
ormational change is required for force field design. However, this
ssessment requires an extensive series of calculations and only
3LYP and B97D were employed for these calculations. The final

orce fields are adjusted to be consistent with single point energies
btained with CCSD.

In order to isolate the end-group effect, we examine two dipro-
ine selectors, one with a terminal trimethylacetyl (TMA) group
nd another with a t-butyl carbamate (BOC) group. Although
hese terminal groups are structurally very similar, we have
hosen them since the TMA-terminated diproline is a superior
hiral selector to the BOC-terminated selector [9].  For instance,
MA-terminated diproline successfully separates benzoin with a
election factor of 1.14 while the BOC-terminated selector does
ot distinguish between the benzoin enantiomers [9]. Overall,
MA-(Pro)2-N(CH3)2 separated 39 of 52 analytes while BOC-(Pro)2-
(CH3)2 separated only 26 of the analytes and, for the successful

eparations, gave an average selection factor of only 1.09 [9]. With
hese considerations, force fields have been independently devel-
ped for TMA-(Pro)2-N(CH3)2 and BOC-(Pro)2-N(CH3)2. Molecular
ynamics simulations are employed to examine the interfacial
tructure of these two diproline selectors. The model chiral inter-
ace includes trimethylsilyl end-caps, silanol groups, and the

iproline selectors tethered to the surface with a propyl linkage.
or each of the two terminal groups, two solvents are chosen: n-
exane/2-propanol and water/methanol. This choice is motivated
y the fact that these solvents are used in chromatography and that
above is used throughout. A single number identifies each methyl and methylene
since a united-atom representation is adopted for these groups.

polyproline conformations change from PPI in aliphatic alcohols to
PPII in polar solvents [2,3,22]. The conformational distribution of
the diproline selectors is monitored during the simulations, with
emphasis on the orientation of backbone carbonyl groups. The sol-
vent distribution in the vicinity of the surface is also examined with
emphasis on the extent of hydrogen bonding along the backbone.

Stationary phases are uniquely difficult to simulate because
they require an atomic level description of a complex interface. An
approximation to the distribution of the selector, a large molecule,
and other components at the surface is also required. Despite
these challenges, simulations of the entanglement and solvation
of long chain alkanes tethered to silica have been undertaken
[23–26] but only a few simulations of chiral interfaces have been
published [27–30].  Aside from simulations, current theoretical
methods include force field based exploration of docked complexes
[31], and statistical, structure–function approaches aimed at selec-
tivity predictions [32–34].

This article begins with a description of the diproline selectors.
Details of the molecular dynamics simulations for the diproline
interfaces are also provided in Section 2. Interfacial structure, sol-
vent distributions and hydrogen bonding at the selective interfaces
are compared in Section 3. The article concludes with a brief dis-
cussion of the results.

2. Theoretical details

The two  diproline selectors, TMA-(Pro)2-N(CH3)-tether and
BOC-(Pro)2-N(CH3)-tether, are shown in Fig. 1. They differ only in
that the latter has an additional oxygen before the terminal t-butyl
group. In this section the electronic structure calculations on trun-
cated selectors, TMA-(Pro)2-N(CH3)2 and BOC-(Pro)2-N(CH3)2, and
the ensuing force fields are discussed in Sections 2.1 and 2.2. The
interfacial system is presented in Section 2.3 along with a descrip-

tion of the potential for the solvent–surface interactions. Properties
of interest, such as solvent distribution at the interface, are defined
in Section 2.4. Computational details are presented in Section 2.5.
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Table  1
Conformers TMA-(Pro)2-N(CH3)2 and BOC-(Pro)2-N(CH3)2. The first column identifies the conformation about the amide bonds: “TT” (“CC”) identifies trans (cis) geometries
about  C(11)–N(27) and C(9)–N(21); “TC” (“CT”) refers to a trans(cis) geometry about C(11)–N(27) and a cis (trans) geometry about C(9)–N(21). Energies, in kJ/mol, are
reported relative to the lowest energy conformer for each method. CCSD and LPNO-CCSD single-point calculations are performed for the B3LYP and B97D minimum energy
structures. The energies in brackets, for CCSD and LPNO-CCSD, are relative to the overall minimum energy structure. Results are provided for: �Ea, B3LYP/6-311G(d,p);
�Eb, B97D/6-311G(d,p); �Ec, MPW2PLYP-D/cc-pVTZ; �Ed, MP2/6-311G(d,p); �Ee, CCSD/6-311G(d,p)//B3LYP/6-311G(d,p); �Ef, CCSD/6-311G(d,p)//B97D/6-311G(d,p);
�Eg, LPNO-CCSD/6-311G(d,p)//B3LYP/6-311G(d,p); �Eh, LPNO-CCSD/6-311G(d,p)//B97D/6-311G(d,p) calculations.

Characteristics �Ea B3LYP �Eb B97D �Ec MPW2PLYP-D �Ed MP2  �Ee CCSD//B3LYP �Ef CCSD//B97D �Eg LPNO-CCSD//B3LYP �Eh LPNO-CCSD//B97D

TMA-(Pro)2-N(CH3)2

TT 0.0 7.1 0.0 0.0 0.0 (0.0) 0.0 (2.5) 0.0 (0.0) 0.0 (7.4)
TC  17.6 0.0 8.9 6.0 6.7 (6.7) 5.9 (8.4) 4.9 (4.9) 2.9 (9.4)
CT 14.5  10.5 8.8 8.7 8.2 (8.2) 6.3 (8.9) 6.9 (6.9) 4.9 (12.1)
CC  30.8 17.3 22.7 26.2 21.7 (21.7) 20.2 (22.7) 19.7 (19.7) 17.3 (25.2)

BOC-(Pro)2-N(CH3)2

TT 0.0 5.4 2.7 2.4 1.9 (1.9) 0.3 (6.6) 0.0 (0.0) 0.0 (6.0)
TC 19.4  0.0 11.3 9.5 10.1 (10.1) 7.5 (13.8) 12.3 (12.3) 8.6 (14.6)
CT 4.2  0.9 0.0 0.0 0.0 (0.0) 0.0 (6.2) 2.1 (2.1) 1.7 (7.7)
CC  23.8 14.0 20.4 16.3 18.9 (18.9) 17.1 (23.4) 19.4 (19.4) 21.1 (27.1)

a Relative energies for B3LYP/6-311G(d,p) optimized structures.
b Relative energies for B97D/6-311G(d,p) optimized structures.
c Relative energies for MPW2PLYP-D/cc-pVTZ optimized structures.
d Relative energies for MP2/6-311G(d,p) optimized structures.
e CCSD/6-311G(d,p) relative energies for the B3LYP/6-311G(d,p) optimized structures.
f CCSD/6-311G(d,p) relative energies for the B97D/6-311G(d,p) optimized structures.
g LPNO-CCSD/6-311G(d,p) relative energies for the B3LYP/6-311G(d,p) optimized structures.
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h LPNO-CCSD/6-311G(d,p) relative energies for the B97D/6-311G(d,p) optimized

.1. The diproline selectors

The oligomeric polyproline backbone is characterized by the
resence of five-membered rings and by the absence of hydro-
en bond donors. With these characteristics, the backbone is quite
igid and unable to form intramolecular hydrogen bonds. Two  back-
one conformations are known experimentally, PPI and PPII, and
hey differ markedly, with different helicities and pitches [5,35,36].
rom a chromatographic perspective, PPI and PPII should display
istinct selectivities. This offers the potential for a unique con-
rol of selectivity. A number of polyproline-based stationary phases
ave been synthesized and tested [4,8–14] and chain-length, sub-
titutions on the backbone, end-caps, and tethers all impact the
electivity. Despite this variation, it is clear from extensive com-
arisons [1,8] with Whelk-O, Chiralpak AD and Chiralpak OD, that
olyproline-based selectors are competitive with the most fre-
uently employed, commercially available selectors.

