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The determination of absolute configurations of chiral compounds using VCD is performed by comparing
measured vibrational circular dichroism (VCD) spectra with calculated spectra. The process is based on two
facts: the two enantiomers have rotational strengths of opposite sign, and the absolute configuration of the
molecule used in the calculation is known. However, calculations on isolated molecules very often predict
VCD intensities of very different magnitude or even different signs compared to the spectra measured in
solution. Therefore, we have carefully analyzed what type of changes are induced by complexation of a
solvent molecule to a solute. In the theoretical example of benzoyl-benzoic acid (in a particular chiral
conformation) hydrogen bonded to the achiral NH3, we distinguish six cases, ranging from no or very small
changes in the rotational strengths of solute modes (case A) to changes of sign of rotational strengths (case
B), changes in magnitude (case C), nonzero rotational strengths for modes of the achiral solvent (“transfer of
chirality”, case D), large frequency shifts accompanied by giant enhancements of the IR and VCD intensities
of modes involved in hydrogen bonding (case E), and emergence of new peaks (case F). In this work, all of
these situations will be discussed and their origin will be elucidated. On the basis of our analysis, we advocate
that codes for VCD rotational strength calculation should output for each mode i the angle &(i) between the
electric and magnetic transition dipole moments because only “robust modes” with & far from 90° should be

used for the determination of the absolute configuration.

Introduction

The significant advances made in the past decades in both
experimental techniques! and quantum mechanical ab initio
calculations? of vibrational circular dichroism (VCD) intensities
has made VCD a very successful spectroscopic technique for
the determination of the absolute configuration (AC) of chiral
molecules. Knowledge of the AC is of utmost importance in
the pharmaceutical industry because the enantiomers of chiral
drugs can have significantly different biological and pharma-
cological properties.

In the case of VCD spectroscopy, the discrimination between
the enantiomers is based on the fact that they have VCD
intensities of equal magnitude but opposite sign. The AC is
established by comparing the experimental spectrum, usually
measured in solution, to a calculated spectrum obtained from a
DFT calculation. The AC of the enantiomer used in the
calculation is known. Thus, if the main features of the
experimental and calculated VCD spectra have the same sign,
then the experimental sample has the same AC as the enantiomer
used in the simulation; if the signs are different, then so is the
AC.

Because the DFT calculations are usually done for isolated
molecules, knowledge and understanding of the mechanisms
that may affect the VCD intensities in solution, and therefore
possibly hinder the determination of the AC from gas-phase
calculations, are of great importance. In the last few years, the
number of studies investigating the effect of hydrogen-bonded
complex formation on the VCD spectra has increased rapidly.>!
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Given the importance of hydrogen-bonding intermolecular
interactions, such as solute—solvent and solvent—solvent, these
studies have addressed questions such as elucidation of structural
information of the molecular complex from VCD spectra, and
the appearance of water modes in the VCD spectrum (“transfer
of chirality”). These studies have also demonstrated that long-
range dielectric effects, as given by a polarizable continuum
model for the solvent, are not sufficient to model the solvation
effect on the spectra; explicit hydrogen-bonding has to be taken
into account.

Because the formation of a molecular complex between a
solute molecule and a solvent molecule will be the most
important interaction causing perturbation of the VCD signals
compared to the gas phase, in this paper we will investigate in
detail the effects of complexation on the VCD signals. We will
consider the example of a molecular complex formed from the
chiral 2-benzoyl benzoic acid (BBA) (the “solute”) and the
achiral NH3 (the “solvent” molecule). The NHj3 is hydrogen
bonded to the hydrogen of the carboxylic acid group of BBA.
Our interest is not primarily in this specific system, but we study
it as a convenient model for the effects of molecular complex
formation. The BBA-(—)-(R) -amphetamine complex has been
studied in connection with the induced (electronic) CD effect,!$1°
and our present investigation has started by replacing the
amphetamine, whose amino group acts as hydrogen acceptor
in the hydrogen bond with the carboxylic OH group of BBA,
by the simple nonchiral NH3 molecule, which forms a similar
hydrogen bond with BBA. We now take this NH3; molecule as
a prototype hydrogen-bonding solvent molecule, and we will
study the effect of this particular intermolecular interaction on
the VCD spectrum in detail. It should be noted that this system
is an entirely theoretical model because BBA is not chiral in a
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Figure 1. Optimized (BP86/TZP) geometry of the BBA—NH;
complex.

