
ht
tp

://
do

c.
re

ro
.c

h

Is the Vibrational Optical Activity of
(R)-[2H1, 2H2, 2H3]-Neopentane
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ABSTRACT: The compound, (R)-[2H1, 2H2, 2H3]-neopentane, with its Td symmetric
electron distribution, is the archetype of molecules that owe their chirality exclusively to
an asymmetric distribution of the masses of their nuclei. It has nine rotamers, which fall
into two classes, one where the interchange of hydrogen and deuterium nuclei leads to
an identical rotamer, and one where it interconverts different rotamers. Ab initio
computations show that individual rotamers have Raman optical activity (ROA) and
vibrational circular dichroism (VCD) of the same size as ordinary chiral molecules.
Dilution and cancelation for the experimentally accessible equilibrium mixture reduces
ROA and VCD, but the simulation of spectra with realistic band shapes of the Voigt
type shows that both remain measurable in the 700–1,400-cm�1 range, where ROA and
VCD have a close to mirror image appearance. In the CH- and CD-stretch region, in
contrast, the sign pattern of ROA and VCD is identical. This curious behavior appears
to be a consequence of the differing influence of inertial contributions in the two
spectral regions. If summed over all vibrations, ROA and VCD cancel neatly, as one
expects from the Td symmetric electron distribution.

Key words: vibrational optical activity; neopentane; Voigt line shape; inertial
contributions

Introduction

ibrational optical activity (VOA) depends on
the chirality of a molecule’s electron distribu-

tion as well as the chirality of the mass distribution
of its nuclei. Measurements [1, 2] and theoretical

considerations [3] have shown that the dissymme-
try of nuclear motion is generally more important
for generating VOA than the dissymmetry of the
electron distribution, with the exception of reso-
nance ROA [4]. A convincing demonstration of this
fact is the observation that electronically achiral
molecules, rendered chiral by isotope substitution
only, can show VOA of the same size as the VOA
one measures and calculates for molecules with an
overall chiral structure.
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Carbon atoms, substituted fourfold with physi-
cally distinguishable groups, have historically been
considered the prime source of molecular chirality.
Compounds derived from methane with three or
four of its hydrogen atoms replaced by differing
groups have often been discussed as chiral model
compounds, and sometimes synthesized for study-
ing their chiroptical properties [5]. With electronic
optical activity, until recently the only physical
method available for distinguishing enantiomers by
spectroscopic means, one of the objectives of such
work has been to test the limit to which similar, but
not identical, substituents lead to measurable elec-
tronic optical rotatory dispersion or circular dichro-
ism (CD) [6]. It does not appear, however, that [2H1,
2H2, 2H3]-neopentane has ever been discussed in
such a context. One of the reasons may have been
that its two enantiomers were judged a priori as not
physically or chemically distinguishable.

With the advent of vibrational optical activity,
ROA and VCD now exist as new spectroscopic
techniques that should potentially be able to distin-
guish the R and S form of [2H1, 2H2, 2H3]-neopen-
tane. Assessing the measurability of the ROA and
VCD spectrum of this molecule has therefore been
one of the reasons we have undertaken a theoretical
study of its VOA. There are other aspects, however,
which make the study of this interesting molecule
worthwhile. It certainly represents the lightest sta-
ble molecule whose chirality can be traced to an
asymmetrically substituted carbon atom and, in the
absence of four stable isotopic species of hydrogen,
fluorine, chlorine, and bromine, it is also the only
gaseous or liquid compound in which the asymme-
try of a carbon atom is due exclusively to the dif-
fering masses of its four substituents.

From the point of view of vibrational spectros-
copy, comparison of the vibrations of [2H1, 2H2,
2H3]-neopentane with those of the nondeuterated
and the fully deuterated form of the molecule is of
interest. One can hope to gain a better understand-
ing of the vibrational spectrum of the nonsym-
metric molecule by relating it to those of the two
symmetric ones. Understanding of how VOA is
generated in small molecules, and in particular the
knowledge of what structural elements lead to vi-
brational motion, producing large or negligible vi-
brational optical activity, is still quite limited. Anal-
ysis of the computed VOA of the title compound,
which has a comparatively simple and fully sym-
metric electronic structure, can be expected to yield
new insights into this important aspect of VOA.

Theoretical Expressions

VOA of molecular origin is measured for sam-
ples of randomly oriented molecules (an exception
is the measurement of mulls in VCD, where the
samples consist of randomly oriented crystallites
embedded in a viscous solvent). Theoretical expres-
sions for circular difference scattering (ROA) [7]
and circular difference absorption (VCD) [8] there-
fore represent rotational averages over all orienta-
tions of a molecule. The situation for ROA is com-
plicated by the fact that one has the option to
measure it with different polarization schemes, by
using different scattering geometries, and in reso-
nance with electronic transitions. The formulae
given below refer to the off-resonance situation,
and the Placzek polarizability theory [9] is expected
to apply for a molecule like [2H1, 2H2, 2H3]-neopen-
tane. With respect to scattering geometries, only
forward [10] and backward [1, 11] scattering have
been considered, as little additional insight can be
expected from either polarized or depolarized
right-angle scattering. Numerical results are only
reported for backward scattering, as the size of
forward scattering turned out to be far too small to
be measured.

For ROA, rotational averaging of the scattering
tensor leads to combinations of tensor products that
were first derived by Barron and Buckingham [12],
and later shown by Long [13] to be expressible as
linear combinations of invariants resulting from the
double contraction of second-rank tensors. For
VCD, the analogous quantity is the well-known
rotational strength, the contraction of the magnetic
and electric transition moment. A complication
arises in VCD through the need to go beyond the
Born–Oppenheimer approximation, by considering
nuclear velocity as well, rather than nuclear excur-
sion exclusively [14].

As has been shown explicitly elsewhere [15], all
molecular Raman and ROA invariants can be con-
veniently expressed as the sum of terms that rep-
resent the contraction of a pair of nuclear displace-
ment vectors with a diatomic electronic second-
rank tensor. The same holds true for the electric
dipole strength relevant for infrared (IR) absorp-
tion, and the rotational strength, which is relevant
for VCD. The formulae for VCD can be obtained in
a precisely analogous way as described for ROA,
except that nuclear displacement has to be substi-
tuted by nuclear velocity for magnetic moments
[16].
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The differential Raman scattering cross section
for forward or backward scattering into an infini-
tesimally small element of the solid angle is given
by Ref. [13]:

d�p�0, �� � Kp�mp�Qp�np�
2�90ap

2 � 14�p
2�d	, (1)

where np and mp are the vibrational quantum num-
bers of the initial and final state, respectively, for
vibration p. For Raman optical activity, the differ-
ential scattering cross section for forward scattering
differs from that for backward scattering [3]:

�
d�p�0� �
4Kp

c �mp�Qp�np�
2�90apG�p � 2�Gp

2 � 2�Ap
2 �d	

(2)

�
d�p��� �
4Kp

c �mp�Qp�np�
2�12�Gp

2 � 4�Ap
2 �d	, (3)

where 	 is the solid angle, and Kp is a constant that
depends on the frequency �0 of the exciting light
and the frequency �p of the scattered light, where p
is the vibrational mode for which a transition be-
tween different states occurs:

Kp �
1

90 � 	0

4��
2

�p
3�0. (4)

A minus sign has been included for difference
expressions (2) and (3) because the sign convention
in ROA for presenting data is opposite to that used
in optical activity in general [17]. �
d� corre-
sponds to the ROA convention to represent the data
measured or calculated for right circular light mi-
nus the data for left circular light, with 
d� defined
in agreement with the standard convention left mi-
nus right used for molecular quantities in optical
activity.

a2 and �2, without the index p, signify the isotro-
pic and anisotropic invariant, respectively, of the
molecular electric dipole–electric dipole polariz-
ability tensor �, aG�, and �G

2 the corresponding
invariants of the cross product of this tensor with
the electric dipole–magnetic dipole polarizability
tensor G�, and �A