The two diproline-based selectors of interest, TMA-(Pro)2-
(CH3)-tether and BOC-(Pro)2-N(CH3)-tether, can be roughly
ivided into three components: the tether joining the selector to
he surface; the diproline moiety; and the terminal group which
iffers slightly for the two selectors. As shown in Fig. 1, each tether
onsists of a propyl chain covalently bonded to the underlying Si
urface. This simple representation of the underlying surface is
hosen for three reasons. First, the solvent is sterically excluded
rom the Si layer. In fact, even water is never within 3 Å of the
urface. Second, for brush-type chiral selectors, the crucial inter-
ctions occur well above the surface. Finally, the atomic details of
he underlying silica are unknown but expected to be varied. The
erminal group consists of either TMA  or BOC, which differ only
y an additional oxygen in the latter. The two selectors each have
hree amide bonds. The first amide bond joins the two proline units,
(17)–N(21)–C(9)–C(23) in Fig. 1, and is important in describing the
elative conformations of the backbone. When the amide torsional
ngle is near zero, the carbonyl group is cis to the alpha carbon
(17). Likewise, an angle near 180◦ places the carbonyl oxygen trans

o the alpha carbon. The PPI and PPII conformations in polypro-
ine chains are distinguished by the cis and trans conformations,
espectively, of this amide. The second amide group joins the ter-
inal group to the diproline unit. The third amide bond joins the
ures.

tether to the diproline and, for this amide, a cis or trans arrangement
merely leads to a reorientation of the diproline moiety relative to
the surface. In this article, the conformers of diproline will be iden-
tified by the orientation of the first two  amides: CC and CT both
have a cis amide joining the terminal group and a cis or a trans
amide, respectively, joining the prolines; TT and TC both have a
trans amide joining the terminal group and a trans or a cis amide,
respectively, joining the prolines. Pictures of these conformers are
shown in Fig. 2. When the amide joining the prolines is trans, the
selector is extended but, with a cis amide between the two prolines,
the molecular structure is much more compact. A transition from
trans to cis on the amide joining the diproline to the end-group has
a smaller impact: the end group is simply repositioned.

The TMA  terminal group has been chosen for two  reasons. First,
experiments show [4] that this choice of end group leads to better
chiral selectivity, relative to seven other terminal groups. Also, TMA
is achiral and relatively small such that its interactions with solvent
will be mostly due to H-bonding at the carbonyl oxygen. The BOC
terminal group has been selected based on its similarity with TMA
and the fact that it is an inferior chiral selector [9].  The elucidation of
the reasons for this difference is one of the objectives in this work.

In order to explore the preferred conformations of the two
diproline selectors, a series of ab initio calculations has been
undertaken. Specifically, geometry optimizations are performed
for B3LYP/6-311G(d,p), B97D/6-311G(d,p), MPW2PLYP-D/cc-pVTZ
and MP2/6-311G(d,p) calculations while single point calculations
are performed for the CCSD/6-311G(d,p), and LPNO-CCSD/6-
311G(d,p) methods and the optimized B3LYP and B97D structures.
The LPNO-CCSD and MPW2PLYP-D calculations are performed
using ORCA [37]. All other calculations use Gaussian 09 [38]. The
calculations are performed on truncated versions of the selectors,
TMA-(Pro)2-N(CH3)2 and BOC-(Pro)2-N(CH3)2, where the tether
has been replaced by a methyl group. For each truncated selec-
tor, geometry optimizations proceed from roughly twenty starting
structures to find the lowest energy gas phase conformers. Results
are presented in Table 1.
Previous ab initio studies [4,5,15] have been reported for the
proline dimer but they disagree. Specifically, Kang et al. [15] used
HF/6-31+G(d) to find minima for CH3CO-(Pro)2-N(CH3)2 dimer: the
lowest energy minima are TT, followed by CT, and CC. In contrast,
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Fig. 2. Stable conformers from B3LYP/6-311G(d,p) calculations of TMA-(Pro)2-N(CH3)2 and BOC-(Pro)2-N(CH3)2. Note that the tether is replaced by CH3 for the ab initio
calculations. The conformers are identified by the torsional angle of the inter-ring and ring-terminal group amide bonds: the TT conformer has two trans amides; CT has a
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is  amide bond between the proline and TMA  with a trans bond between the rings
wo  cis amides correspond to CC.

hong and Carlson [5] explored a slightly different dimer, CH3CO-
Pro)2-NH(CH3), using the B3LYP/6-31G(d) method but they did not
dentify any CT or TC local minima. In both cases, a PPII conforma-
ion was identified as the most stable in the gas phase. Although
uemin et al. [4] did not examine the dimer, their RI-MP2/SVP cal-
ulations yield results in better overall agreement with experiment.
iven the difference between the results of previous theoretical cal-
ulations, we have obtained the lowest-energy structures at various
evels of theory.

The energies in Table 1 illustrate the difficulty in predict-
ng diproline stability. Of the methods chosen, CCSD will capture

ore of the correlation energy and provides a reference point for
ssessing the other approaches. The other methods are less com-
utationally demanding than CCSD and should remain feasible for

onger chains. B3LYP does not account for dispersion and, for this
eason, overestimates the energy gap between conformers. In con-
rast, MPW2PLYP-D, a dispersion-corrected double-hybrid density
unctional, predicts the correct conformational sequence. B97D,
hich adopts the generalized gradient approximation (GGA) B97

unctional with an added dispersive correction, overestimates the
tabilization from dispersion. In fact, the lowest energy conformer
s predicted to be TC, in contrast to all other approaches which indi-
ate that TT is most stable. Aside from B3LYP and B97D, the methods
re in reasonable agreement. For the TMA-terminated selector, the
onformers increase in energy according to TT < TC ≈ CT < CC. The
eplacement of TMA  with BOC leads to CT ≈ TT < TC < CC. Thus, the

ddition of an oxygen to the end-group has a dramatic effect: the
onformers are closer in energy and the CT conformer is now pre-
icted to be very close in energy to TT (their energies are equal
ithin error).
orresponds to a trans proline-TMA amide and a cis torsion between the rings; and

The pyrrole rings can be up or down, depending on the posi-
tion of the ring atoms relative to the carbonyl group. Specifically,
for diproline, a plane can be defined by C(17)–N(21)–C(20) for the
first ring. If C(19), a ring carbon, and C(7), the carbonyl oxygen,
are on the same side (both above or both below) of the ring, then
the ring is identified as “down”. If they are on opposite sides, the
ring is up. The atoms C(23)–N(27)–C(26) define a plane for the
second ring. Likewise, the ring is “down” if the ring atom C(25)
and the carbonyl carbon C(9) are on the same side of the plane.
Otherwise, it is up. Previous theoretical studies [5] have shown
that the energy difference per ring inversion is relatively small,
generally between 1 and 5 kJ/mol. The structural changes that
accompany a ring flip are small and, in particular, we have found
that the backbone remains largely unchanged. For these reasons,
our force fields are developed for the “down” configuration of the
rings.