dynamical sense. In solution, both enantiomers will exist with
equal probability because they can be obtained from each other
by a low-barrier rotation of 180° around the C;—Cy bond (see
Figure 1). However, the optimized conformer of BBA used as
a model system in this work is of course chiral and therefore
well suited to study the changes induced in the VCD spectra
by complex formation. The conclusions of this study may
therefore be generalized to other solvent—solute molecular
complexes involving chiral donors and/or acceptors. We will,
indeed, occasionally illustrate our findings with the water-lactic
acid and methyl—lactate—water complexes studied before.!>14
We should mention that besides the BBA—NH;3;, methyl
lactate—H,0, and D-lactic acid—H,0O molecular complexes, we
have analyzed other chiral molecular complexes, such as
benzaldehyde—H,0O, benzaldehyde—NHj3, benzoic acid—H,O0,
benzoic acid—NHj;, BBA—H,0, amphetamine—H,0, and
amphetamine—BBA. We considered BBA—NH3 as the proto-
type molecular complex for our paper because among the studied
complexes it was the only one that exhibited all of the
mechanisms we have found to be responsible for changing the
VCD intensities.

The various effects that are observed—for example, changes
in magnitude of the rotational strength, or changes in the sign
of the rotational strength of some modes, large shifts in
frequency that are accompanied by a huge enhancement of the
IR/VCD intensities of some modes—will be classified, and their
origin will be elucidated. A thorough understanding of these
phenomena is not only of intrinsic interest but also of practical
interest because it can provide insight into the modes for which
the discrepancies between experiment and theory can be ascribed
to complex formation effects with solvent molecules.

When forming a molecular complex, an induced VCD effect
defined as the difference between the VCD of the combined
system and the two individual systems, is always to be expected
because the molecular complex has six additional normal modes
compared to the free monomers, 6 = 3(N; + N) — 6 — (3N,
— 6) — (3N, — 6) (Ny and N, are the number of atoms of the
two monomers). However, most of these additional modes are
intermolecular modes at low frequencies where VCD measure-
ments are not feasible. It is therefore expected that these modes
will not hinder the process of determining the AC. More
significant changes of the VCD spectra, which can make the
comparison of experimental and calculated spectra difficult, are
expected because of perturbations in the geometries and
electronic structures of the two monomers. These perturbations
will be reflected in changes of the normal modes and in changes
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in the electronic contributions of the atomic polar and the atomic
axial tensors. Ultimately, these perturbations translate into
changes of the magnitude and orientation of the total electric
and magnetic transition dipole moments, which will result in
modifications of the VCD intensities.

This article is organized as follows: in the next two sections
we will present the theory of VCD and the approach we use
for describing the effect of complexation on the VCD spectra.
Then we analyze in detail the types of changes in a VCD
spectrum that can result from complex formation and the
mechanisms that can induce such changes. Finally, the results
are summarized along with some concluding remarks.

Theory

The VCD intensity for the fundamental transition (I0U— [10)
of the ith vibrational mode is given by the rotational strength
(R0

R()) = Eq,(i) * Im[M (0)] ey

where Em(i) and M 10(7) are the electric and magnetic transition
dipole moments of the first vibrational transition of the ith
normal mode. The sign of the rotational strength is determined
by the angle &(i) between the vectors E)l(i) and Im[Mlo(i)]
(which is a real vector because M(i) is purely imaginary):

Eq,(i) * Im[M(i)]
)= 2
coss(D= \E, (i) m[M, ()] @

where |E, (i)l and IIm[Mw(i)]I are the lengths of the vectors
Em(i) and Im[ﬁlo(i)] , respectively. Thus, if & < 90°, then
R(i)> 0; if & > 90°, then R(i)) < 0.