2 the anisotropic invariant of it
with the tensor A obtained by contracting the elec-
tric dipole–electric quadrupole tensor with the an-
tisymmetric unit tensor of Levi–Cività. For a vibra-
tion p, the reduced invariants Jp, which do not

include integration over vibrational wave func-
tions, can be written in the general form

Jp � �

,�

L
,p
x � V
� � L�,p

x . (5)

They are related to the Raman and ROA invariants
I, which in general are used for convenience with-
out the index p of the vibration to which they per-
tain, as

I�1 4 0� � �1�Qp�0�2Jp �
�

2
�p
Jp. (6)

In Eq. (6), the value of the integral over wave
functions for a fundamental transition has been
inserted

�1�Qp�0� � � �
2
�p

�1/ 2

, (7)

with Qp the vibrational coordinate.
L
,p

x , the Cartesian displacement vector of nu-
cleus 
 with mass m
 in normal mode p, is normal-
ized so that

�

,i

m
�L
i,p
x �2 � 1. (8)

The elements of the electronic second-rank ten-
sors, or dyadics, V
�, have the form:

V�a2�ai,�j �
1
9 �

	,�

��
		
e

� xi

 �

0
��
��

e

� xj
� �

0

(9a)

V��2�ai,�j �
1
2 �

	,�
�3��
	�

e

� xi

 �

0

��
	�
e

� xj
� �

0

� ��
		
e

� xi

 �

0

��
��
e

� xj
� �

0
� (9b)

V�aG��ai,�j �
1
9 �

	,�

��
		
e

� xi

 �

0
��G���

e

� xj
� �

0

(9c)

V��G
2 �ai,�j �

1
2 �

	,�
�3��
	�

e

� xi

 �

0

��G�	�
e

� xj
� �

0

� ��
		
e

� xi

 �

0

��G���
e

� xj
� �

0
� (9d)
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V��A
2 �ai,�j �

�0

2 �
	,�

��
	�
e

�xi

 �

0
��A	�

e

�xj
� �

0

. (9e)

Indices i and j refer to the Cartesian coordinates of
nuclei 
 and �, and indices 	 and � to the Cartesian
coordinate system in which the molecular tensors
are defined.

The molar decadic extinction coefficient for vi-
brational absorption, and the difference of the ex-
tinction coefficients for left and right circular light,
are given by [18]


p��̃� �
20�2NA

3
0hc ln�10�
�̃�mp�Qp�np�

2Dpf��̃p, �̃� (10)



p��̃� �
80�2NA

3
0hc2 ln�10�
�̃ Im��np�Qp�mp�

� �mp�P̂p�np�
Rpf��̃p, �̃�, (11)

where NA is Avogadro’s number, and �̃p the vibra-
tional frequency in cm�1.

The expressions for the reduced dipole strength
Dp and the reduced rotational strength Rp are

Dp � �

,�

L
,p
x � V�D�
� � L�,p

x (12)

Rp � �

,�

L
,p
x � V�R�
� � L�,p

x . (13)

They are related to the ordinary dipole strength D
and rotational strength R as

D�1 4 0� � �1�Qp�0�2Dp �
�

2
�p
Dp (14)

R�1 4 0� � Im��0�Qp�1��1�P̂p�0�
Rp �
�
2 Rp, (15)

where in R the integral of the moment operator P̂
for a fundamental transition has been used:

�1�P̂p�0� � i��
�p

2 �1/ 2

. (16)

The elements of the dyadics V
� have the form

V�D�
i,�j � Re��
	
��		

�xi

�

0

��		

�xj
��

0

	 � Re��
	

Pi	

 Pj	

� 	
(17)

V�R�
i,�j � Re��
	
��		

�xi

�

0

��m	

� ẋj
��

0

	 � Re��
	

Pi	

 Mj	

� 	,

(18)

where � stands for the electric and m for the mag-
netic dipole moment of the molecule, and Pi	


 and
Mj	

� are components of what is known in the VCD
literature as atomic polar tensors (APTs) and
atomic axial tensors (AATs), respectively. The
AATs are defined according to Nafie [14]. This def-
inition differs by a factor of i/2� from the one used
by Stephens and coworkers [19] and in the DAL-
TON and GAUSSIAN programs.

Computational Approach

The Cartesian harmonic force field, AATs and
APTs, were all calculated at the density functional
theory (DFT) level, using direct, analytical deriva-
tives methods implemented within the GAUSSIAN
program [20] and described elsewhere [19]. Our
calculation uses the hybrid functionals B3PW91 and
B3LYP [21] with the standard 6-311��G** [22] and
aug-cc-pVDZ [23] basis sets, all available in
GAUSSIAN.

Hartree–Fock linear response theory [24] and
London orbitals, as implemented in the DALTON
program [25], were used to compute the Raman
and ROA tensors of Eqs. (9a)–(9d). They were cal-
culated at the DFT geometry with the aug-cc-pVDZ
basis set for the frequency of the exciting light, in
our case 532 nm. As analytical gradients for ROA
tensors are presently not available in any program,
we decided to use the DALTON program, as it
provides a gauge origin invariant implementation
of dynamic molecular property tensors.

The displacement vectors L
,p
x of Eqs. (5), (12),

and (13) were calculated with the force field from
GAUSSIAN by a MATLAB [26] program developed
in our laboratory. The elements of all the dyadics
V
� [Eqs. (9a)–(9e), (17), and (18)] were also calcu-
lated by this program with gradients from DAL-
TON for Raman and ROA and from GAUSSIAN for
vibrational absorption and VCD. They were then
combined with the vectors L
,p

x , into the Raman and
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ROA invariants [Eqs. (5) and (6)] and into the di-
pole and rotational strength [Eqs. (14) and (15)].

Representation of Computed Data

SPECTRA

The purpose of an ab initio calculation of VOA
can be as practical as the assignment of the un-
known absolute configuration of a molecule or the
study of its solution conformations, by comparison
of measured and computed data. Assigning abso-
lute configurations in this way is generally cheaper
than by chemical means, and far more reliable than
by electronic CD or optical rotatory dispersion. In
other cases, one might want to gain a better under-
standing of measured data with the aim of drawing
conclusions of a general nature.

With the increasing precision with which ab in-
itio calculations can be done, it has also become
convenient sometimes to run a calculation, ahead of
any measurement, to assess what measurable spec-
tral features of interest one might expect for a par-
ticular molecular structure. This then allows for an
informed decision as to whether undertaking a dif-
ficult and lengthy chiral synthesis may be of inter-
est. In a case like [2H1, 2H2, 2H3]-neopentane, where
one expects partial cancelation of VOA of opposite
sign due to the close spacing of vibrational modes,
the realistic simulation of experimental spectra,
ahead of an arduous synthesis, is particularly im-
portant.

The careful simulation of ROA spectra is more
critical than that of VCD spectra. One reason is that
[2H1, 2H2, 2H3]-neopentane is a good Raman scat-
terer but a week IR absorber. Thus, the ratio of ROA
to Raman intensity is expected to be smaller than
the ratio of VCD to vibrational absorption. A sec-
ond reason why ROA spectra merit more careful
simulation than VCD spectra resides with the fact
that the various terms that occur in the expressions
of the scattering cross sections [Eqs. (1)–(3)] lead to
bands with a differing width.

Bandwidths for isotropic Raman scattering are
generally smaller than for anisotropic scattering be-
cause isotropic scattering depends on the vibra-
tional correlation function only, while for aniso-
tropic Raman scattering, and equally well for
vibrational absorption, the orientational correlation
function also comes into play. Over the past decade,
rapid laser spectroscopy has made substantial con-
tributions to the understanding of linewidths of

liquid phase spectra. The classical line-broadening
mechanisms, such as the Doppler effect, radiation
broadening, collisions between molecules, their in-
teraction, and their reorientation, have had to be
supplanted by mechanisms such as intermolecular
vibrational redistribution (IVR) [27] and vibrational
dephasing by shear fluctuations [28]. A simulation
of ROA spectra based on such detailed mechanisms
contributing to linewidth is not possible here, no-
tably because their importance can only be assessed
by analyzing experimental data. Our aim has there-
fore been pragmatic, namely to account for the
generally observed difference in bandwidth be-
tween isotropic and anisotropic scattering, and to
explicitly include instrumental bandwidth into the
simulated spectra.