2.2. Force fields for the diproline selectors

Independent force fields have been developed for BOC-(Pro)2-
N(CH3)-tether and TMA-(Pro)2-N(CH3)-tether based on ab initio
calculations. Specifically, model development follows the pro-
cedure outlined below with the force field extracted from
B3LYP/6-311G(d,p) calculations. However, the parameters are
adjusted to yield an energy difference between conformers that

is consistent with CCSD calculations (see Table 1). For comparison
purposes, we  also repeat the process to develop models based on a
series of B97D/6-311G(d,p) calculations. All force field parameters
are provided in Supplemental materials.
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Fig. 3. Torsional barriers for rotation about the inter-ring amide torsion
[C(17)–N(21)–C(9)–C(23)] are shown for TMA-(Pro)2-N(CH3)2. Black circles identify
the initial B3LYP/6-311G(d,p) energies. Yellow circles identify the CCSD-corrected
torsional potential where the B3LYP energies have been scaled to yield the CCSD
cis/trans energy difference from Table 1. Blue circles include corrections for
Lennard–Jones and electrostatic interactions between atoms separated by more-
than-three bonds. The final torsional potential, obtained by least squares fitting, is
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Fig. 4. Force field assessment for TMA-(Pro)2-N(CH3)2 and BOC-(Pro)2-N(CH3)2 are
shown in (a) and (b) respectively. Each symbol represents a final conformer and its
energy, obtained from a single-molecule molecular dynamics simulation. Black cir-
cles, green triangles, red triangles, and yellow squares correspond to TT, CT, TC, and
CC  structures, respectively. The energy of the structure, as predicted from the molec-
ular model, is plotted against the sum of squares, calculated relative to the optimized
minimum energy structure obtained for B3LYP/6-311G(d,p) calculations. The open
stars identify the relative energies (calculated with CCSD/6-311G(d,p)//B3LYP/6-
hown by a solid line. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

The energetic cost for intramolecular changes is given by

intra = Ustretch + Ubend + Uimproper + Utorsion + UNB (1)

here Ustretch is the bond stretching potential, Ubend accounts for
he energetic costs of angle changes, Uimproper incorporates the
nergetic costs for out-of-plane motions, the energy associated
ith twisting about bonds is captured by Utorsion, and UNB is a
on-bonding term between atoms that are separated by four or
ore bonds. Within the force field, a united-atom representation

s adopted for all methyl and methylene groups. As well, the pyrro-
idine rings are kept rigid.

Bond stretching is included only between the carbonyl carbons
nd the adjoining alpha carbons and nitrogens. From Fig. 1, these
onds connect the pyrrolidine rings to the backbone. All other
elector bonds are kept fixed using the Rattle algorithm [39]. To
ccount for the energetic cost of changing a bond, a series of ten
ingle point calculations is performed, with the bond length var-
ed by up to ±0.075 Å about the equilibrium value. The resulting
nergies are least squares fitted to a harmonic potential

stretch =
∑

s

ks(r − re;s)
2 (2)

here the sum runs over all the flexible bonds, re;s is the equilib-
ium bond length for bond “s”, and ks is the corresponding force
onstant.

The force field includes potentials for all bends except those that
nvolve three ring atoms, since the rings are rigid in our model.
he bending potentials are calculated by sequentially varying each
ngle about the equilibrium value, in steps of 2.0◦ up to 10.0◦. The
ending potential is

bend =
∑

b
kb(� − �e;b)2 (3)

here �e;b and kb are the equilibrium angle and the bending force
onstant, respectively, for bend “b”.

Improper torsions are included to properly account for the ener-

etics of distortion about a central atom. Specifically improper
orsion at the alpha carbons, the carbonyl oxygens, and the ring
itrogens are included in the potential. A series of ab initio calcu-

ations is undertaken with the central atom moving up or down
311G(d,p)) and sum of squares evaluated for the four B3LYP/6-311G(d,p) minimum
energy conformers. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web version of the article.)

relative to the plane of the adjacent three atoms, by as much as
10.0◦, in steps of 2.0◦. The improper torsion potential has the form

Uimproper =
∑

it

kit(ω − ωe)2 (4)

where, for three atoms ABC around a central atom D, ω is the angle
between the ABC plane and the BCD plane. ωe is the equilibrium
angle and kit is the force constant for the itth improper torsion.

The torsion potential accounts for the energetic changes that
accompany twisting about a bond and has the form

Utorsion =
∑

t

6∑
i=0

cit(cos(ϕt + ϕi;0
t ))

i
(5)
where each torsion “t” is represented by a cosine series and each
term in the series may have a distinct phase shift ϕi;0

t [40]. This
form of the potential is flexible enough to reproduce the energy
variation with torsional angle for the entire 360◦ range of motion.



6336 M. Ashtari, N.M. Cann / J. Chromatogr. A 1218 (2011) 6331– 6347

Fig. 5. Illustrative snapshots of the BOC-(Pro)2-N(CH3)-tether interface is shown (a) top view of the surface in the presence of a n-hexane/2-propanol solvent, (b) in the
absence of solvent, (c) in the presence of a water/methanol solvent and (d) in the presence of a n-hexane/2-propanol solvent. Corresponding snapshots of the TMA-(Pro)2-
N(CH3)-tether interface are shown in (e)–(h). The underlying Si layer is omitted from the top-views for clarity. Carbon, nitrogen, hydrogen, oxygen, and silicon atoms are
shown  in grey, blue, white, red, and yellow, respectively. The surfaces include diproline selectors, trimethylsilyl end-caps, silanol groups, and underlying Si atoms. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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or each torsion, ab initio energies are obtained for a series of 36
ngles between 0◦ and 360◦.

Atoms separated by four or more bonds do not share stretch,
end, improper torsion, or torsion potential. Nonetheless some

nteraction is present between distant, intramolecular atoms.
t is customary to introduce “non-bonding” potentials between
hese atomic pairs but to reduce the potential when transitioning
etween the close atom regime and the distant atom regime. With
hese considerations in mind, the non-bonding potential has the
orm:

NB = C
∑

{≥4 bonds}
4εij

[(
�ij

rij

)12

−
(

�ij

rij

)6
]

+ D
∑

{≥4 bonds}

qiqj

rij
(6)

here the first sum is a Lennard–Jones (LJ) potential and the sec-
nd is the electrostatic potential. The constants C and D are unity
xcept for atoms separated by exactly four bonds, where C and

 are less than one. Transferrable force fields typically transition
etween the two regimes when atoms are separated by three
onds. In our previous work [27,28] on phenylglycine- and leucine-
ased chiral selectors, we also introduced partial non-bonding

nteractions between 1 and 4 atomic pairs. Here, due to the small
ifferences between conformer energies, we have chosen to intro-
uce non-bonding interactions beginning with 1–5 pairs. Aside
rom the two parameters, C and D, the “non-bonding” potential
s calculated as though the atoms belonged to distinct molecules.
he Lennard–Jones parameters in Eq. (6) are taken from the OPLS
orce field [41–43] while the atomic charges are obtained from the
HELPG algorithm [44] applied to the most stable conformer (TT
or B3LYP and TC for B97D).

The evaluation of Utorsion is considerably more difficult than an
ssessment of energetic cost of bending, stretching, or improper
orsion. For the latter three, least squares fitting leads directly to the
arameters required for Eqs. (2)–(4).  Three factors are incorporated

nto our fitting process for Utorsion: the torsional angles are coupled
uch that a change in one angle may  lead to a significant change
n a nearby torsion; the B3LYP torsion potential is adjusted to be
onsistent with CCSD energies; non-bonding interactions change
ith torsional angle and, in order to avoid double counting of non-

onding in the force field, the torsion potential must be adjusted.
etails on the incorporation of these three factors are provided in
upplemental materials.  Fig. 3 shows their impact on the torsional
otential for the inter-ring amide torsion of TMA-(Pro)2-N(CH3)2.