The transition dipole moments EOl(z) and Mlo(z) can be
written as a sum of contributions from each atom:

Em(i) = Z E?n(l’),

Within the harmonic approximation, the atomic contributions
of the electric and magnetic transition dipole moments are given
by:2021

M ()= me 3)

(Ejp)i) —( "ZZ Se(i)Piy €5

Mgy =—CR'w)'"*y ShOMy )

In egs 4 and 5, A is the reduced Planck constant, w; is the
frequency of the ith vibrational mode, Pé/g and Méﬁ are the
atomic polar tensor (APT) and the atomic axial tensor (AAT),
Sﬁ(i) is the transformation matrix from Cartesian to normal
coordinates (the nuclear displacement vectors of the ith normal
mode), o and 8 denote Cartesian coordinates, and A labels the
nuclei. As can be seen from eqs 4 and 5, the transition dlpole
moments are determined by the atomic tensors Pﬁﬁ and Maﬂ
and by the nuclear displacement vectors, Sk(i). Thus, the
contribution to the total dipole transition moments Eqy; and Mo,
from an atom that is not moving in a given normal mode is
zero because the nuclear displacement vectors of such an atom
are zero.

Both tensors, APT and AAT, are defined per atom and have
electronic and nuclear contributions:?!
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The electronic contributions are
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The nuclear contributions are
Niy=eZ0qp (10)
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In eqs 8—11, eZ; and R; are the charge and the position of
nucleus 4, RY is R; at the equilibrium geometry, H is a static
magnetic field, eqg, is the Levi—Civita tensor, the indices o, £3,
and y run over Cartesian components, e and ¢ are the elementary
charge and the speed of light in vacuum, and v is the electronic
wave function of the ground state G. In eq 9, Ws(R) depends
on the positions of the nuclei, which are not fixed, whereas
Ws(RY, H) has to be calculated for the equilibrium positions of
the nuclei in the presence of a magnetic field.

Method

From eqs 1—35, the rotational strengths are determined by the
atomic tensors Péﬁ and Mﬁﬁ and by the nuclear displacement
vectors Sg(i). Thus, to identify and understand the mechanisms
behind the changes induced in the VCD spectra by complex-
ation, we monitor the changes of the AATs, APTs, normal
modes, and of the resulting electric and magnetic transition
dipole moments when going from the free molecule to the
molecular complex. Unless otherwise specified, NHj3 is consid-
ered a perturbation and only the atomic tensors, the nuclear
displacement vectors, and the transition dipole moments of the
BBA atoms are investigated. The AATs and the magnetic
transition dipole moments are origin-dependent. Thus, in order
to compare these two quantities in the free monomers (FM)
and in the molecular complex (MC), we took care to preserve
the position of the center of mass of the two monomers and
their orientation in the coordinate systems of the FM and of
the MC.

The changes induced in the atomic tensors (APTs, AATSs)
are investigated by means of correlation diagrams. In such a
diagram, (x, y) points are plotted for all tensor components of
all of the atoms of BBA, with the x value being the tensor
component in the free BBA and the y value being the
corresponding tensor component of the BBA in the BBA—NH3
complex. Perfect equality will yield a straight line with a slope
of 1.

The extent to which a normal mode was affected by
complexation is estimated by calculating an overlap of the
nuclear displacement vectors of the atoms of BBA in the free
molecule and in the molecular complex. For each normal mode
a 3N-dimensional vector, with N being the number of atoms of
the molecule (N = 27 for BBA, N = 31 for BBA—NH3), is
constructed using the Cartesian components of the displacement
vectors of all atoms:

V(i) = Vi), v)(0), vX0), s OG0, D0, L0 (12)
where V(i) is the 3N-dimensional vector associated with the
mode i, and z/kl(i) is the kth Cartesian component of the
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displacement vector of atom A in the normal mode i. The vector

V(i) is then normalized
_ VO
V)l

where IV(i)I is the length of the vector V(i). For a pair of
normal modes i and j, such a normalized vector is calculated

V) (13)

for both the free molecule, V(i), and the molecular complex,
ﬁ(j). The overlap of the modes i and j, Q(i, j), is obtained by

calculating the scalar product of vectors V(i) and qu):
0% ) 1)
NOI6G)

Note that in eq 14 the summation index A runs only over the
BBA atoms (N = 27). The value of the scalar products Q(i, j)
gives an indication of how well the nuclear displacement vectors
of the modes i and j overlap. Two identical modes yield an
overlap of 1. Thus, the closer Q is to 1, the more the
displacement vectors in the free molecule and in the molecular
complex resemble each other.