To keep the problem tractable, we have made the
following simplifying assumptions: (i) the instru-
ment profile is Gaussian; (ii) the band shape of
isotropic scattering is a Lorentz profile; and (iii)
reorientation leads to a Lorentz profile. The band
shape of anisotropic scattering, which under these
assumptions is the convolution of two Lorentz
curves, is therefore also a Lorentz curve.

The width of the instrument profile (full width at
half-maximum [FWHM]) can be measured. For our
present ROA instrument [29], the input slit is
formed by fiberoptics. Thus, its width, which
largely determines the resolution of the instrument,
is fixed. The average value of the FWHM for the
spectral range of interest was found to be 6.7 cm�1.
Because of the discrete nature of the CCD detector,
we cannot verify that the instrument profile is truly
Gaussian but, by assuming a profile, we can deter-
mine its width with reasonable precision.

The isotropic bandwidth was chosen as 3.5 cm�1.
This value allows us to account for the shape of the
sharp, polarized Raman bands, such as the 996-
cm�1 line of benzene, which are often observed for
symmetric molecules. One must keep in mind,
however, that strongly polarized bands can also
have larger widths. For ROA backscattering, the
choice of the isotropic linewidth is not important as
isotropic scattering makes no contribution. The
anisotropic width was chosen as 10 cm�1.

For simulating Fourier transform VCD spectra, a
8-cm�1 FWHM Lorentzian line shape has often
been used in the past [18]. In addition to spectra
simulated with this assumption, we also present
spectra obtained by the convolution of an 8-cm�1

Lorentz curve with the 10-cm�1 Gauss curve one
expects for a scanning VCD spectrometer [30].
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The convolution of an instrument’s Gauss profile
with a Lorentz profile leads to a Voigt profile. Voigt
profiles must be numerically calculated. We have
decided on a different approach, namely to take
advantage of the fact that the convolution of two
Gauss functions is also a Gauss function.

In a first step, we have represented a Lorentz
function L(x) by a linear combination of Gauss
functions:

L� x� �
k2

x2 � k2 (19)

L� x� 
 �
i

cie�x2/ 2ai
2

, (20)

where 2k is the FWHM of the Lorentz function with
the area FL � k�. The FWHM of the individual
Gauss functions in Eq. (20) is given by 2(2 ln 2)1/2ai,
and the area by (2�)1/2ai.

The coefficients ci and the standard deviations ai

(Table I) were determined by fitting Gauss func-
tions to the shape of a Lorentz function with 2k � 1
(i.e., FL � �/2). As can be seen from Table II, 6
Gauss functions suffice amply for representing the
shape of a Lorentz curve for our spectral purposes,
with the area of the approximate curve having an
error of less than 1% as compared with the exact
Lorentz curve. Any Lorentz curve with a FWHM of
2k can then be obtained as

L� x� 
 �
i�1

6

cie�x2/ 2�2kai�2. (21)

In a second step, the linear combination of Gauss
functions is convoluted with the Gaussian line
shape function of the instrument. For the convolu-
tion of two Gauss functions one has

C� x� � Ga� x� � Gb� x� � e�x2/ 2a2
� e�x2/ 2b2

� e�x2/�2�a2�b2��, (22)

which is a Gauss function with an FWHM of 2[2 ln
2(a2 � b2)]1/2 and an area of (2�)1/2a[1 � (b2/a2)]1/2.

TABLE I ______________________________________________________________________________________________
Parameters of the fit of Gauss curves to a Lorentz curve.

NG 1 2 3 4 5 6 7 8

8 ci 1.40 � 10�1 3.71 � 10�1 2.93 � 10�1 1.34 � 10�1 4.58 � 10�2 1.25 � 10�2 2.63 � 10�3 3.43 � 10�4

ai 2.01 � 10�1 3.31 � 10�1 5.61 � 10�1 9.99 � 10�1 1.90 � 10�0 3.99 � 10�0 9.84 � 10�0 3.43 � 10�1

7 ci 1.83 � 10�1 4.05 � 10�1 2.70 � 10�1 1.05 � 10�1 2.98 � 10�2 6.32 � 10�3 8.26 � 10�4

ai 2.12 � 10�1 3.62 � 10�1 6.45 � 10�1 1.23 � 10�0 2.58 � 10�0 6.34 � 10�0 2.21 � 10�1

6 ci 2.41 � 10�1 4.32 � 10�1 2.34 � 10�1 7.37 � 10�2 1.60 � 10�2 2.10 � 10�3

ai 2.26 � 10�1 4.04 � 10�1 7.69 � 10�1 1.61 � 10�0 3.97 � 10�0 1.38 � 10�1

5 ci 3.20 � 10�1 4.44 � 10�1 1.85 � 10�1 4.34 � 10�2 5.76 � 10�3

ai 2.43 � 10�1 4.65 � 10�1 9.75 � 10�1 2.40 � 10�0 8.36 � 10�0

4 ci 4.26 � 10�1 4.27 � 10�1 1.25 � 10�1 1.73 � 10�2

ai 2.68 � 10�1 5.63 � 10�1 1.38 � 10�0 4.82 � 10�0

3 ci 5.69 � 10�1 3.63 � 10�1 5.85 � 10�2

ai 3.05 � 10�1 7.48 � 10�1 2.60 � 10�0

ai, standard deviations of the individual Gauss curves; ci, coefficients of the individual Gauss curves in the linear combinations.

TABLE II ______________________________________
Fit of Gauss curves to a Lorentz curve.

NG 1 � r2 
F [%]

3 3.47 � 10�4 4.65
4 6.12 � 10�5 2.50
5 1.28 � 10�5 1.44
6 3.01 � 10�6 0.86
7 7.84 � 10�7 0.53
8 2.20 � 10�7 0.34


F, error of the area for the best least-squares fit of a linear
combination of Gauss curves to the shape of a Lorentz curve.
r, correlation coefficient between the two curves; NG, number
of Gauss curves used in the fit.
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Hence, the convolution of the approximate Lorentz
function, Eq. (21), with the instrument Gauss line
shape of standard deviation b yields

V� x� �
2
�
�
i�1

6 1

�4k2 � �b2

ai
2�� 1/ 2 cie�x2/�2��2kai�2�b2�
.

(23)

The normalized area FV of the approximate
Voigt function (23) is

FV � �
��

��

V� x�dx �
2
�

�2��1/ 2 �
i�1

6

ciai 
 1. (24)

The spectra were obtained by calculating Eq. (23)
separately for the isotropic and anisotropic contri-
butions for each vibrational band, with the areas FV

corresponding to the ab initio calculated values of
the isotropic and anisotropic part of the differential
scattering cross sections according to Eqs. (1), (2),
and (3). The curves were then added to yield the
final Raman and ROA spectra. The curves therefore
represent differential scattering cross sections per
steradian, and per cm�1.

VIBRATIONAL MOTION, GCMS, AND ACPS

The graphic representation of vibrational motion
in polyatomic non-planar molecules has been a ma-
jor headache in the past, as evidenced by classical
works on vibrational spectroscopy [31–33]. Except
by the use of stereoscopic projections, which is
inconvenient, it is difficult to simultaneously con-
vey a good impression of the direction and the size
of nuclear motion. An effective solution of the prob-
lem is to separate the two aspects [15]. The size, an
isotropic quantity, can be represented by spheres
centered on a molecule’s nuclei, with their radius
chosen proportional to the magnitude �L
,p

x � of the
nuclear excursion. The direction of motion can be
added by the appropriate shading of the spheres.
Moreover, the surface of the spheres is then pro-
portional to the importance of nuclear motion in
generating Raman scattering and vibrational ab-
sorption.

