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Measurement and Analysis of the Molecular Ordering Tensors of Two Enantiomers
Oriented in a Polypeptide Liquid Crystalline System
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High-resolution proton and natural abundance carbon-13 NMR spectra of a rigid chiral molecule, (&)-p(trichloromethy1)-p-propiolactone, dissolved in the liquid-crystalline phase of poly(y-benzyl-L-glutamate)
(PBLG), in methylene chloride, were analyzed. From the NMR data and the X-ray structure, the full order
matrix was determined and analyzed in detail for each optical isomer of the molecule. It is shown that the
spectral discrimination of the enantiomers in this lyotropic medium arises mainly from the difference in their
average molecular orientation and the principal axis systems of orientation are compared.

Introduction
The analysis of NMR spectra of molecules partially oriented
in anisotropic media has been used as a powerful method for
obtaining structural information and for the analysis of the order
matrix.'-2 The latter is an essential element for the understanding
of intermolecular interactions responsible for the ordering.
Nevertheless, the complete study of chiral molecules oriented
in a chiral environment has never been performed before for
two reasons: Firstly, considering the lack of symmetry elements
in a chiral solute, five order parameters must be determined to
describe the full order matrix, S. This requires a large number
of dipolar coupling constants. For such case, the measured
spectra are often despairingly complicated and the analysis
difficult, even for a rigid molecule. Secondly, the liquid-crystal
solvent must induce significant discrimination between the
orientation of the enantiomers to enable the correct analysis of
the spectra of each optical isomer. Experimentally, these
conditions are not easy to fulfill.
Recently, it has been reported that a lyotropic cholesteric
liquid crystal, poly(y-benzyl-L-glutamate)(PBLG), dissolved in
an organic solvent, can be used as a suitable medium for the
measurement of enantiomer spectra and the determination of
enantiomeric excess through
proton or natural
abundance carbon-13 NMR.' The discrimination is expressed
in the NMR spectra in terms of different values for the
quadmpolar or dipolar couplings and the chemical shift anisotropy for each enantiomer. This phenomenon arises because the
two enantiomers exhibit different order parameters. The
relationship between the elements of molecular ordering tensor,
Sap,in the reference axis system and the dipolar couplings, Dv,
assuming no difference of geometry between the two optically
active isomers, is','

(1)

where
and (qf)RorSdefinethe angles for each enantiomer, R or S, between the ij axes and molecule-fixed
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coordinate system (x, y , z ) and DiorS are their respective
dipolar coupling constants. Here, yi and y j are the magnetogyric
ratios of the coupled nuclei, respectively, and rv is the
internuclear distance between nuclei i and j . The discrimination
between the spectra of the two enantiomers in a chiral phase
arises because the respective average values over the anisotropic
molecular reorientations are different. This effect may be due
to differences in energetic (binding) values or in entropic (shape)
factors for the solute solvent interactions. It is therefore of
interest, in order to advance our understanding of the intermolecular interactions in these systems, to obtain the quantitative
values for the discrimination between the two enantiomers. To
achieve this goal, the chiral molecule, (f)-/3-(trichloromethy1),!I-propiolactone (TMPL), was chosen because of its simple and
rigid structure. In recent years this compound was extensively
studied and used to test for the selectivity of chiral stationary
phases in capillary gas chromatography of enantiomer^.**^ The
crystal structure of this molecule has been also investigated by
X-rays.Io In this paper, we report the determination and detailed
analysis of the full order matrix for the two enantiomers
dissolved in a polypeptide liquid-crystal solvent derived from
the analysis of data of both proton and carbon-13 NMR spectra.