When comparing a mode of free BBA to the corresponding
one in the complex, the differences between the total electric
and magnetic transition dipole moments of the modes are also
analyzed by comparing their Cartesian components. To under-
stand the origin of the differences, we closely investigate the
differences in the normal coordinates, that is, which atoms move
differently in the two normal modes, the type of the normal
modes, and the correlation diagrams for the atomic tensors.

Finally, the rotational strength in the complex is broken down
into intra- and interfragment contributions by writing the total
electric and magnetic transition dipole moments of the molecular
complex as a sum of contributions from the two monomers:

QG, j)= V(i) - UG)=

(14)

RG) =Im{[E},(i) + Egy()]* [Mi(i) + M)}
= Im[Egl 'M?o + Egl 'M?o + Eg] 'M?o + Egl 'M?o]

=R () + R*"()) + R () + R”*(i) (15)

In eq 15, the upper indices A and B label the two monomers;
Ej,(i) and M(i) are the electric and magnetic transition dipole
moments of fragment A associated to the first vibrational
transition of mode i, obtained by summing in eq 3 over the
atoms A of A. The term RXY(i) = Im[E’gl ]\_;Iro ] is the
contribution to R(i) due to Egl(i) and Mfo(i) , where X, Y =
{A, B}. The terms R*(i) and R?5(7) are the contributions to R(i)
due to the monomers A and B, respectively, whereas the cross
terms RAB(i) and RBA(i) are the contributions due to couplings
between the electric and magnetic transition dipole moments
of the two monomers.

In the next section, the results of the detailed analysis outlined
here are presented. As will be shown, this type of analysis
enables an understanding of the changes induced by complex-
ation in the VCD spectra.

All of the calculations (geometry optimization and IR/VCD
calculations) are performed using the ADF program package.?>2*
The vibrational rotational strengths are calculated using our
recent implementation® of Stephens’ equations for VCD? in
the ADF program. The geometries are optimized using the
QUILD program?®® of ADF. Analytical derivative techniques®’—°
are employed for the calculation of the APTs, AATs and
harmonic force field, within the framework of density functional
theory. For the calculation of AATs, London atomic orbitals
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Figure 2. VCD spectra (BP86/TZP) of BBA and BBA—NHj for the frequency interval between 600 and 1800 cm™!.

based on Slater-type orbitals and the common origin gauge are
used. The BP86 functional and the TZP basis set are used in
all of the calculations. The analysis outlined in this section was
carried out using the ToolsVCD program, a FORTRAN code
written by the authors. ToolsVCD requires data saved during
an ADF IR/VCD calculation.

Complex Formation Effects on the VCD Spectrum of the
BBA—NH3 Molecular Complex

When comparing the calculated and experimental spectra of
a given molecule, a one-to-one mapping between the VCD
signals of the two spectra must be established first. Assuming
this has been done, and all pairs of corresponding normal modes
would have VCD intensities of the same sign and about the
same magnitude, the identification would pose no problem.
However, one can often distinguish pairs that have VCD
intensities of the same sign but of different magnitudes and pairs
that have VCD intensities of different signs. Besides differences
in intensities, other differences may also occur between the
compared spectra: shifts in the frequencies of the normal modes,
the presence of additional lines in the experimental spectrum
(e.g., modes of the solvent), and huge enhancements of the
intensities of some of the modes. In this work, all of these
situations will be encountered as a result of solute—solvent
complex formation. We will use the calculated VCD spectra of
the free BBA and the BBA—NH3 molecular complex to analyze
why such different effects of complex formation are observed
for different modes and how they arise.