When one is interested in the persistence of cer-
tain pattern of nuclear motion on similar fragments
of different molecules [34], the energy of vibrational
motion is a more important criterion. As discussed

further in the section on categorizing vibrational
modes, the energy of vibration of a nucleus 
 in
mode p is proportional to m
(L
,p

x )2. In representa-
tions of the distribution of vibrational energy, we
have chosen the volume of spheres proportional to
the contribution made by individual nuclei to the
energy of a vibrational mode.

The decomposition of Raman and ROA invari-
ants [Eq. (5)] and dipole and rotational strengths
[Eqs. (12) and (13)] into mononuclear and dinuclear
terms leads naturally to what we call the group
coupling matrices (GCMs), which give insight into
how scattering cross sections and absorption cross
sections are generated within a molecule. The idea
is explained in more detail in Ref. [15]. The atomic
contribution patterns (ACPs) are obtained from the
GCMs by splitting dinuclear terms in a meaningful
way between atoms [3].

Computed Spectra

CH- AND CD-STRETCH REGION

[2H1, 2H2, 2H3]-neopentane has nine different
conformers, which are represented in Figure 1.
These rotamers have identical statistical weight,

FIGURE 1. The nine rotamers of (R)-[2H1, 2H2, 2H3]-
neopentane. Rotamers R1, R5, and R9 on the diagonal
are invariant with respect to the interchange of H and D
nuclei; the others are related pairwise according to Ta-
ble III.
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and their computed energy is so close that the
experimental spectrum of liquid [2H1, 2H2, 2H3]-
neopentane is expected to correspond to the super-
position of the spectra of the individual rotamers in
equal proportions.

The nine rotamers can be divided into two
groups, one where the interchange of hydrogen and
deuterium atoms leads to the same rotamer, and a
second where it leads to a different rotamer (Table
III). As an even number of nuclei is interchanged,
the absolute configuration is not modified. The
property that the interchange of isotopic nuclei
leads to the same enantiomer of a molecule is not
unique to [2H1, 2H2, 2H3]-neopentane. It also per-
tains to a compound like 1,3-dideuterionallene.
Likewise, other chiral molecules with two distinct
groups of conformers, one that does have this prop-
erty and another where it is absent, can be thought
of, but stereochemists do not seem to have dis-
cussed this aspect of molecules chiral by isotope
substitution. [2H1, 2H2, 2H3]-neopentane can cer-
tainly be considered the prototype and the smallest
of the molecules where this is possible.

Naively, one might think that the three rotamers
1, 5, and 9, where hydrogen and deuterium nuclei
occupy equivalent sites, must lead to identical
VOA, except for size, for vibrations where either
the H nuclei, or the D nuclei, move in the same
coupled motion, independent of the other nuclei of
the molecule. Vibrations that satisfy this criterion
are the CH- and the CD-stretch vibrations. The
expected similarity of the VOA of the two spectral
regions is not borne out for the antisymmetric
stretch vibrations of rotamers 1 and 5, as can be
seen from the line spectra in Figure 2. Rather, upon
more careful inspection, it turns out that pairs of
antisymmetric CH- and CD-stretch vibrations with
the same nuclear motion for H and D nuclei, i.e., 45
and 39, and 43 and 37, represent textbook examples
for a situation where inertial contributions, rather
than coupling of nuclear motion, determine VOA
spectra.

The existence of inertial contributions can best be
appreciated by first assuming that all hydrogen and
deuterium nuclei do actually move in precisely the
same way, with an interchanged role, in high- and
low-energy sister vibrations. It is then obvious that
the Sayvetz conditions cannot, in general, be satis-
fied simultaneously for both vibrations, because of
the differing mass of the H and D nuclei. Thus, even
if the motion of the two types of nuclei looks sim-
ilar, except for the smaller size of the amplitudes of
the D atoms, sister vibrations must differ. For rota-
mers 1 and 5, the calculations show that this differ-
ence is sufficiently pronounced as to lead to an
opposite sign for ROA as well as VCD.

The same is true for all rotamers of group 2
without exception, where the VOA of sister vibra-
tions has to be compared for pairs of rotamers

TABLE III _____________________________________
Rotamers interconverted by the interchange of H
and D nuclei.

Group 1 Group 2

R1 R2 7 R4
R5 R3 7 R7
R9 R6 7 R8

FIGURE 2. ROA backscattering and VCD line spectra
of the CH- and CD-stretch region of the rotamers of
(R)-[2H1, 2H2, 2H3]-neopentane invariant to H/D inter-
change. Vertical scales: ROA: [Å2 sr�1], VCD: [103 cm2

mol�1]. Force field for all spectra: DFT with B3PW91
hybrid functional and aug-cc-pVDZ basis set. VCD
electronic tensors: same as force field. ROA electronic
tensors: TDHF with aug-cc-pVDZ basis set.
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according to Table III; i.e., one has to compare the
VOA of the antisymmetric CH-stretch vibration 45
of rotamer 2 with the VOA of the antisymmetric
CD-stretch vibration 39 of rotamer 4, and vice
versa. The ROA line spectra, grouped for pairs of
rotamers, are shown in Figure 3(a) and the VCD
spectra in Figure 3(b). The vibrations 45 and 39, and
43 and 37, are invariably coupled antisymmetric
vibrations spread over two methyl groups in the
way shown in Figure 4 for rotamer 5. The antisym-
metric stretch vibrations 44 and 38, which are not
discussed further, are located on a single methyl
group and show small VOA.

The group coupling matrices for sister vibrations
show identical sign pattern, as one would expect for
vibrations with such a similar appearance. The ex-
ception are matrix elements with the nucleus at
position e in Figure 4, which is occupied by hydro-
gen in mode 45 and 43, and deuterium in 39 and 37,

and which moves in sister vibrations with an op-
posite phase, relative to other nuclei. This is clearly
visible in Figure 4, which, for the sake of clarity,
reproduces only a small fragment of the complete
atomic GCM. It is not, however, actually the con-
tributions of site e by themselves that determine the
sign of 39 relative to 45, and 37 relative to 43.
Rather, the relative size of all the major positive and
negative matrix elements changes systematically. It
is through this that the influence of inertial contri-
butions is manifested.

The relative size of the ROA and VCD for the
CH-stretch and CD-stretch region can be under-
stood. ROA and VCD are proportional to the square
of L
,p

x , according to Eqs. (5) and (13), and for vi-
brations where the H or D nuclei only move, the
square of L
,p

x is inversely proportional to the mass
m
 of these nuclei, according to Eq. (8). In reality,
the size of L
,p

x will be additionally reduced for the

FIGURE 3. (a) ROA backscattering line spectra of the CH- and CD-stretch region of the rotamers of (R)-[2H1, 2H2,
2H3]-neopentane not invariant to H/D interchange. Pairs of interconverted rotamers are grouped. Vertical scale: [Å2

sr�1]. Computational parameters: as in Fig. 2. (b) VCD line spectra of the CH- and CD-stretch region of the rotamers
of (R)-[2H1, 2H2, 2H3]-neopentane not invariant to H/D interchange. Pairs of interconverted rotamers are grouped. Ver-
tical scale: [103 cm2 mol�1]. Computational parameters: as in Fig. 2.
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CD-stretch region by a larger contribution from
carbon nuclei. This favors ROA and VCD in the
CH-stretch region. In contrast, ROA, but not VCD,
is disfavored in the CH-stretch region by a factor

�CD/
�CH, and by the dependence of Kp, Eq. (4),
on the frequency �p of the scattered light. The dif-
ference in size in the CH-stretch and the CD-stretch
region is therefore less pronounced for ROA than
for VCD.