The proper conformational balance between diproline backbone
onfigurations (TT, CT, TC, and CC) is essential for our simulations.

e parameterize our models to accurately reproduce the ab initio
nergies for bond stretching, bending, improper torsion, and tor-
ions. However, a final parameterization step – the optimization
f C and D in Eq. (6) – is introduced to optimize the force field. For
ong, flexible molecules, this final adjustment of the model is impor-
ant as was shown for leucine- and phenylglycine-based stationary
hases [27,28].  Details of the selection of C and D are provided in
upplemental materials.

Fig. 4 shows the final model assessment for TMA-(Pro)2-N(CH3)2
nd BOC-(Pro)2-N(CH3)2. Each point in the figure corresponds to
he relative energy and sum of squares obtained from a single-

olecule MD  simulation. The simulation starts from a random
tructure and is performed as the temperature is gradually low-
red from 298 to a few degrees Kelvin. The lowest-energy structure
btained in the simulation is kept and analyzed. If the force field
ccurately predicts the presence and energies of the four conform-
rs, then these single-molecule simulations should converge to the

b initio results. As shown in Fig. 4, for both selectors, the force
eld reproduces the relative energy and structure of the global
nergy minimum and the lowest-energy conformer. The second
owest energy conformer is generally well represented but, for the
gr. A 1218 (2011) 6331– 6347 6337

highest energy conformer (CC) the structure is well reproduced but
the energy is 5–10 kJ/mol too low. However, the force field still pre-
dicts that the CC conformer is much higher in energy than the global
minimum.

In the end, we  obtain models for the diproline chiral selec-
tors that are structurally and energetically consistent with ab initio
optimized structures. Importantly, our models also reproduce the
energetic cost for stretching, bending, twisting about a bond, and
out-of-plane motion.

2.3. The chiral interface

Fig. 5 provides illustrative snapshots of the TMA-(Pro)2-N(CH3)-
tether and BOC-(Pro)2-N(CH3)-tether interfaces in the absence of
solvent, in water/methanol, and in n-hexane/2-propanol. Each sim-
ulation cell has empty space beyond the two  interfaces, such that
roughly two thirds of the cell is empty. The empty space allows
for the use of 3D periodic boundary conditions. The solvent in our
simulations is effectively confined between two  infinite, planar
chiral surfaces. In the snapshots of Fig. 5, the surfaces are 34.2 Å
apart in water/methanol and 63.1 Å apart in n-hexane/2-propanol.
Although the chiral selectors are regularly distributed on the sur-
face, a 1.10 �mol/m2 coverage is chosen to be consistent with
experiment [45]. The surface also includes 54 trimethylsilyl end-
caps, 72 silanol groups with coverages of 3.20 and 4.26 �mol/m2,
respectively, and 144 silicon atoms. Experimental surface distri-
butions of selectors, end-caps, and silanols, are expected to be
irregular but, assuming that each selector acts individually, the
distribution on the surface should have minimal impact for a brush-
type chiral stationary phase. The underlying, immovable layer of
silicon atoms, shown in yellow in Fig. 5, is a simple cubic lattice
with atoms 3.12 Å apart.

The energy of the interfacial system is given by:

Efull = 1
2

∑
i

miv2
i + 1

2

∑
RU

IRUω2
RU + ULJ + Uelectro + Uintra (7)

where Uintra is the intramolecular potential discussed in Section 2.2.
The first term in Eq. (7) is the translational kinetic energy while the
second term is the rotational kinetic energy. The latter is calculated
for the rigid pyrrolidine ring units (RU) in the selectors. The trans-
lational kinetic energy includes contributions from the solvent, the
end-caps, the silanol groups, and the selectors but the underlying
Si layer is immoveable and does not contribute. For the selectors,
only the centers of the pyrrolidine rings contribute to the transla-
tional kinetic energy. mRU is the mass of the ring, IRU and ωRU are
the moments of inertia and angular velocity, respectively, in the
principal coordinate system of the ring.

Interactions between the surface and solvent, between solvent
components, and between surface-bound molecules are repre-
sented by Lennard–Jones and electrostatic potentials. The former
is

ULJ =
∑

atom pairs,i,j

4εij

[(
�ij

rij

)12

−
(

�ij

rij

)6
]

(8)

where εij and �ij are the well depth and size parameters, respec-
tively, and rij is the interatomic separation. For the surface
components, OPLS [41–43] parameters are chosen except for Si
where CHARMM values are employed [46]. LJ parameters for n-

hexane, 2-propanol and methanol are obtained from Ref. [47]. The
flexible F3C water model [48] has been adopted.

Electrostatic interactions are also included. Specifically, for our
simulations the selectors, the 2-propanol, the methanol, and the
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ater have atoms that bear partial charges. The electrostatic poten-
ial is

electro =
∑

atom pairs,i,j

qiqj

rij
(9)

here qi is the partial charge on atom i. Literature values [47,48]
ave been adopted for the solvent atomic charges.

.4. The assessment of interfacial structure

The assessment of interfacial structure begins with surface dis-
ribution functions. These distributions are obtained from

(z) = nactual(z)
nideal(z)

(10)

here nactual(z) is the number of atoms found between z and z + �z
rom the underlying Si layer, and nideal(z) is the number expected
or an unstructured, random distribution. In this way, g(z) identi-
es areas of concentration and depletion for each atom above the
urface. For solvent distributions, the number of solvent molecules
xpected at a distance z above the surface is nideal(z) = ��zLxLy

here Lx and Ly are the surface dimensions, and � is the density.
or surface distributions, we have a total of Ns surface atoms and
ideal(z) = Ns/100 where the distance between the surfaces has been
ivided into one hundred segments (Lz/�z = 100). The surface g(z)
istributions integrate to Ns. Since the simulation cell includes two

dentical surfaces, the two surface distributions are averaged in the
esults reported below.

Detailed information of solvent location at the interface is pro-
ided by 2-dimensional (2D) cylindrical distributions g(rc,zc). In this
ase, interatomic separations are divided into a component perpen-
icular to the surface, zc, and a component parallel to the surface,
c. These 2D distributions are used to study the relative positions
f chosen solvent atoms around the chiral selector.

(zc, rc) = nactual(z)
nideal(z)

= nactual(z)
2	rc�rc�zc�

(11)

here � is the number density of the solvent,
nd �rc = �zc = 0.094 Å for n-hexane/2-propanol and
rc = �zc = 0.107 Å for water/methanol. A positive zc means

he solvent atom is located above (further from the underly-
ng Si layer) the surface atom. 2D distributions are particularly
nstructive for hydrogen bonding interactions between solvent
nd selector.

Snapshots of the interfacial system provide direct confirmation
f the selector conformations and solvent–selector interactions.
he occurrence of hydrogen bonding is detected from the snap-
hots via the application of a geometric criterion [49,50]: the
istance between H and hydrogen bond acceptor should be less
han 2.6 Å; the distance between the H-bond donor and H-bond
cceptor should be less than 3.5 Å; and the angle formed between
onor-H-acceptor should be larger than 150◦. We  analyze hydrogen
onding probabilities for both selectors and for the amide oxygens
nd amide nitrogens in the backbone. The orientation of selector
arbonyl groups is also analyzed from the snapshots. In this case,
he angle between the C O bond and the surface normal is averaged
nd results are reported.