The BBA—NH3 molecular complex is depicted in Figure 1.
The calculated VCD spectra of BBA and BBA—NHj3 are shown
in Figure 2 for the frequency range between 600 and 1800 cm™!,

and in Figure 3 for the range between 600 and 3600 cm™!. As
can be seen, the VCD spectrum of BBA is significantly affected
by the complexation with NH3. The pairs of corresponding
normal modes in the two spectra are labeled with numbers from
1 to 26. Only the pairs with significant VCD intensities have
been labeled. The frequencies, rotational strengths, and normal-
mode overlaps (€2) for all of the pairs of normal modes labeled
are given in Table 1. Each pair of normal modes has been
analyzed according to the procedure outlined in the previous
section. The results clearly show that when analyzing differ-
ences/similarities between/of two VCD spectra one can distin-
guish between six distinct situations. We have labeled these six
cases with letters from A to F. For each case, 1 or 2
representative examples out of the 26 modes in Table 1 are
discussed here. For the rest of the modes, tables containing all
of the quantities relevant for their analysis are given in the
Supporting Information (SI). The unit of the rotational strengths
is 107# esu?-cm?. For brevity, in what follows only the values
(without units) of the rotational strengths will be given.

First the atomic tensors are investigated. In Figures 4 and 5,
the correlation diagrams for the APTs and the AATs of BBA,
respectively, are shown. As can be seen, the correlations for
both AATs and APTs are very good, which indicates that the
atomic tensors are affected very little by complexation. We have
verified that the few tensor components that show small
deviations from the 45° line (see Figures 4 and 5) belong to
the atoms that are in the vicinity of the intermolecular bonding
area (the atoms Hj, O;, O,, C;, C; in Figure 1).

An analysis of the normal modes of BBA—NHj3, BBA, and
NH; showed that the modes of BBA—NH3; can be classified as
modes that are specific to BBA (are also found in the free BBA)
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Figure 3. VCD spectra (BP86/TZP) of BBA and BBA—NHj for the frequency interval between 600 and 3700 cm™'.
TABLE 1: Frequencies (cm~') and Rotational Strengths
(10~# esu?-cm?) for the Modes of BBA and BBA—NH; ol
Labeled in Figures 2 and 3¢ i
(]
BBA—NH; BBA/*NH; Z
1
no. freq R freq R Q case é
o
1 715.5 44.7 706.3 58.0 0.88 C o e
2 752.9 —63.1 745.4 —44.2 0.97 C cor X ’2<
3 771.7 36.9 770.7 13.4 0.74 C g
4 920.6 —44.0 920.5 —19.9 0.91 C a r
5 1034.9 52 1033.1 —10.8 0.84 B ol
6 1070.5 —174 1071.7 —6.5 0.97 C & [
7 1094.5 —36.7 *1033.1 0.0 0.99 D & i ®
8 1129.9 14.4 1109.7 28.2 0.59 C 2
9 11346  —556 11351 —496 086 C o e ek
10 11569 6.5 11577 —26 09 B = g = - >
11 1163.5 —4.5 1168.2 4.9 0.41 B APTs of the free BBA
12 1235.2 5.5 1237.5 5.5 099 A Figure 4. Correlation diagrams for the tensor components of the APTs
13 1257.6 —825 12624 =339 095 C of the BBA atoms. Encircled entries represent APT components of the
14 12721 35.0 F atoms H, Oy, O, Cy, C, in Figure 1.
15 1299.2 —10.3 1300.4 —10.7 0.99 A
16 1321.9 —19.8 F . .
17 1428.9 55 1429.0 56 099 A that are specific to the MC and have no counterpart in the free
18 1462.1 ~79 14656 —112 074 C monomers (case F below).
19 14733 —34.5 F Case A represents the modes of BBA that are affected very
20 1561.9 7.9 1560.7 0.0  0.99 C little by complexation. A common feature of all of the modes
21 1570.1 —25.1 1569.7 =223 0.99 A of type A is that the atoms of BBA near the intermolecular
22 Is854 -225 15852 =77 099 C bonding area and the atoms of NHj are not involved in the
23 1587.7 22.5 1588.1 125 099 ¢ normal mode motion; they are practically frozen in these modes.
24 1653.2 59.5 1654.6 42.6 0.99 C h f . ) il . ;
25 1676.0 73 1716.1 331 0.90 B The modes of type A involve very similar motions of BBA
26 2588.9 —402.4 3608.4 —79 099 E atoms in the free BBA and in the complex; they exhibit values

“The overlap of the normal modes (€2) and the case to which
each pair of modes belongs is also given. Note that * denotes a NHj
mode.