The signs of the ROA line spectra show a re-
markable similarity to that of the VCD spectra in
the CH- and the CD-stretch region, for all nine
rotamers. This is of interest for two reasons. For

one, ROA and VCD are defined with differing sign
conventions: ROA as proportional to the number of
right minus left circularly polarized photons re-
moved by scattering from light traversing a sample,
and VCD as proportional to the number of left
minus right circularly polarized photons removed
by absorption. For another, it has so far been found
that there is no relation [35] between ROA and VCD
spectra. While this is certainly often true, our re-
sults also show that such a relation can exist. The
fact that for CH- and CD-stretch vibrations of [2H1,
2H2, 2H3]-neopentane the ROA and the VCD show
the same sign is most likely a consequence of their
being determined by inertial contributions, but this
will have to be investigated in more detail. As will
be seen later, for the lower-energy regions, the sign
of ROA and VCD is predominantly opposite.

The diagram in Figure 5 shows the energy of the
CH- and CD-stretch vibrations of [2H1, 2H2, 2H3]-
neopentane, relative to that of undeuterated and
fully deuterated neopentane. These latter molecules
have 12 CH- and CD-stretch vibrations, respec-
tively, with eight modes representing linear combi-
nations of the doubly degenerate antisymmetric
stretch vibrations of the four methyl groups, and
four modes combinations of symmetric methyl
stretch vibrations. In [2H1, 2H2, 2H3]-neopentane,

FIGURE 4. Antisymmetric CH- and CD-stretch vibra-
tions 45, 39, and 43, 37 of rotamer 5. For clarity, the
group coupling matrices include only the five nuclei
that make the largest contributions. Site e is the only
one for which the relative phase of motion changes
upon an interchange of H and D nuclei. Sites a, b, c, d,
and e are occupied by H nuclei for vibrations 45 and
43, and by D nuclei for vibrations 39 and 37. Black cir-
cles: positive, open circles: negative. Computational
parameters: as in Fig. 2. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

FIGURE 5. Diagrammatic representation of the energy
levels of the CH- and the CD-stretch modes of neopen-
tane, rotamer 5 of [2H1, 2H2, 2H3]-neopentane, and per-
deuterated neopentane. Computational parameters: as
in Fig. 2.
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the four CH-stretch vibrations of highest energy go
back to the antisymmetric CH-stretch vibrations of
the undeuterated molecule. Three of them have
been discussed in a previous paragraph, and the
fourth is a simple CH-stretch motion of the lonely
H nucleus of the CHD2 group. The two symmetric
CH-stretch vibrations occur at lower energy and are
localized on the CDH2 and the CH3 group, respec-
tively. The CD-stretching vibrations follow the
same pattern.

According to our calculations with a harmonic
force field, the ROA and the VCD of individual
rotamers would be measurable in the CH- and CD-
stretch region but, as shown in Figures 6 and 7, not
for their mixture, because of dilution and extensive
cancelation. Direct frequency shifts due to anhar-
monicity are not likely to have much influence on
cancelation, as different rotamers are expected to be
similarly affected. Less predictable is the indirect
influence that anharmonicity can have on the en-
ergy of CH- and CD-stretch vibrations through
Fermi resonances. The energy of lower-frequency
modes, the overtones and combination frequencies
of which are relevant to Fermi resonance, varies
from one rotamer to another. This is an aspect of
considerable interest, but it is outside the scope of
the present work.

LOWER FREQUENCY REGION

At �1,600 cm�1, the ROA and VCD of [2H1, 2H2,
2H3]-neopentane should both be measurable for the
mixture of rotamers, as is evident from Figures 6
and 7. The effect of dilution and cancelation can be
estimated from comparison of the line and band
spectra of the 
-values for ROA and g-values for
VCD. These quantities are defined as


 �
IR � IL

IR � IL
(25)

g �
2�
L � 
R�


L � 
R
. (26)

The line spectra reflect 
- and g-values for individ-
ual rotamers, while the band spectra correspond to
the ratio of the difference to the sum spectra ob-
tained by summing the band spectra of individual
rotamers.


 and g can be used to judge the measurability of
VOA. For ROA, the value of 
 should, with present
instrumentation, be ��10�5 as otherwise measure-

ments become difficult or impossible. This limita-
tion is due to offsets caused by straylight and mul-
tiple reflections between optical elements, which
can be present even in a spectrometer with ad-
vanced offset compensation [36]. According to Fig-
ure 6, more than a dozen of the ROA bands in the
700–1,400-cm�1 range have 
-values that satisfy
this condition easily. The minimum amount of sub-
stance required in backscattering, to which Figure 6
applies, is of the order of 2–4 mg, but it can be
reduced to �1 mg in right angle scattering [1].

FIGURE 6. Backscattering Raman and ROA spectra
of the mixture of the nine rotamers of (R)-[2H1, 2H2,
2H3]-neopentane. From bottom to top: Raman, ROA,
ratio of ROA to Raman, line spectrum of 
-values of
individual vibrations. Band shapes: isotropic, 3.5 cm�1

FWHM Lorentz convoluted with 6.7 cm�1 FWHM
Gauss; anisotropic, 10 cm�1 FWHM Lorentz convo-
luted with 6.7 cm�1 FWHM Gauss. Units for the repre-
sentation of scattering cross sections: [Å2 sr�1 cm].
Computational parameters: as in Fig. 2.
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The conditions for the measurability of VCD are
similar to ROA. One advantage of VCD over ROA
is that weak absorption can be compensated for by
a longer path length of the measurement cell. This
does, of course, require more substance than the
usual 50 mg, already far in excess of what is needed
for ROA. In contrast, VCD should be easier to mea-
sure as the g-values calculated for the 700–1,000-
cm�1 region are much larger than the 
-values for
ROA. The reason is not that the VCD as such is
large for [2H1, 2H2, 2H3]-neopentane, but rather that

IR absorption at �1,000 cm�1 is very small for this
nonpolar molecule, and exceedingly small at �400
cm�1. This latter spectral region, which is domi-
nated by methyl torsional motion, is, at present, out
of reach for VCD.

Two silent modes of individual rotamers, i.e., 37
for R3 at 2,303 cm�1 and 4 for R2 at 303 cm�1, show
g-values of more than 4%, which is extraordinary
for VCD.

Figure 8 shows the influence of instrumental res-

FIGURE 7. Vibrational absorption and VCD spectra of
the mixture of the nine rotamers of (R)-[2H1, 2H2, 2H3]-
neopentane. From bottom to top: absorption, VCD, ra-
tio of VCD to absorption, line spectrum of g-values of
individual vibrations. A Lorentzian line shape with an
FWHM of 8 cm�1 was used for all bands. Exceptionally
large g-values in the line spectrum are due to modes
with negligible absorption. Units of extinction coeffi-
cients: [103 cm2 mol�1]. Computational parameters: as
in Fig. 2. FIGURE 8. Influence of line shape and computational

parameters on computed spectra of the mixture of
rotamers. ROA spectra a and b: line shape as in Fig. 6.
VCD spectra c and d: 8 cm�1 FWHM Lorentz curve
convoluted with 10 cm�1 Gauss curve. a: DFT/B3LYP/
aug-cc-pVDZ force field, TDHF/aug-cc-pVDZ electronic
tensors. b: DFT/B3LYP/6-311��G** force field, TDHF/
aug-cc-pVDZ electronic tensors. c: DFT/B3LYP/aug-cc-
pVDZ force field and electronic tensors. d: DFT/B3LYP/
6-311��G** force field and electronic tensors. Broken
vertical lines indicate the position of the molecular
breathing mode 10, the CD3 umbrella mode 22, and the
CH3 umbrella mode 30, which delimit the spectral re-
gions of large VOA. Units of scattering cross sections
and extinction coefficients: as in Figs. 6 and 7.
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olution on measured VCD. The pure Lorentzian
band shape of an FWHM of 8 cm�1 used in Figure
7 was convoluted as described earlier with the 10-
cm�1 FWHM Gaussian resolution curve typical for
a scanning VCD instrument. Clearly, the size of the
VCD is reduced, and its appearance somewhat
modified, but there is no doubt that, given enough
substance, the VCD of [2H1, 2H2, 2H3]-neopentane
should remain easily measurable.