Experimental Section

PBLG (DP1183, Sigma) (100 mg) was weighed directly into
a 5 mm NMR tube and a solution of about 70 mg of a mixture
of R(S)-enriched (ee = 40%) TMPL dissolved in 560 mg of
CD,Cl2 was added. The compounds were commercially obtained from Aldrich. Working with an enriched sample, the
analysis of the NMR spectra and the correlation of the 'H-'H
and I3C-lH data sets for each enantiomer are considerably
simplified. The tube was degassed and sealed under vacuum
in order to avoid the effects of paramagnetic oxygen and the
evaporation of solvent. The tube was then centrifuged in both
directions until an optically homogeneous sample was obtained.
NMR experiments were performed on a Bruker AM400 highresolution NMR spectrometer operating at frequencies of 400.13
MHz for proton and 100.16 MHz for carbon-13 and equipped
with a 5 mm diameter 1W'3Cdual probe. One component of
the deuterated dichloromethane doublet provided the lock signal.
The samples were spun at 20 Hz and the temperature was
maintained at 300 K by the Bruker BVT 1000 system. The
proton and carbon spectra were recorded using 90" pulses but
for I3C gated decoupling was applied during the relaxation delay
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TABLE 1: Experimental and Calculated HH and CH Dipolar Coupling Values (in Hz) of l"L derived from the Analysis of
'H-lH and lH-13C Spectra
bond
atoms'
,;,Ob
D,R
D,R
AD,:
D,s
D,s
AD!;
41.40
0.38
35.34
-0.02
41.78 f 0.01
-17.06 f 0.03
35.32 f 0.05
H-H
2-3
-3.25 f 0.01
-1.78
- 1.47
- 1.25
- 1.47
2-4
5.75 f 0.03
-2.72 f 0.05
3.49
0.97 f 0.01
-0.54
1.51
4.81 f 0.05
1.32
3-4
3.72 f 0.03
IC-H
1-2
144.40 f 0.05
45.75 f 0.04
45.81
-0.06
58.70 f 0.01
58.82
-0.12
19.80 f 0.04
19.85
-0.05
15.32 f 0.01
15.58
-0.26
1-3
144.40 & 0.05
4-5
170.70 & 0.05
47.88 f 0.03
47.95
-0.07
26.43 f 0.01
26.53
0.10
*C-H
1-4
-0.50 f 0.06
0.98 f 0.03
0.87
0.11
-1.61 f 0.01
-1.33
-0.28
1.93 f 0.04
0.20
1.73
2.34 f 0.01
1.64
0.70
2-5
-2.50 f 0.05
-2.17 f 0.04
-0.78
-1.39
-0.99 f 0.01
-2.75
1.76
3-5
4.20 f 0.05
a See Figure 1 for the atom numbering. Experimental fitted values and standard deviations obtained from the PANIC program. Calculated
values from the SHAPE program. Difference between the experimental and calculated dipolar coupling constants.
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Figure 1. Numbering system of the carbons and protons and definition
of the initial molecular coordinate frame for (&)-/3-(trichloromethyl)/3-propiolactone (TMPL). The origin of the right-handed coordinate
system is centered on carbon-5. The Ox axis is aligned with the C,CI bond.

period (4 s) to benefit from the nuclear Overhauser effect.
Before the NMR spectra was measured, the sample was kept
for 1 h in the magnetic field in order to achieve a good thermal
equilibration.

Results and Discussions
The numbering of the atoms in (d=)-P-(trichloromethyl)-Ppropiolactone used in this paper is presented in Figure 1. The
analysis of the dipolar NMR spectra was performed on the
Bruker program PANIC using the "oriented molecule" option.
In this program, the total Hamiltonian includes the chemical
shift and scalar and dipolar interactions.
Analysis of Proton Spectra. The experimental and simulated
spectra are presented in Figure 2 and the 'H NMR data of each
enantiomer are summarized in Table 1. The proton spectrum
of TMPL is a typical ABX spin system. The chemical shifts
of protons H2, H3, and fi are 3.74, 3.57, and 5.04 ppm for R
enantiomer and 3.75, 3.57, and 5.04 ppm for S enantiomer,
respectively. The assignment of protons H2 and H3 was
determined by performing a two-dimensional NOE experiment
which is shown in Figure 3. The integration of the cross-peak
intensities enables us to assign the cis conformation for protons
H2 and &.11.12
The ABX spectrum cannot be iterated by using all the nine
spectral parameters. Consequently, according to the procedure
of Snyder,I3 the isotropic scalar couplings were assumed equal
to their anisotropic values. The relative signs of JHH
and DHH
couplings, reported in Table 1, have been determined by
performing tickling experiments.I] The final choice of the sign
for JHHcouplings was made assuming that the geminal coupling,
*J23, is negative.I4 With these data, the maximum deviation
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Figure 2. (a) Proton spectrum of R(+)-enriched (ee = 40%) TMPL
in PBLG/CDZClz at 300K. (b, c) Simulated spectra of S and R
enantiomers using the fitting parameters given in Table 1. The
experimental spectrum is recorded with 32 scans and 8K data points.
Gaussian digital filtering and zero filling to 16K points is used to
enhance digital resolution to 0.09 Hzlpt. A line width of 1.5 Hz at
half-maximum was measured.
between any line in the simulated and measured spectra, for
both enantiomers, was smaller than 0.04 Hz.
Analysis of Carbon-13 Spectra. Kumar et al. have shown
that the measurements of carbon-proton dipolar couplings can
be used to obtain a full order matrix when the number of protonproton dipolar constants is in~ufficient'~
and this approach
applied here. We have recently presented an experimental study
which describes the visualization of enantiomers in the PBLG/
CD2Cl2 liquid-crystalline system through natural abundance
carbon-13 NMRS7 This solvent offers two advantages over
thermotropic nematic or cholesteric solvents. Firstly, the
ordering is smallI6 and consequently the I3C-lH spectra of
solutes are essentially first order and similar to isotropic spectra.
Secondly, the carbon-13 signals arising from the solvent appear
as a noninterfering background to the spectra of the dissolved
molecules. Hence, elimination of several data points in the
beginning from the FID prior to the Fourier transformation is
not needed and the optimal signal to noise ratio can be
obtained. l 5
The experimental and simulated spectra for the C5 and CI
carbons of each enantiomer are displayed in Figure 4a,b and