(cases A, B, C, and E below), modes that are specific to NH;
(are found also in the free NH3) (case D below), and modes

of the overlap Q that are very close to 1. Because only the
atoms with virtually unchanged APTs and AATSs are engaged
in the normal mode motion, very small differences result
between the VCD intensities of the mode in BBA—NHj3 and in
BBA.

As an example, the pair of normal modes number 15 (see
Table 1) is considered. The modes in this pair are characterized
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TABLE 2: Data Relevant for the Analysis of Pair 15 (Case
A, Q = 0.99) in Table 1¢

(a) Frequency (cm™'), R (10 ~* esu?+cm?), & (deg)

freq R g
free BBA: 1300.47 -10.71 94.00
BBA—NH;: 1299.20 -10.37 94.26

(b) Im[Mo;(i)] (10 =25 esu-cm)

X y z
free BBA: —208.27 180.37 12.73
BBA in MC: —195.54 179.22 26.10
NH; in MC: —-0.08 0.10 —-0.08

(c) Eoi(i) (1072 esu-cm)
X y Z

free BBA: 36.31 37.37 —19.58
BBA in MC: 34.36 34.41 —19.40
NH; in MC: 0.01 0.10 0.05

(d) Contributions RY (10~* esu?+cm?) of R

RY & (deg)
BBA in MC: R —10.58 94.35
coupling: RAB 0.02 73.43
coupling: R4 0.18 52.32
NH;3 in MC: REB 0.00 69.89

@Q is the normal mode’s overlap; (a) frequencies (freq),
rotational strength (R), and the angle &; (b and ¢) Cartesian
components of the magnetic, Myi(i), and electric, Ey (i), dipole
transition moments of free BBA, of BBA in BBA—NHj;, and of
NH; in BBA-NH;, respectively; (d) the contributions R, RAB, RBA,
R®8 to R of BBA—NHj, and their associated angle &.

by rocking movements of the hydrogen atoms of the benzoyl
group in the plane of the benzene ring. All of the relevant data
required for the analysis of this pair of modes are given in Table
2. The normal mode overlap is 0.99, meaning that the BBA
mode is insignificantly affected by the complexation with NH3.
Next, the Cartesian components of the electric and magnetic
transition dipole moments of BBA and BBA—NHj3 are com-
pared. As can be seen from Table 2, they differ only very
slightly. The reason for this is twofold. First, the normal modes
did not change, and second, the atoms in the intermolecular
bonding area (the ones with atomic tensors affected by com-
plexation) are not moving in this normal mode and therefore
their contributions to the transition dipole moments is zero.
Finally, we look at the contributions of the rotational strength
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Figure 6. Nuclear displacement vectors for the normal modes of pair
number 10 in Table 1.

(in Table 2). The only important contribution to rotational
strength of the molecular complex comes from the term R4,
the rest of the terms (R48, RBA, RBB) being negligible. The term
R represents the contribution from the BBA monomer. From
Table 2, the term R4 and its associated angle & have values
that are very close to the values of their counterparts in the free
BBA (R = —10.58 and £ = 94.35° vs R = —10.37 and £ =
94.26°). We therefore conclude that this particular mode of BBA
is practically unaffected by the complexation with NHs. As a
result, it has approximately the same VCD intensity in the free
molecule and in the molecular complex. This is characteristic
for all of the modes of type A.