As a further check of the validity of our assess-
ment of the measurability of the ROA and VCD of
[2H1, 2H2, 2H3]-neopentane, we have repeated the
calculations with a different functional and a dif-
ferent basis set, namely B3LYP and 6-311��G**.
Again, as seen in Figure 8, the measurability of the
molecule’s VOA is confirmed.

Sorting Vibrational Modes

Traditionally, vibrational modes have been char-
acterized by looking at internal coordinates such as
the bending of valence angles, the deformation of
torsional angles, and bond stretching. Where a vi-
bration is located primarily on a small molecular
fragment, internal coordinates are an immensely
practical way of categorizing nuclear motion. In
analytical applications of vibrational spectroscopy,
in particular, the notion of group vibrations, such as
the carbonyl stretching vibration, and the notion of
spectral regions, such as amide I and II, are of key
importance. The approach is less useful for skeletal
modes extending over sizable portions of a mole-
cule, and quite generally for vibrations of the so
called fingerprint region. It is typically these spec-
tral regions that are of particular interest in VOA,
and both have only become computationally acces-
sible through the advent of ab initio methods.

The classical approach for categorizing molecu-
lar vibrations also reaches somewhat its limits for a
molecule such as [2H1, 2H2, 2H3]-neopentane, for
which four methyl groups are the only distinct
molecular fragments. This has been an incentive for
us to look for additional means for distinguishing
molecular vibrations, and in particular for mea-
sures directly adapted to the ab initio computation
of normal modes in Cartesian coordinates.

The decomposition of the potential energy of a
vibration into components attributable to internal
coordinates has been used in the past [37]. We
suggest as an alternative measure the decomposi-
tion of the total energy of vibration into individual
nuclear components. The vibrational energy can be

decomposed in mononuclear terms by looking at
the kinetic energy, rather than the potential energy,
because the kinetic energy of a normal mode Qp is
the sum of the kinetic energies of the individual
nuclei 
,

Tp �
1
2 Q̇p

2 � �



T
,p �
1
2 �




m

ẋ
,p � 
ẋ
,p

�
1
2 Q̇p

2 �



m
L
,p
x � L
,p

x , (27)

where 
x
 � L
,p
x Qp has been used. According to

the virial theorem, Vp � Tp � Ep/2. In a normal
vibration, all nuclei execute a harmonic motion
with the same frequency and phase, which means
that the effective potential seen by each nucleus
must be harmonic. One can therefore also set V
,p �
T
,p. This effective potential is the sum of the local
potential of the nucleus and the potential produced
by the pushing and pulling of all other nuclei. Thus,
the fraction of vibrational energy E
,p which nu-
cleus 
 contributes to normal mode p can be written
as:

E
,p

Ep
� m
L
,p

x � L
,p
x . (28)

By summing the contributions of individual nuclei,
one can define the vibrational energy of a molecular
fragment, or of a particular kind of nuclei. It is the
latter approach that is used in this case.

Another useful means for distinguishing modes
is to look at the difference of the distance between
nuclei for the two turning points of nuclear motion.
The sum of distance changes can be defined for the
whole molecule, for molecular fragments, or be-
tween molecular fragments, in a completely analo-
gous fashion as discussed for group coupling ma-
trices [15], except that mono-nuclear terms are, of
course, inherently zero.

Figure 9 shows the decomposition of the vibra-
tional energy into separate components attributable
to carbon, deuterium, and hydrogen atoms for neo-
pentane, and for fully and partially deuterated neo-
pentane, with rotamer 5 chosen as the example. The
change of the sum of all distances between nuclei is
displayed in Figure 10. The Raman spectra of the
symmetric molecules are shown together with the
degree of circularity [13, 29] in Figure 11, and the
Raman and ROA spectra for the nonsymmetric one
in Figure 12.
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Figure 10 is easiest to interpret. For the two
symmetric molecules, the sum of all distances dif-
fers from zero only for the three vibrations of A1
symmetry, i.e., the molecular breathing mode, the
totally symmetric umbrella or symmetric CH3/CD3
deformation mode, and the totally symmetric CH3/
CD3 stretching mode. Raman scattering for these
A1 symmetric vibrations is fully polarized, which
means a degree of circularity of �1 in Figure 11. In
contrast to the stretching and breathing motions,
the Raman scattering intensity of the A1 umbrella
mode is weak, however, and for neopentane it
would not be identifiable separately in the experi-
mental Raman spectrum.

The small Raman scattering intensity is a gen-
eral, and so far not well understood, characteristic
of the CH3 umbrella mode. The reason is cancel-
ation between positive mononuclear and negative
dinuclear terms on individual CH3 groups, as can
be seen from the GCMs in Figure 13. The cancel-
ation is less pronounced for the CD3 group, despite

its identical electronic structure. Additionally,
mononuclear contributions by carbon atoms also
make a larger contribution. CD3 groups therefore
lead to more scattering than CH3 groups. For vibra-
tional absorption, the situation is the opposite: ab-
sorption by the umbrella mode of individual
methyl groups is substantial [33], and most of it is
due to the hydrogen and not the carbon atoms, as
seen from Figure 13. In contrast, the umbrella mo-
tion of CD3 groups produces less absorption than
that of CH3 groups. In the symmetric molecules, the
total absorption intensity vanishes, of course, for
the A1 symmetric mode, because of exact cancel-
ation between methyl groups.

In [2H1, 2H2, 2H3]-neopentane, the isolated um-
brella mode 22 of the single CD3 group shows a fair
amount of mixing with other modes, the umbrella
mode 30 of the CH3 group very little. The umbrella
mode of the CD3 group contributes substantially to
the negative VCD band just below 1,200 cm�1 in the
spectra for the mixture of rotamers in Figure 8. It

FIGURE 9. Vibrational energy distribution diagrams
calculated according to Eq. (28). Bottom: neopentane.
Middle: rotamer 5 of [2H1, 2H2, 2H3]-neopentane. Top:
perdeuterated neopentane. Vertical broken lines sepa-
rate the same spectral regions as in Fig. 8. F, carbon;
�, hydrogen; ‚, deuterium atoms. Computational pa-
rameters: as in Fig. 2.

FIGURE 10. Variation of the sum of internuclear dis-
tances with vibrational motion. The magnitude of the
difference of the sums of all internuclear distances is
shown for the two classical turning points of nuclear
motion, with zero point vibrational amplitudes. Bottom:
neopentane. Middle: rotamer 5 of [2H1, 2H2, 2H3]-neo-
pentane. Top: perdeuterated neopentane. Only modes
of symmetry species A1 produce a change for the two
symmetric molecules. Force field: as in Fig. 2.
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can be easily identified in the energy decomposition
diagram (Fig. 9) by its low H, high D, and substan-
tial C energy content. In contrast, the VCD signal of
the umbrella vibration 30 of the CH3 group is neg-
ligible.

The degree of mixing, in the partially deuterated
molecule, of the A1 symmetric modes of neopen-
tane and of fully deuterated neopentane with
modes of other symmetry species, is evidenced by
the nonzero value of the sum of the internuclear

distances of most modes. Notable exceptions are
the lowest-energy torsional vibrations, and the
three highest-energy vibrations of the antisymmet-
ric CH- and CD-stretch type. If compared with their
parent vibrations of the symmetric molecules, even
these modes appear strongly modified, however,
less by the character of the motion of the H and D
atoms on individual methyl groups than by the
change of coupling between methyl groups. In the
torsional modes, which are the four lowest-energy
modes of the molecule, the CD3, CD2H, CDH2, and
CH3 group execute their motions largely indepen-
dently from each other. Their motion cannot be
completely independent, however, notably because
of the Sayvetz conditions. This is visible from the
energy decomposition diagram in Figure 9, which
shows that the D energy content of the second to
lowest torsional motion is actually slightly higher
than in the lowest one.