J. Phys. Chem., Vol. 99, No. 40, 1995 14873

Polypeptide Liquid Crystalline System

H-4

H-2 H-3
I

H-3

*

H-2

a'

:: R

.. ..

*

::

3.5
3.75
4.0
4.25
4.5

PPm

4.75
5.0

H-4

5.25
5.0

4.5

4.0

3.5

PPm

Figure 3. Phased NOESY spectrum of the (R)-TMPL at 300 K with
1K points acquired in v2 and a total of 256 increments in tl dimension.
The recycle delay and mixing time, tm,were 15 and 4 s, respectively.
16 scans by ti spectrum were collected. Symmetrization of the spectrum
was performed. The 1D spectrum is shown along the v2 dimension.

In the determination of the 'DCHcouplings we assumed that
is positive." The choice
the value of the scalar coupling ~JCH
of signs for the scalar couplings, 2 J ~will
~ , be justified later
herein. The maximum deviation, for any line, between the
simulated and experimental I3C spectra were 0.2 and 0.1 Hz
for the R and S enantiomers, respectively. It might be noted
that the assignment of the lines for each enantiomer is facilitated
because of the large differences in the intensities due to the
enantiomeric excess in the sample.
The spectral lines associated with the quatemary carbons were
not analyzed because of the low resolution obtained for these
signals and consequently the 2 D dipolar
~ ~ coupling constants
were not evaluated. Nevertheless, we have shown by performing a carbon-proton correlation experiment that carbons Cb was
coupled to proton H4 and carbon C7 to protons H2 and H3.I'
We note that the application of 2D I3C-lH correlation experiments can be used for the analysis of carbon and proton spectra
and may be useful to obtain coherent sets of spectral data even
in cases where the enantiomeric excess is zero.
The Full Order Matrix. The angular terms, (3 cos2 0-1)/2
in eq 1 can be written in terms of order parameters of Saupe's
matrix for both enantiomers as'

112(3 COS2 e,R o r S - 1) =
2

RorS

cos qx

165 164

163 162

89

88

87

2

RorS

) + c o s q,.

RorS

(S,.?'

)+

86

PPm

PPm

77.5 77.0

76.5 76.0 75.5
PPm

where
are the angles of the intemuclear vectors relative
to the a molecular axis for R or S enantiomers. The presence
of brackets, ( ), in the eq 2 denotes an ensemble average value
of the angular term. The relations between the experimental
dipolar coupling constants (D,), the geometry (Q), and the order
parameters (Sap), could not be expressed by simple algebraic
expressions. The calculation of Sap's were performed using the
program SHAPE developed by Diehl et uZ.l8 Basically, SHAPE
was designed to iterate simultaneously the geometry and the
orientation of a molecule from the measured dipolar couplings,
using a weighted least-squares method and not taking into
account the anisotropy of the scalar couplings. These iterative
calculations can be executed only when the available number
of dipolar coupling constants exceeds the number of unknown
parameters. The latter are 3N - 6 geometric parameters ( N
being the number of spins ( I = l/2) in the molecule under study)
plus the five order parameters. This condition is expressed as

(3N - 6 )
45.0

RorS

(S,

44.0

43.0
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+ 5 5 N(N2- 1 ) --n(n-2 1)