.5. Simulation details

Extensive molecular dynamics (MD) simulations were per-

ormed for the chiral surfaces in the presence of a vacuum,

 70/30 (v/v) n-hexane/2-propanol solvent and a 70/30 (v/v)
ater/methanol solvent. These specific solvent mixtures have been

hosen since they are commonly employed for chiral separations,
gr. A 1218 (2011) 6331– 6347

although the amount of co-solvent varies depending on the ana-
lyte. The surfaces include end-caps, silanol groups, and a layer
of immoveable silicon with coverages that are consistent with
experiment [45]. In practice, for the simulations, the intersurface
distance is adjusted such that the solvent density in the center of
the simulation cell is within 2% of the experimental density. This
adjustment is required because the volume occupied by silanol
groups, diproline selectors, and end-caps cannot be exactly esti-
mated. For the n-hexane/2-propanol simulations, the surfaces are
63.1 Å apart the simulation cell includes 231 n-hexane molecules
and 169 2-propanol molecules, consistent with the experimental
solvent density [51] at 298 K. The water/methanol solvent is denser
[52] and, with 645 water molecules and 155 methanol molecules in
the simulation cell, the surfaces are 34.2 Å apart. In all cases, each
surface includes 9 selectors and has a surface area of 1177.86 Å2.

Ewald summations [53] have been used to treat the electrostatic
forces between partially charged atoms. The empty space beyond
the chiral surfaces along with a correction for the elongated shape
of the simulation cell [54], allow the use of 3D Ewald sums. An
Ewald convergence parameter of  ̨ = 1.756/Lx was chosen for all
simulations, with a reciprocal space cutoff of k2 ≤ 27.

Simulations are performed in the canonical ensemble (NVT)
with the use of two Nosé–Hoover thermostats [55,56]. One thermo-
stat is applied to translational motion while the other maintains the
rotational temperature of the rigid rings. All simulations are per-
formed at 298 K. The conserved quantity within the simulations
is:

HNH = Efull + Qtς2
t

2
+ gtkBT ln st + Qtς2

r

2
+ grkBT ln sr (12)

where the total energy, Efull, is given in Eq. (7).  The two addi-
tional degrees of freedom, st for translation and sr for rotation, have
masses of Qt and Qr, respectively, velocities of ςt and ςr, and gt

and gr degrees of freedom. The translational equations of motion
are integrated following the algorithm of Martyna et al. [57] to
preserve the Rattled [39] positions and velocities. The ring quater-
nions are advanced in time by coupling a leap-frog algorithm with
a Newton–Raphson based scheme for the angular velocity and ςr.

For each solvent/surface combination, ten molecular dynam-
ics simulations of roughly 0.8 ns duration have been performed
for a total simulation time of around 8.0 ns. The time step in the
simulations is 0.3 fs, and the simulations are performed with the
MDMC  program [58] which includes a parallel implementation of
the electrostatic and Lennard–Jones force calculations. The equi-
libration period extends over the first 500,000 time steps of each
simulation, leaving a 2,100,000 step collection period. With this
time step, HNH is relatively constant with long-term drift of around
2.0 kJ/mol during the collection period of the simulation. The equi-
librium properties reported in Section 3 are averages over twenty
surfaces (2 surfaces/simulation and ten simulations per solvent).

Initial configurations are generated by placing each selector in
the minimum energy configuration (TT for TMA-(Pro)2-N(CH3)-
tether and CT for BOC-(Pro)2-N(CH3)-tether). As shown in Fig. 3, the
barrier for interconversion between cis and trans amide bonds is
roughly 70 kJ/mol. Such a barrier is not expected to be overcome at
298 K. We  have allowed for equilibration of the three amide bonds
in the selectors by introducing a time-dependent scaling function
that temporarily lowers the barrier to amide cis/trans intercon-
version without altering the relative energies of the conformers.
Specifically, the amide torsions are represented by
Utorsion(ϕt, t) = S(ϕt, t)
6∑

i=0

cit(cos(ϕt − ϕi;0
t ))

i
(13)
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Fig. 6. Surface distributions of carbonyl carbons (see Fig. 1 for atom numbering) for the TMA-(Pro)2-N(CH3)-tether and the BOC-(Pro)2-N(CH3)-tether selector. Results are
shown  in the absence of solvent (blue, short dashes), in n-hexane/2-propanol (black, solid), and in water/methanol (red, long dashes). (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of the article.)
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here

(ϕt, t) = (t − 3 ps) + (60 ps − t cos2 ϕt)
57 ps

or simulations between 3 ps and 60 ps. At other times, the scaling
unction is one. A further 90 ps of equilibration follows the “scal-
ng in” of the amide torsional barrier. It is important to note that

he amide conformational balance is obtained in the presence of
olvent and other surface elements such as end-caps.

The results presented in Section 3 are obtained using the CCSD-
orrected B3LYP-based force fields. Although B97D force fields

able 2
onformational preferences of TMA-(Pro)2-N(CH3)-tether and BOC-(Pro)2-N(CH3)-tethe
iven.  “TT” identifies trans geometries about C(11)–N(27) and C(9)–N(21); “TC” (“CT”) re
(9)–N(21); TG(T) and TG(C) have a trans geometry about C(11)–N(27) and a gauche geo
TG(T)).

Termi-nal group Solvent TT TC

TMA None 2 18
Water/methanol 43 30
n-Hexane/2-propanol 54 5

BOC None 69 12
Water/methanol 14 1
n-Hexane/2-propanol 25 5
were also obtained, and simulations conducted, we  do not report
results here for the following reasons. The B97D functional predicts
TC conformers of TMA-(Pro)2-N(CH3)2 and BOC-(Pro)2-N(CH3)2
that differ structurally from the B3LYP, MP2, and MPW2PLYP-D
structures. In fact, the latter three methods always predict compa-
rable minimum energy structures (dihedral angles are within 5◦ for
example). Further, as shown in Table 1, CCSD calculations indicate

that the B97D TC structures are roughly 2–4 kJ/mol higher in energy
than the TC conformers predicted from the other methods. Thus, the
B97D functional is not consistent with other methods, and CCSD
calculations confirm that B97D predicts incorrect TC structures.

r at the interface. The percentage of selectors adopting the specific conformer is
fers to a trans(cis) geometry about C(11)–N(27) and a cis (trans) geometry about
metry about C(9)–N(21) with the latter either close to cis (TG(C)) or close to trans

 CT TG(T) TG(C) Other

 0 7 67 6
 0 2 25 0

 5 10 24 2

 17 2 0 0
 85 0 0 0
 69 0 1 0
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Fig. 7. The distribution of carbonyl orientations at interface. Results are given for (a) n-hexane/2-propanol at the TMA-(Pro)2-N(CH3)-tether interface, (b) water/methanol
at  the TMA-(Pro)2-N(CH3)-tether interface, (c) n-hexane/2-propanol at the BOC-(Pro)2-N(CH3)-tether interface, and (d) water/methanol at the BOC-(Pro)2-N(CH3)-tether
interface. The percentage of carbonyls with the given angle relative to the Si layer is shown: an angle of 0◦ corresponds to the carbonyl pointing directly at the underlying
Si  layer. Distributions for O(8), O(10), and O(12) are represented by (black, solid), (red, long dashed), and (blue, short dashed) lines, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 8. Solvent distributions above the TMA-(Pro)2-N(CH3)-tether and the BOC-(Pro)2-N(CH3)-tether interfaces. Results are shown for (a) n-hexane/2-propanol at the TMA-
(Pro)2-N(CH3)-tether interface, (b) water/methanol at the TMA-(Pro)2-N(CH3)-tether interface, (c) n-hexane/2-propanol at the BOC-(Pro)2-N(CH3)-tether interface, and (d)
water/methanol at the BOC-(Pro)2-N(CH3)-tether interface. The surface distribution for a central carbon of n-hexane (red, medium dashes), the O in 2-propanol (black, solid),
the  O in water (blue, long dashes), and the O in methanol (green, short dashes) are shown. (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)
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. Results

In this section, results of molecular dynamics simulations
re presented for the TMA-(Pro)2-N(CH3)-tether and BOC-(Pro)2-
(CH3)-tether chiral interfaces. Selector conformations at the

nterface are discussed in Section 3.1. The impact of the end-group,
MA  or BOC, is evident from the comparison. Solvent distributions
nd hydrogen bonding at the TMA-(Pro)2-N(CH3)-tether and BOC-
Pro)2-N(CH3)-tether interfaces are discussed in Sections 2.2 and
.3, respectively.