The spectral region with substantial VOA in Fig-
ure 8 is bound at the lower end by the molecular

FIGURE 11. Backscattering Raman spectrum of neo-
pentane (bottom half) and perdeuterated neopentane
(top half). The line spectra indicate the degree of circu-
larity. Vibrations of species A1 have C(�) � �1, vibra-
tions of species T2 and E have C(�) � 5/7, vibrations of
species T1 and A2 are silent. Bandwidths and units of
scattering cross sections: as in Fig. 6. Computational
parameters: as in Fig. 2.

FIGURE 12. Backscattering Raman and ROA spectra
of rotamer 5 of (R)-[2H1, 2H2, 2H3]-neopentane. The line
spectrum indicates the degree of circularity of individ-
ual Raman bands. Bandwidths and units of scattering
cross sections: as in Fig. 6. Computational parameters:
as in Fig. 2.
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breathing mode 10 at 685 cm�1, and at the higher
end by the CH3 umbrella mode 30 at 1,391 cm�1.
There is little ROA and VCD outside these bounds,
contrary perhaps to what one might expect for the
CCC bending and twisting motions at energy of
�685 cm�1. The observation agrees with our expe-
rience for other molecules chiral by deuterium sub-
stitution.

Moreover, from Figures 8 and 12, it is evident
that the main region of VOA activity falls into a
lower- and a higher-energy section, to the right and
left, respectively, of the CD3 umbrella mode 22,
found at 1,084 cm�1 in rotamer 5. In the lower-
energy section, 685–1,084 cm�1, the rocking motion
of whole methyl groups, and their deformation mo-
tions, dominate, with the energy distribution grad-
ually shifting from D to H with increasing total
energy. In the higher-energy section, 1,084–1,391
cm�1, CC-stretching motion comes into play. The
three CC-stretching vibrations 23–25, identified by
numbering in Figure 14, have a high carbon content
and produce substantial ROA in all rotamers. Fig-
ure 15 displays the nuclear motion of vibration 23
and 24, which are responsible for the large couplet
in the ROA spectrum of rotamer 5 in Figure 12. The

parent vibrations in the symmetric molecules are
the T2 symmetric modes 19–21 in neopentane and
31–33 in perdeuterated neopentane. This triplet of
vibrations can be easily identified for the three mol-
ecules in the energy level diagram of Figure 14.

Comparison of the ROA and the VCD spectra of
Figure 8 shows that they are close to mirror images
of each other. This is contrary to what we found for
the CH- and CD-stretch region dominated by iner-
tial contributions, and is one of the unexpected
features of the VOA of [2H1, 2H2, 2H3]-neopentane.
The mirror image aspect, which is far too pro-
nounced to represent a statistical fluke, is more
easily visible for the mixture of rotamers than for
individual rotamers. A detailed analysis will have
to show why this is so, as well as what conclusions

FIGURE 13. Umbrella mode of species A1 of neopen-
tane and perdeuterated neopentane. Columns and
rows of the group coupling matrices correspond to the
H or D, and the C atoms of individual methyl groups.
For neopentane, the total vibrational absorption inten-
sity of the A1 mode vanishes due to canceling terms
between methyl groups. Black circles, positive; open
circles, negative. Computational parameters: as in Fig.
2. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

FIGURE 14. Diagrammatic representation of the en-
ergy levels of the lower frequency modes of neopen-
tane, rotamer 5 of [2H1, 2H2, 2H3]-neopentane, and per-
deuterated neopentane. Computational parameters: as
in Fig. 2.
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h can be drawn from it for the VOA of other mole-
cules.

Summed VOA Intensities

A striking aspect of all VOA spectra is the fact
that positive and negative contributions appear to
cancel over an entire spectrum. This is particularly
visible in ROA spectra because they can be mea-
sured over a more extended spectral range than
VCD spectra. In electronic optical activity, accord-
ing to a well-known sum rule, the value of the
rotational strengths summed over all transitions
between the ground state and electronically excited
states vanishes [38]. In VOA, the analogous sum
over the excited states of a particular vibrational
mode is of little interest, as it is the VOA for fun-
damental transitions, summed over all vibrational
modes, that can be measured. Cuony and Hug [39]
showed that a general rule for the value of the ROA
summed over vibrational modes does not exist,
even though this sum (if it is extended to include all
normal modes, which also means those with zero
vibrational frequency corresponding to transla-
tional and rotational motion) does vanish for cer-
tain molecules that owe their chirality to isotope
substitution. For VCD, Buckingham [16] has more
recently discussed the balancing of summed posi-
tive and negative VCD contributions for fundamen-
tal vibrational transitions by using the argument
that nondegenerate vibrational levels cannot sup-
port a time-odd property, such as a magnetic mo-
ment.

The significance of the small but definite nonzero
size of the sum of total vibrational ROA intensity,
obtained by adding the ROA of individual vibra-
tional modes multiplied by appropriate frequency
factors, has only recently been understood [3]. It is
a measure of the chirality of the electron distribu-
tion, as seen by the nuclei when they move in the
various normal modes of a molecule. [2H1, 2H2,
2H3]-neopentane, with its Td symmetric electron
distribution, is the perfect molecule for numerically
testing this as it can be argued that its summed
vibrational ROA should be negligible.

Summing individual terms in Eq. (5) over all
normal modes, including those with zero fre-
quency, yields an expression independent of the
normal coordinates L
,p

x :

�
p

NM

L
,p
x � V
� � L�,p

x � �
p

NM �
i, j

V
i,�jL
i,p
x L�j,p

x

� �
i, j

V
i,�jm

�1�
i,�j � �

i

V
i,
im

�1�
� � V
m


�1�
�,

(29)

where NM means summation over all normal
modes, and where

V
 � �
i

V
i,
i. (30)

V
 is a purely electronic quantity. For Raman and
vibrational absorption, it is a true scalar, but for
ROA and VCD, as an invariant combination of the
elements of a true and of a pseudo-second-rank
tensor, it is a pseudo-scalar. Consequently, for a
nucleus located in a mirror plane of a molecule’s
electron distribution, V
 vanishes, and for two nu-
clei 
 and � located at enantiotopic sites, V� � �V


[39]. Thus, for ROA and VCD the sum (29) vanishes
for a molecule such as [2H1, 2H2, 2H3]-neopentane,
where all nuclei are located in mirror planes of the
electron distribution. In molecules with a less sym-
metric electron distribution, (29) will not, in gen-
eral, vanish for ROA, but it does vanish for VCD
unless the molecule supports a permanent mag-
netic dipole moment [16].

Translational motion does not lead to ROA.
Equation (29) therefore represents a rovibrational
sum. It is possible to subtract the rotational contri-
bution and to obtain a measure for the vibrational
part alone, which then can be directly compared
with the sum of measured vibrational ROA inten-

FIGURE 15. Representation of the displacements
(NM) and the vibrational energies (VE) of individual nu-
clei in modes 23 and 24 of rotamer 5 of (R)-[2H1, 2H2,
2H3]-neopentane, with the ROA and VCD atomic contri-
bution pattern generated by these vibrations. Red cir-
cles, positive; yellow circles, negative. Computational
parameters: as in Fig. 2. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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sities, provided individual measured bands are
multiplied by appropriate frequency factors. For
this purpose, it is best to define a fractional, dimen-
sionless measure [3], as it is difficult to measure
absolute Raman scattering cross sections. For ROA
backscattering, one can write for the fractional con-
tribution of a molecule’s chiral electron distribution
to rovibrational Raman scattering:

��rovib� �
¥
 �12V��G

2 �
 � 4V��A
2 �
�m


�1

¥
 �12V��G
2 �
 � 4V��A

2 �
�m

�1 , (31)

where the summations are over all nuclei.
It has been shown that rotational ROA is small in

comparison with vibrational ROA [40]. It will there-
fore make a negligible contribution only to the sum
of absolute values that occur in the denominator of
(31), where all terms are taken positive, and we can
set

�



�12V��G
2 �
 � 4V��A

2 �
�m

�1 
 �

p

vib

�12�Gp
2 � 4�Ap

2 �,

(32)

where the summation is over the vibrational modes
of the molecule. In the numerator, we cannot ne-
glect rotational contributions, however, because, in
contrast to vibrational ROA, all rotational terms
have the same sign [40]. Their fractional contribu-
tion in (31) can be formally written as

��rot� �
¥p

rot �12�Gp
2 � 4�Ap

2 �

¥p
vib �12�Gp

2 � 4�Ap
2 �

�
¥
 �12V��G

2 �
 � 4V��A
2 �
�m


�1 � ¥p
vib �12�Gp

2 � 4�Ap
2 �

¥p
vib �12�Gp

2 � 4�Ap
2 � .