(3)
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Figure 4. Proton-coupled carbon-13 NMR spectra at 300 K. (a, b)
Experimental and simulated signals belonging to carbons CI and CS.
(b) Experimental signals belonging to carbons C7 and Cg. The 13C
interferogram was acquired with 1500 scans and 32K points of data
memory. No digital apodization was applied. A line width of 1.3 Hz
at half-maximum was obtained. The central line of deuterated dichloromethane was used as a reference and assigned the value of 53.8 ppm.
The effect of enantiomeric excess on the line intensities was simulated.

the IH-l3C NMR data summarized in Table 1. The carbonproton dipolar couplings were fitted to the experimental
spectrum, keeping the proton-proton dipolar and scalar couplings unchanged during the iterations. All observed lines in
the spectra were assigned in the analysis of both enantiomers.

where n is the number of dilute spins (I3C in our case) for which
the dipole-dipole couplings are not measured. For (&)-p(trichloromethy1)-p-propiolactone, this condition is not fulfilled
because we were unable to determine experimentally the
carbon-carbon dipolar coupling constants. In our calculations,
we have taken the geometry of the carbon skeleton of TMPL
from the X-rays measurement^.^ The lengths of the carbonproton bonds were assumed to be 1.09 A because the values
derived from the X-ray data are unreasonably small compared
to the accepted ones. As the force field of the molecule is
unknown, all vibrational corrections were neglected. The Sd
values, calculated by iterations from the nine experimental
dipolar couplings, are listed in Table 1.
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TABLE 2: Five Independent Elements, Sd, of the Order
Tensor for the R and S Enantiomers
parametep
enantiomer S
enantiomer R
SXX

Sxy
sxz
SYZ

szz

0.OOO 27
-0.000 52
0.OOO 57
0.000 30
-0.001 92

S Enantiomer

R Enantiomer

0.OOO 18
-0.OOO 37
-0.Ooo 04
0.000 13
-0.001 64

"The SM values are reported with respect to the molecule fixed
Cartesian coordinate system (see Figure 1).

TABLE 3: Elements, S,, ', of the Diagonalized Order
Matrix for the R and S Ifnantiomers
parameters"
enantiomer S
enantiomer R
,S',
SYY
SZY

0.000 28

0.000 08

0.001 83

0.001 57
-0.001 65

-0.002 11

a The S,,p values are associated with the axes, x',y',z',
of the principal
molecular frame (see Figure 5).

The inputs of the SHAPE program was suitably modified to
discard those dipolar coupling constants which could not be
measured experimentally (I3C-l3C couplings). Nevertheless,
these constants could be obtained by back calculation from the
Sap parameters evaluated through SHAPE. This method also
enabled us to determine the signs of 2 D c ~and
, of 2 J ~from
~ ,
the one bond dipolar couplings,
using the calculated
values of Sap.
The five calculated independent elements of the ordering
matrix Sap are listed in Table 2. The value of the ratios (hyiyjl
4n2) used in the calculations are 120 067 Hz As and 30 190 Hz
A3 for pairs of protons and carbon-proton, respectively. The
minimal standard deviation in the Sap values were calculated
by the SHAPE program from the variance-covariance matrix
obtained by the PANIC program. Their average value was
smaller than 5 x lov6.
The dipolar couplings, calculated from these order parameters,
are included in Table 1. The calculated values of Du agree quite
well with most of the experimental values except for the 0 3 4
coupling. The root-mean-square deviations of the calculated
Do's, compared to the experimental values, are 1.46 and 0.96
Hz for the R and S enantiomers, respectively. These errors are
reasonable in view of the assumptions made in the calculations
of the Sap parameters.
The degree of orientation of the molecule dissolved in PBLG/
CDzClz is small; the largest value of Sap elements does not
exceed 2 x
It might also be noted that all the elements
of both orientation matrices are similar, indicating that the
difference between the orientations of the enantiomers is small.
Diagonalization of the Order Matrix. The elements of
order matrix obtained for each enantiomer were calculated in
an arbitrary molecular reference frame ( x , y, z). It is convenient
to reduce these five independent Orientation parameters to the
three principal values by diagonalizing the order matrices. The
new coordinate systems for the two enantiomers, (x's, y's, Z'S)
and (x'R, Y'R, z'R), are then described by the vectors of the
transfer matrices which are used to obtain the diagonalized
matrices.'.I6 Matrix diagonalization and the determination of
the eigenvectors were achieved using the MATHEMATICA
program. The three nonzero elements, Sxi,, S,y, St,Z,, of the
new order matrices are given in Table 3 and the new axes
(x',y',z'), associated with these parameters, for each enantiomer,
are drawn in a space representation in Figure 5.
As the full order matrices are symmetrical, only the directions
of the eigenvectors associated with the diagonalized order
parameters are defined in space. This property is related to the