.1. The structure of the TMA-(Pro)2-N(CH3)-tether and
OC-(Pro)2-N(CH3)-tether chiral interfaces

Snapshots of the TMA-(Pro)2-N(CH3)-tether and the BOC-
Pro)2-N(CH3)-tether interfaces, in the absence of solvent, in
ater/methanol, and in n-hexane/2-propanol are presented in

ig. 5. Consider first the TMA-(Pro)2-N(CH3)-tether interface shown
n Fig. 5(e)–(h). In the absence of solvent, each selector adopts

 compact structure that brings selector atoms closer to the sur-
ace. In the presence of water and methanol, some of the selectors
stretch out” into the fluid. The most extended selector conforma-
ions occur in hexane/2-propanol, as shown in Fig. 5(h) where a
ew selectors have their backbones roughly perpendicular to the
urface. A more quantitative perspective on selector conformation
s shown in Fig. 6. The distribution of backbone carbonyl carbons
C(7), C(9), and C(11)] are shown as a function of distance from
he underlying silicon layer. Even for C(7), the carbonyl carbon
losest to the tether and to the surface, solvent impacts the distri-
utions, with a higher probability of being further from the silicon

ayer in n-hexane/2-propanol. The presence of solvent broadens the
istribution for C(11), the carbonyl carbon closest to the terminal
roup. Without solvent, this carbon is found only within 5–8 Å of
he underlying silicon layer but, with solvent present, C(11) can
e found up-to 11–12 Å  from the silicon. The probability for this
xtended structure is highest in n-hexane/2-propanol.

Snapshots of the BOC-(Pro)2-N(CH3)-tether interface in the
bsence of solvent, in water/methanol, and in n-hexane/2-propanol
re presented in Fig. 5(a)–(d). The conformational distribution of
hese selectors is quite different from TMA-(Pro)2-N(CH3)-tether.
n particular, the BOC terminated selectors have a higher probabil-
ty of adopting a conformation that extends the selector along the
urface. This is particularly evident in Fig. 5(b) where the solvent is
bsent. The presence of water/methanol encourages the selectors
o extend away from the surface, but n-hexane/2-propanol leads to
ignificantly more extended selector structures. Fig. 6 provides the
istribution of backbone carbonyl carbons [C(7), C(9), and C(11)] as

 function of distance from the underlying silicon layer. All three
arbons indicate that the selectors extend furthest into the solvent
or n-hexane/2-propanol.

A full conformational analysis of the diproline selectors was
erformed. These backbone preferences are shown in Table 2 and,
ot surprisingly, the observed conformers and their abundance are
losely related to the expectations based on ab initio energies (see
able 1). Overall, we found that both selectors strongly favour a few
onformers regardless of the solvent. However, the nature of the
erminal group impacts the preference as does the solvent charac-
eristics. We  do not observe the CC conformer in the simulations but
his is expected since this structure is significantly higher in energy
han others. The TT, TC, and CT conformers, on the other hand, are
bserved at the interface. For the TMA-terminated selectors, the TT
onformer is more probable than TC in accord with the expectation

rom ab initio energies. The CT conformer is higher in energy, rela-
ive to TC and TT, and is only encountered in n-hexane/2-propanol.
he BOC-terminated selectors have different conformational pref-
rences. The ab initio energies in Table 1 identify CT and TT as being

Fig. 9. The 2D distribution between the hydrogen-bonding H of 2-propanol and
the carbonyl oxygens of TMA-(Pro)2-N(CH3)-tether for the n-hexane/2-propanol
solvated interface. Results are given for O(8), O(10), and O(12) in (a), (b), and (c)
respectively. Contour plots are also provided to highlight the locations of the fea-
tures.
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ig. 10. The 2D distribution between the hydrogen-bonding H of methanol (a–
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ery close in energy, with TC roughly 10 kJ/mol higher in energy.
he simulations show that CT and TT account for over 85% of the
onformations observed at the interface, with a strong preference
or CT in the presence of solvent. The remaining conformers are
redominantly TC.

Two additional diproline conformers identified as TG(T) and
G(C) are also observed at the surface despite being absent for

 single isolated selector (see Fig. 4). TG(T) is similar to the TT
onformer except that the inner amide torsion is roughly 210◦,
s opposed to 180◦ for TT. Similarly, for TG(C) the inner torsion
s around 310◦, as opposed to 340◦ for the TC conformer. These
wo conformers appear primarily for the TMA-terminated selec-
ors, only when the selectors are placed at the surface, and even
n the absence of solvent. In fact over two-thirds of the TMA  ter-

inated selectors adopt TC(C) when solvent is absent. The latter
esult signals that the TG(C) conformer results from interactions
etween the selectors and other surface components, such as the

nd-caps, silanol groups, and nearby selectors. The presence of sol-
ent decreases the probability for TG(C), with roughly one-quarter
f the TMA-terminated selectors adopting this conformation in the
resence of n-hexane/2-propanol or water/methanol.
 of water (d–f) and the carbonyl oxygens of TMA-(Pro)2-N(CH3)-tether for the
nd (e), and O(12) in (c) and (f). Contour plots are also provided.

Orientational probabilities for the carbonyl oxygens are pro-
vided in Fig. 7. These distributions provide insight into steric
hindrance that may  result from the proximity of the carbonyls to
the end-caps and other surface elements. Specifically, low angles
correspond to a carbonyl group pointing towards the underly-
ing surface. H-bonding to such a carbonyl may  be difficult due to
the presence of nearby surface elements. From Fig. 7, the TMA-
terminated selectors have more variability in the orientation of the
carbonyls. However, in n-hexane/2-propanol, the selectors clearly
tend to orient O(10) towards the surface and O(8) and O(12)
towards the bulk. Both selectors have similar carbonyl orientations
except that the distributions are narrower for the BOC-terminated
selector. In the more polar, water/methanol solvent, both selec-
tors have a bimodal distribution for all three carbonyls with some
probability of being directed at the surface and away from the sur-
face. Again, the orientational preferences are more evident for the
BOC-terminated selector.
Overall, the characteristics of the TMA-terminated and BOC-
terminated selectors at the interface differ in several ways. First, the
distribution of the TMA-terminated selectors is broader as demon-
strated in Fig. 6, where C(11) may  be found between 5 and 12 Å
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Fig. 11. The 2D distribution between the hydrogen-bonding H of 2-propanol and
the  carbonyl oxygens of BOC-(Pro)2-N(CH3)-tether for the n-hexane/2-propanol
solvated interface. Results are given for O(8), O(10), and O(12) in (a), (b), and (c)
respectively. Contour plots are also provided to highlight the locations of the fea-
tures.
gr. A 1218 (2011) 6331– 6347 6343

above the Si layer. The analysis in Table 2 and the carbonyl ori-
entations in Fig. 7 also illustrate this conformational variability. In
particular, the TG(T) and TG(C) conformers occur primarily at the
TMA-(Pro)2-N(CH3)-tether interface. Second, the BOC-terminated
selectors have a higher probability of extending along the surface,
particularly in the absence of solvent. Third, the TMA-terminated
selectors all prefer a trans amide bond joining the terminal TMA
group to the remainder of the molecule but the amide between the
rings may  be either cis or trans. In contrast, the BOC-terminated
selectors are consistently trans between the pyrrolidine rings but
can adopt either cis or trans amides between the proline unit and
the terminal BOC group.