(33)

Rotational ROA is determined by the anisotropy
of purely electronic tensors. We can therefore con-
sider it an expression of electronic chirality. Sub-
tracting (33) from (31) then yields a measure of the
influence of the chiral distribution of a molecule’s
electrons on vibrational ROA alone:

��vib� �
¥p

vib �12�Gp
2 � 4�Ap

2 �

¥p
vib �12�Gp

2 � 4�Ap
2 � . (34)

Analogous expressions pertain to other scattering
geometries.

Comparison with the experiment can be made
by multiplying the measured ROA difference inten-
sities, expressed as the difference 
Np of scattered
photons for right and left circularly polarized light
by vibration p, multiplied by appropriate frequency
and Boltzmann factors:

��vib� �
¥p 
Np
�p�1 � exp���
�p/kT��/�p

3

¥p �
Np�
�p�1 � exp���
�p/kT��/�p
3 .

(35)

In choosing the frequency factors in (35), it has been
assumed that the spectral linewidth of individual
vibrational bands is narrow enough so that they can
be characterized by a single discrete vibrational
frequency 
�p.

For [2H1, 2H2, 2H3]-neopentane, �(vib) � ��(rot)
as �(rovib) vanishes according to (29). According to
[40], �(rot) is expected to vanish as electronic ten-
sors for a Td symmetric electron distribution have
no anisotropic part. The calculated values of �(vib)
are negligible, as expected, and the deviation from
zero below the computational precision.

Of particular interest is the cumulative sum
which one obtains by the stepwise adding of the
VOA intensities of individual vibrations, starting
with the vibration of the lowest and progressing to
vibrations of higher energy. Normalized by the full
denominator of Eq. (34), it is represented graphi-
cally for ROA and VCD in Figure 16. The value at
the left-hand side of Figure 16 represents the value
of �(vib), Eq. (34), i.e., the sum over all vibrations.
The cumulative sum tends to return to a zero value
after relatively small spectral sections, and in par-
ticular after the low frequency region of major VOA
discussed earlier, as well as the CD- and the CH-
stretch region.

The spectral ranges over which cancelation oc-
curs are similar for ROA and VCD, and similar for
all rotamers. Clearly, nuclear motion is strongly
coupled within such regions of vibrational energy,
but largely independent for the different regions.
This brings to mind a venerable technique of the
pre-computer age for simplifying otherwise untrac-
table problems of a vibrational analysis, namely by
the selection of spectral regions of interest through
putting certain force constants in internal coordi-
nates either to zero or to infinity [37].
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Conclusions

There can be little doubt that [2H1, 2H2, 2H3]-
neopentane is one of the most spectacular, and
perhaps indeed the most spectacular, chiral mole-
cule in the field of vibrational optical activity. At the
outset, it might look like a very special case, with
little relevance to the molecules stereochemists en-
counter in their everyday work. Upon closer in-
spection, it becomes clear, however, that the mole-
cule is a treasure trove for the separate study of
many aspects of the generation of vibrational opti-
cal activity which are confounded in most chiral
molecules.

One of these aspects we had not expected to
encounter is the apparent importance of inertial
contributions for the VOA of the CH- and CD-
stretch vibrations. They lead to ROA and VCD of
the same sign, despite the opposite sign convention
of the two methods. Another unexpected result is
the roughly mirror image appearance of VCD and
ROA in the region of lower vibrational energies.
Both findings are independent of the computational
approach used and merit further investigation.

For the CH- and CD-stretch region, the similarity
of ROA and VCD manifests itself for vibrations of
individual rotamers, and the conclusion that iner-
tial contributions are decisive is supported by the
opposite signs which the CH- and CD-stretch vi-
brations produce for sister vibrations in rotamers
which are related through the interchange of H and
D nuclei. For the lower-energy region, the mirror
image appearance of ROA and VCD is best visible
for the mixture of the nine rotamers of the mole-
cule, where it is clear cut. For vibrations of individ-
ual rotamers it can be absent, as Figure 15 demon-
strates for the prominent vibrations 23 and 24 of
rotamer 5.

A result that we expected, and looking for which
provided the original incentive for our theoretical
investigation of [2H1, 2H2, 2H3]-neopentane, is that
the total ROA, summed for all vibrations according
to Eqs. (34) and (35), is negligible. This is not only
the case for the ROA of all vibrations, but to fair
approximation also for individual spectral regions,
namely the CH-stretch, the CD-stretch, and the
lower-frequency region. The results are very similar
for VCD. In view of Eq. (29), this makes it evident
that the vibrational motions of these three energy
regions are largely independent of each other. This
is a result that we expect to hold approximately for
most chiral molecules.

Another important goal of this study has been to
computationally assess the measurability of the
ROA and the VCD of the enantiomers of [2H1, 2H2,
2H3]-neopentane. If measurable, the molecule is of
enough intellectual interest so that it will be syn-
thesized by stereochemists. According to some in-
quiries we made to this end, the synthesis, while
not trivial, appears feasible. We have therefore been
as careful as possible in judging the measurability
of the VOA of the compound, including the use of
realistic band shapes of the Voigt type to simulate
expected spectra. The ROA, while not generous for
the mixture of rotamers due to canceling, should
nevertheless be measurable in the 700–1,400-cm�1

region, with only a few milligrams of substance.

FIGURE 16. Cumulated normalized sums of the VCD
(top half) and the ROA (bottom half) according to Eqs.
(34) and (35), for rotamer 5 of (R)-[2H1, 2H2, 2H3]-neo-
pentane. Summation starts with vibration 1 at the right-
hand side. The value of the cumulated sum goes from
positive to negative approximately between the two
spectral regions of major VOA indicated in Figs. 8 and
9, and returns to zero between the lower-frequency re-
gion, the CD-stretch, and the CH-stretch region. Actual
ROA and VCD spectra are included for comparison.
Computational parameters: as in Fig. 2.
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The g-values for VCD are far larger than the 
-val-
ues for ROA, and VCD should therefore easily be
measurable in the 700–1,100-cm�1 region and be-
yond, including with scanning instruments of low
spectral resolution [30]. This prediction assumes
that enough substance becomes available, as the
vibrational absorption of the nonpolar compound
with its Td symmetric electron distribution is small.

The physical properties of [2H1, 2H2, 2H3]-neo-
pentane are not expected to present an obstacle to a
measurement. The boiling point of neopentane it-
self is 9.5°C, so it can be handled as a liquid under
slight pressure or with refrigeration.

Some questions have only been touched upon,
such as why the signs of the ROA and VCD of [2H1,
2H2, 2H3]-neopentane are related in such a peculiar
way. Other aspects of the molecule’s VOA, and of
its vibrational spectrum in general, have not even
been mentioned in this article, e.g., the relative sign
pattern of quadrupole and magnetic dipole contri-
butions. One aspect that needs closer scrutiny is the
influence the many approximations that enter VCD
and ROA calculations can have on numerical re-
sults. The methods we use are well tested, but [2H1,
2H2, 2H3]-neopentane is also a molecule particularly
well suited to assess some of the limits of present
VOA calculations. Questions of this kind remain
the subject of future work. Nevertheless, we hope
we have been able to show that modern ab initio
computations, combined with innovative graphic
methods, can make a decisive contribution to the
understanding of vibrational spectra.
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