Case B describes modes that, although at almost the same
frequency, have VCD intensities of different sign in BBA and
in BBA—NH3. This seems to be a significant discrepancy, but
actually the absolute change is not very large. The BBA modes
of this type are characterized by values of the angle & of eq 2
that are close to 90°. Thus, even a small perturbation may change
the angle across the 90° value, which explains the sign change.
The results of our analysis show that there are two different
mechanisms responsible for changing the sign of the VCD
intensity when going from the free molecule to the molecular
complex. In the first mechanism, the displacements vectors and/
or the atomic tensors of the BBA atoms may be sufficiently
perturbed by the complexation that the electric and magnetic
transition dipole vectors, although still arising (almost) exclu-
sively from BBA atoms, change their magnitude and in
particular their angle across 90°. In this case, only the intrafrag-
ment contribution R4 (A is BBA) is significant, its value being
different from the rotational strength of the free BBA. In the
second mechanism, the BBA mode couples, even if weakly, to
NH; modes, and the coupling terms RA® and RB4, which of
course are totally absent in free BBA, have to be taken into
account. They may even give rise to, or at least contribute
significantly to, this effect of sign change. In the following, each
mechanism is discussed by considering a specific example.

As an example of the first mechanism, we consider the normal
mode pair number 10 in Table 1. The modes of pair 10 are
characterized by rocking movements of the hydrogen atoms of
the benzoic acid in the plane of the benzene ring. In BBA, the
hydrogen atom labeled as H; in Figure 1 is also moving, but
with smaller amplitude than the rest of the hydrogens. In
BBA—NHj; the hydrogen Hj, that is now involved in the
intermolecular bond, is practically frozen, as are the atoms of
NHs. This can be seen clearly in Figure 6 where the two normal
modes are depicted. The data relevant for the analysis of this
pair of modes are given in Table 3. The overlap of normal modes
is 0.96, indicating that except for the change for atom H; the
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TABLE 3: Data Relevant for the Analysis of Pair 10 (Case
B, @ = 0.96) in Table 1¢

(a) Frequency (cm™'), R (10~* esu?-cm?), & (deg)

Nicu et al.

TABLE 4: Data Relevant for the Analysis of Pair 25 (Case
B, 2 = 0.90) in Table 1¢

(a) Frequency (cm™'), R (10* esu?-cm?), & (deg)

freq R £ freq R 13
free BBA: 1157.71 —2.66 91.84 free BBA: 1716.12 33.17 88.18
BBA—NH;: 1156.99 6.55 69.65 BBA—NH;: 1676.06 —7.37 90.55

(b) Im[Mq1(i)] (1072 esu-cm) (b) Im[Mq(i)] (1072 esu-cm)

X y Z X y z
free BBA: 23.32 ~124.62 41.98 free BBA: 328.42 119.35 42191
BBA in MC: —~1.03 —65.47 3491 BBA in MC: 367.66 178.98 324.60
NH; in MC: 0.47 —-0.13 —0.73 NH; in MC: —36.37 —-10.62 —-30.55

(c) Eqi(i) (1072 esu-cm) (c) Eoi(i) (1072 esu-cm)

X y Z X y z
free BBA: -9.73 —19.24 —58.07 free BBA: —24.93 —173.11 76.24
BBA in MC: —12.98 —17.22 —13.66 BBA in MC: —20.16 —143.50 96.24
NHj; in MC: —0.06 0.19 —0.07 NH; in MC: 0.16 13.05 —1.51

(d) Contributions R¥ (10~* esu?+cm?) of R

(d) Contributions RY (10~* esu?+cm?) of R

RY & (deg) RY & (deg)
BBA in MC: RAM 6.64 69.48 BBA in MC: RA —18.57 91.17
coupling: RAB 0.06 73.95 coupling: RAB —6.83 94.63
coupling: RBA —0.15 159.67 coupling: RBA 19.01 73.90
NHj3 in MC: RBB 0.00 92.18 NHj3; in MC: RBB —0.98 98.82

4Q is the normal mode’s overlap; (a) frequencies (freq),
rotational strength (R), and the angle & (b and c) Cartesian
components of the magnetic, Mi(i), and electric, Ey (i), dipole
transition moments of free BBA, of BBA in BBA—NH;, and of
NH; in BBA—NHs, respectively; (d) the contributions R4, RAB, RPA,
R to R of BBA—NHj, and their associated angle &.