3.2. Solvation and hydrogen bonding at the
TMA-(Pro)2-N(CH3)-tether chiral interface

Fig. 8 provides surface distributions for the solvent at the TMA-
(Pro)2-N(CH3)-tether interface. The distribution of n-hexane and
2-propanol are shown in Fig. 8(a). The alcohol distribution varies
significantly at the interface, with a higher probability directly
above the end-caps. At distances between 7 and 11 Å, where the
bulky diprolines and terminal groups are usually located, the alco-
hol concentration is lower but some n-hexane is found. 2-Propanol
is again probable beyond 11 Å where hydrogen bonding to the
upper amide and to other propanols can occur. Overall, n-hexane
prefers the bulk to the interface.

The distribution of water and methanol above the TMA-(Pro)2-
N(CH3)-tether interface is given in Fig. 8(b). Both hydrogen-
bonding solvents display similar distributions above the surface,
with a higher density layer appearing at around 7 Å, followed by
a low density region until around 10 Å. Beyond this distance, the
solvents can hydrogen bond to an amide group or to other sol-
vents. In the polar water/methanol solvent, the selectors have a
greater propensity to adopt a TC conformation and this leads to
a bent diproline conformation (see Fig. 2) that brings the proline
units closer to the surface. Thus, the TC conformation excludes some
solvent from the region directly above the end-caps but increases
the possibility for hydrogen bonding further away from the silicon
layer.

Snapshots were collected and analyzed to provide H-bonding
statistics and our results are presented in Tables 3 and 4. Table 3
reports the number of selectors, with a given configuration, that
have between 1 and 5 simultaneous H-bonds. For instance, at any
time, the probability of having a TMA-terminated selector, in a TT
conformation and with one H-bond, is 19% in n-hexane/2-propanol.
Hydrogen bonding probability is reported as a function of the selec-
tor atom and backbone conformation in Table 4. From this table, a
TMA-terminated selector in a TT conformation has a 4%, 8%, and 16%
chance of having a H-bond at O(8), O(10), and O(12), respectively,
in an n-hexane/2-propanol solvent. We  do not report statistics for
the nitrogen atoms in these tables, since H-bonding is almost neg-
ligible for these atoms. Table 4 also shows that H-bonding to the
“extra” oxygen, O(13), in the BOC terminal group is very low. Thus,
H-bonding occurs almost exclusively at the three carbonyl oxygens
in the selectors.

In n-hexane/2-propanol, roughly one-third of all TMA-(Pro)2-
N(CH3)-tether selectors have at least one hydrogen bond at any
time. Only 6% of the selectors have more than one H-bond. This
H-bonding occurs predominantly for TT conformers despite the
fact that TC and TG(C) conformers account for roughly 30% of the
observed selector conformers. The latter conformers are more com-

pact and, for steric reasons, 2-propanol cannot access the carbonyl
oxygens. The probabilities in Table 4 show that O(12), the oxygen
nearest the terminal group, has the highest chances for H-bonding
following by O(10), from the amide between the two rings.



6344 M. Ashtari, N.M. Cann / J. Chromatogr. A 1218 (2011) 6331– 6347

Table 3
Hydrogen bonding statistics for the TMA-(Pro)2-N(CH3)-tether and BOC-(Pro)2-N(CH3)-tether interfaces with n-hexane/2-propanol and water/methanol solvents. The prob-
ability of one, or more, H-bonds as a function of conformation are given. “TT” identifies trans geometries about C(11)–N(27) and C(9)–N(21); “TC” (“CT”) refers to a trans(cis)
geometry about C(11)–N(27) and a cis (trans) geometry about C(9)–N(21); TG(T) and TG(C) have a trans geometry about C(11)–N(27) and a gauche geometry about C(9)–N(21)
with  the latter either close to cis (TG(C)) or close to trans (TG(T)).

Terminal group Solvent Number of H-bonds TT TC CT TG(T) TG(C)

TMA Water/methanol 1 14 11 0 1 10
2  14 7 0 0 7
3  7 3 0 0 2
4  2 1 0 0 1
5 1 0 0 0 0

n-Hexane/2-propanol 1 19 1 2 3 5
2 4  0 0 1 1
3  1 0 0 0 0

BOC Water/methanol 1  5 1 26 0 0
2  4 0 18 0 0
3 2 0 8 0 0
4 1  0 0 0 0
5 0  0 0 0 0

n-Hexane/2-propanol 1 8 2 16 1  1
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As expected, the water/methanol solvent hydrogen bonds
xtensively with the TMA-terminated selectors. Our simulations
ndicate that, at any time, roughly four-fifths of the selectors have
t least one H-bond to solvent and over 45% have two-or-more H-
onds. Water accounts for over 87% of the H-bonds, as shown in
able 4, and this is due to three factors. First, the mixed solvent is
0% water. Second, water is smaller than methanol and better able
o access the carbonyl oxygens in bent conformers. Finally, water
an donate two H-bonds whereas methanol can only donate one.
able 3 shows that H-bonding is most probably for the TT conformer
ut the TC and TG(C) also contribute to H-bonding in this solvent.
ll three carbonyl oxygens have a significant probability to H-bond

or the TT conformer. In water/methanol, the TC and TG(C) con-
ormers also form H-bonds although O(8) is difficult to access for
hese conformers and, as shown in Table 4, has a lower probability
o H-bond.

2D solvent distributions, g(r,z), are shown in Figs. 9 and 10
or n-hexane/2-propanol and water/methanol, respectively, at the
MA-(Pro)2-N(CH3)-tether interface. The figures show the distri-

ution between the solvent H and the carbonyl O from the selector.
he ridge at roughly r2 + z2 ≈ 2 Å corresponds to the H-bonding
egion. For O(8), the region is narrow with the H required to be
quidistant (z = 0 Å) from the underlying Si layer. For O(10), the sol-

able 4
ydrogen bonding statistics for the TMA-(Pro)2-N(CH3)-tether and BOC-(Pro)2-N(CH3)-
onding  location and solvent identity, for water/methanol, are given. The probability of 

xample, the probability of having a “TT” conformer of TMA-(Pro)2-N(CH3)-tether with 

robability is 32% with the probability for methanol given in brackets. “TT” identifies tra
eometry about C(11)–N(27) and a cis (trans) geometry about C(9)–N(21); TG(T) and TG(C)
ith  the latter either close to cis (TG(C)) or close to trans (TG(T)).

Terminal group Solvent H-bonding atom 

TMA Water/methanol O(8) 

O(10)  

O(12) 

n-Hexane/2-propanol O(8) 

O(10) 

O(12) 

BOC Water/methanol O(8)  

O(10)  

O(12)  

O(13)  

n-Hexane/2-propanol O(8)  

O(10)  

O(12)
O(13)  
2 0 3 1 0
0  0 0 0 0

vent H tends to be somewhat closer to the surface indicating that
H-bonding to O(10) occurs primarily “from below”. This is consis-
tent with Fig. 7(a) where C O(10) is most often pointed towards
the surface. The uppermost carbonyl oxygen, O(12), tends to H-
bond with solvent located further from the Si layer (z > 0 Å). As
shown in Fig. 7, this oxygen is usually directed towards the bulk.
The distribution for water/methanol, provided in Fig. 10,  shows
that the H-bonding solvents have a bi-modal H-bonding distribu-
tion, with a peak for solvent located closer to the surface and a
second peak, or a shoulder, for solvent located further away. The
carbonyl orientational distributions in Fig. 7 are also bimodal. Thus,
the H-bonding solvent distribution is a direct result of the carbonyl
orientation at the surface. It is interesting to note that the alco-
hols both have a depletion region beyond the H-bonding ridge. In
contrast, secondary water–water interactions are evident in the 2D
distributions with ridges at r2 + z2 ≈ 4 Å present in Fig. 10(d)–(f).