H

Figure 5. Space representation of the orientational principal axis system
of both enantiomers. The eigenvectors associated to the eigenvalues
of the diagonal order matrix are orthonormal.

fact that the orientation in a liquid crystal is apolar.' Consequently, the choice of the final eigenvectors for the two
molecular frames must be determined. In doing this we take
into account that the principal molecular coordinate systems for
the enantiomers should have opposite handedness (not superimposable) and the symmetry plane (defined to visualize the
two enantiomers, in our case the xy plane) must be shared by
the two coordinate systems. Under these conditions, we have
chosen a right-handed and a left-handed coordinate system for
the S and R enantiomers, respectively, as illustrated in Figure
5.
In order to estimate the difference between the orientation
of the enantiomers, the molecular coordinate system of one of
them must be reflected through the symmetry plane. Both
principal frames for the enantiomers thus acquire same handedness. We have inverted the R principal molecular frame with
respect to the xy plane and compared it to that of the S
enantiomer. The two coordinate systems are tilted by 16.29",
2.95', and 16.02' for the x, y, and z, axes, respectively. As the
S principal molecular frame p and the inverted R principal
coordinate system, P,are orthonormal with a common origin,
they can be related by the Euler angles 8,4, and x.I9 These
angles, which transform Fs to P,
have been calculated and their
respective values are 16.02', -0.41', -2.56'. These results
mean that the R and S molecules are oriented differently and
their average positions are not reflected in a plane.
An inspection of the diagonalized order matrices for the S
and R enantiomers shows that the major orientation axes is
roughly perpendicular to the Cj -Cs-O-C7
plane and with
degrees of order, S,y, and different for both enantiomers. The
values of SX,,,-S,,,,, describing the asymmetry of the orientation
about the x' and y' axes of principal molecular frame, are very
high and of the same order of magnitude as Sz,zt.20 The condition
,S,
= ,,S
,,
= -Szpzd2, which holds for axially symmetric
reorientation, does not apply in our case.21 Hence, it may be
concluded that the averaged reorientation motion of the enantiomers in the chiral environment of PBLG, is strongly asymmetric. This result is reasonable in view of the asymmetric
molecular structure of TMPL and particularly the effect of the
trichloromethyl group on .the moment of inertia.
We conclude that the two principal order matrix frames are
different and hence the preferred positions for both enantiomers
in the chiral environment of PBLG are different. This is likely
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due to specific interactions of the enantiomers in the chiral media
The spectral discrimination between the enantiomers originates
from this difference.

SHAPE geometries and X-ray structures might also provide
information about possible deformations of enantiomers in chiral
liquid crystalline phases.

Conclusions
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In this work, we have been able to quantify the differential
ordering effect of two enantiomers in PBLGKD2C12 liquid
crystal. For the first time, all the five independent elements of
the Saupe order matrix have been measured for two optical
isomers. They were derived from nine independent IH-IH and
IH-l3C dipolar couplings, the geometry being assumed from
X-ray results.
Furthermore, diagonalizing the order matrix allowed for the
determination of the principal axis system for orientation in each
of the enantiomers. The main conclusion is that in this chiral
liquid-crystal solvent, the principal axis systems of the R and S
enantiomers are not images of each others. We demonstrated
that those frames are tilted by an amount that we have expressed
through the three Euler angles (6 = 16.02', 4 = -0.41', and
= -2.56') necessary to rotate one of the principal axis systems
to coincide with the image of the other. This results allows us
to draw the following conclusions about the differential ordering
effect of enantiomers in chiral liquid crystals:
Order parameters So = (3 cos2 6; - 1)/2, are composite
quantities as they depend both on the angle
and on the
motional averaging. Consequently, whenever two order parameters are different, we generally do not know if this happens
for a purely geometrical reason (6;) or from a difference
involving motional averaging or both. The results we derived
here do not allow for a definitive conclusion but indicate that
geometrical factors are indeed important and must be taken into
account. If that was not the case, we would have found that
the principal axis systems for orientation were images of each
other for the R and S enantiomers and only the numerical values
of the elements of S'aa would have been different.
Better understanding of this phenomenon would require
further experimental studies on model systems such as that
presented here and theoretical modeling, possibly through
molecular dynamics calculations.22
Our results should also be extended to the study of more
complex structures with the aim of correlating the SM parameters
with the geometry of the molecule. Comparison between the
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