3.3. Solvation and hydrogen bonding at the
BOC-(Pro)2-N(CH3)-tether chiral interface
Fig. 8(c) and (d) provides surface distributions for n-hexane/2-
propanol and water/methanol at the BOC-(Pro)2-N(CH3)-tether
interface. These selectors strongly prefer to adopt either CT or

tether interfaces with n-hexane/2-propanol and water/methanol solvents. The H-
a hydrogen bond at the specified carbon, in the given conformer, is presented. For
a hydrogen bond at O(12) is 16% in n-hexane/2-propanol. In water/methanol, this
ns geometries about C(11)–N(27) and C(9)–N(21); “TC” (“CT”) refers to a trans(cis)

 have a trans geometry about C(11)–N(27) and a gauche geometry about C(9)–N(21)

TT TC CT TG(T) TG(C)

23 (2) 6 (1) 0 1 (0) 3 (1)
19 (2) 20 (1) 0 2 (1) 15 (2)
32 (4) 13 (2) 0 1 (1) 15 (2)

4 1 1 1 1
8 1 1 1 2

16 1 1 3 4

9 (1) 1 (0) 56 (7) 0 0
4 (1) 1 (0) 19 (3) 0 0
8 (1) 1 (0) 40 (6) 0 0
1 (0) 1 1 (0) 0 0

4 2 12 1 0
2 1 2 1 0
7 1 8 1 0
1 0 1 0 0
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ig. 12. The 2D distribution between the hydrogen-bonding H of methanol (a–
ater/methanol solvated interface. Results are given for O(8) in (a) and (d), O(10) in

T conformations, leading to a consistently trans amide torsion
etween the rings and, overall, the selectors are similarly oriented
t the surface. For these two reasons, the solvent distributions are
impler and less variable for the BOC-terminated selectors. Over-
ll, n-hexane and 2-propanol are more concentrated between 7 and
Å above the Si layer, while water and methanol are found pref-
rentially between 6 and 8 Å. As shown in Fig. 6, the selectors are
ore compact in water/methanol and this accounts for the shift

o smaller distances. Both solvents show a depletion region at dis-
ances where the selector atoms are most often located. Directly
eyond these distances, a higher solvent concentration is usually

bserved, but bulk distributions are quickly attained.

The BOC-terminated selectors have roughly one-third prob-
bility to H-bond in n-hexane/2-propanol and a much larger,
our-fifths probability to H-bond in water/methanol. In the lat-
 of water (d–f) and the carbonyl oxygens of BOC-(Pro)2-N(CH3)-tether for the
nd (e), and O(12) in (c) and (f). Contour plots are also provided.

ter solvent, water accounts for over 87% of the H-bonding events.
Table 3 presents the probability of finding one or more H-bonds for
each conformer. Unlike the TMA-terminated selectors, H-bonding
occurs most often for CT conformers. In water/methanol, there is a
26% chance of finding a CT conformer with one H-bond, and a 18%
chance of finding this conformer with two  H-bonds. From Table 4,
all three carbonyl oxygens form H-bonds but the inter-ring oxygen,
O(10), forms far fewer than O(8) and O(13).

2D solvent distributions, g(r,z), are shown in Figs. 11 and 12 for n-
hexane/2-propanol and water/methanol, respectively, at the BOC-
(Pro)2-N(CH3)-tether interface. 2-Propanol H-bonds preferentially

to O(8) and O(12) and this is evident from the peak intensity in
Fig. 11(b). The inter-ring carbonyl points towards the surface, as
shown in Fig. 7(c), and the 2-propanol cannot be accommodated
between the carbonyl and the surface. As well, H-bonding to O(8)
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ccurs either from the side or from above. This is in contrast to the
MA-terminated selectors where H-bonding occurred only from
he side. The 2D solvent distribution in water/methanol shows a
imodal distribution for O(8) and O(12) but only weak H-bonding
o O(10). In this solvent, over 85% of the selectors adopt the bent, CT
onformer with O(10) typically pointing towards the surface. With
hese two factors, even water cannot H-bond effectively to O(10).

. Conclusions

Ab initio studies of BOC-(Pro)2-N(CH3)2 and TMA-(Pro)2-
(CH3)2 indicate that these diproline selectors have distinct
onformational preferences: the TMA-terminated selector has a
reference for a TT conformation but, with a BOC terminal group,
T is predicted to be the global energy minimum with TT only a few
J/mol higher in energy. The structure and energy of the conform-
rs was obtained with B3LYP, B97D, MP2, and MPW2PLYP-D. We
nd that B3LYP, MP2, and MPW2PLYP-D predict equivalent struc-
ures but B3LYP overemphasizes the energy difference between the
onformers. On the other hand, B97D predicts an incorrect TC struc-
ure. Follow-up single point calculations, for the B3LYP and B97D
tructures, were performed at the CCSD and LPNO-CCSD levels.

An extensive series of B3LYP calculations was  performed to
evelop molecular force fields for BOC-(Pro)2-N(CH3)2 and TMA-
Pro)2-N(CH3)2. The final force fields have been adjusted to
eproduce conformational energies from single point CCSD/6-
11G(d,p) calculations.

Each chiral selector forms the basis of an interface that also
ncludes trimethylsilyl end-caps and silanol groups. Simulations
f these interfaces have been performed in the presence of a vac-
um, a 70/30 (v/v) water/methanol solvent, and a 70/30 (v/v)
-hexane/2-propanol solvent. Simulations in the absence of solvent

dentify the conformational impact of the surface environment.
or the TMA-terminated selectors, surface interactions introduce
wo new conformations, TG(T) and TG(C), which are similar to TT
nd TC, but with a roughly thirty degree change in the inter-ring
mide torsional angle. New surface-induced conformations do not
ppear for BOC terminated selectors. Overall, we find that the TMA-
erminated selectors display more conformational flexibility at the
nterface.

Solvent alters the conformational distributions of the selectors
nd introduces solvent–selector H-bonding. Virtually all of the H-
onding occurs at the carbonyl oxygens: very few H-bonding events
ccur at the nitrogens or at the “extra” oxygen in the BOC terminal
roup. We  find that roughly one-third of selectors have a hydro-
en bond in n-hexane/2-propanol but roughly four-fifths H-bond
n water/methanol. In the latter solvent, most of the H-bonding is
etween the selector and water.

For TMA-terminated selectors, H-bonding is most important for
he TT conformer and all three backbone carbonyl oxygens form
-bonds with solvent. BOC-terminated selectors, in the presence
f solvent, prefer the CT conformer and H-bonding occurs predom-
nantly at O(8) and O(12). The inter-ring oxygen, O(10), is often
irected towards the surface which sterically restricts H-bonding
olvent.

The bent shape of the BOC-terminated selector, along with
he overall inaccessibility of O(10), would not be conducive to
hiral selectivity. Thus, given the different conformational and H-
onding preferences of the two selectors, it is not surprising that
he selectivity depends strongly on the nature of the terminal
roup. Experiments [9] show that the TMA-terminated selector

s superior and our simulations suggest that this is likely due to
he greater accessibility of the selector to analyte. Specifically,
he TT conformer of the TMA-terminated selector is extended
hereby providing more interaction opportunities, particularly for
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hydrogen-bonding, between TMA-(Pro)2-N(CH3)-tether and a chi-
ral analyte.
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