nuclear displacement vectors have been affected very little by
the complexation. The frequency is also little changed. The
rotational strength switches from small and negative in free BBA
(R = —2.66 with & = 91.84° only slightly larger than 90°) to
small and positive (R = 6.55 with § = 69.65° now clearly
smaller than 90°). We have verified the magnitude of the atomic
electric and magnetic dipole transition moments, and this change
is brought about by the different contributions of the H;
movement in the two cases. As can be seen in Table 3, the
electric and magnetic transition moments in BBA—NHj3 and in
BBA are rather different. Looking at the contributions of the
rotational strength it can be seen that R4 is the only important
term. Because there are no contributions from the terms RA5,
RPA, and RP, it is clear that the perturbation of the normal modes
(that changed the transition dipole moments) is responsible for
the change of the rotational strength. We have seen that the §
angle is 91.84° in BBA, whereas in BBA—NH3 it changes to
69.65°, leading to rotational strengths with different signs. This
particular example shows that even a minor perturbation of a
single atom (H;) can change the magnitudes and in particular
the (relative) orientation of the transition dipole moments, and
therefore also the sign of the rotational strength.

As an example of the second case, where the coupling terms
come into play, we consider the pair of modes with number
25, a typical C—O stretch of the carbonyl bond of the benzoyl
group (C;=0,). The data relevant for the analysis of pair number
25 are given in Table 4. When going from the free molecule to
the molecular complex, the frequency of the mode is red-shifted
by approximately 40 cm™! and the rotational strength turns from
positive (33.17) to negative (—7.37). In both molecules (BBA
and BBA—NH3), the hydrogen atom H; is moving along with

4Q is the normal mode’s overlap; (a) frequencies (freq),
rotational strength (R), and the angle & (b and c) Cartesian
components of the magnetic, Mi(i), and electric, Ey (i), dipole
transition moments of free BBA, of BBA in BBA—NHj;, and of
NH; in BBA—NHs, respectively; (d) the contributions R4, RAB, RPA,
R to R of BBA—NHj, and their associated angle &.

the carbonyl atoms, while the rest of the atoms of BBA are
frozen. In the molecular complex, the motion of H; induces
small movements of the NH3 group. The displacement vectors
therefore exhibit clear changes, though not very large: the
overlap is still 0.90. Because the atoms in the intermolecular
bonding area are moving in this normal mode, the changes in
the APTs and AATSs of these atoms upon complexation also
play a role. Thus, both the atomic tensors and the nuclear
displacements are responsible for the differences observed in
the transition dipole moments. As can be seen, the transition
dipole moments in BBA—NH3 and in BBA differ, although still
exhibiting similarities. Considering the various intrafragment
and interfragment contributions, we note that the R4 term in
the complex indeed differs considerably from that in the free
BBA and has a reversed sign (—18.57 vs 33.17). Analysis of
the sign of this part of the rotational strength shows that in free
BBA the angle § is 88.18° whereas in the molecular complex
& is 91.17°. Changing the angle & by less than 3° is enough to
change the sign of the rotational strength if the change is across
the 90° value. We also note that the rather large transition dipole
moments of BBA of this mode compensate the small value of
cos & (Eis close to 90°), and as a result the contribution R4 of
BBA to the rotational strength of the complex is rather large.
The interfragment terms RA? and RB4 have magnitudes compa-
rable to the R4 term. In particular, RP4 = 19.01 is significant.
This can be understood from the fact that the angle (73.9°)
deviates considerably from 90°, and as a result the inner product
between the large BBA magnetic transition dipole moment and
the small NHj3 electric transition dipole has a relatively large
magnitude. The RB4 contribution of 19.01 would actually cancel
the negative R4 (—18.57) contribution. It is only through the
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TABLE 5: Data Relevant for the Analysis of Pair 4 (Case
C, € = 0.91) in Table 1¢

(a) Frequency (cm™'), R (10~* esu?-cm?), & (deg)
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TABLE 6: Data Relevant for the Analysis of Pair 2 (Case
C, € = 0.97) in Table 1¢

(a) Frequency (cm™'), R (10* esu?-cm?), & (deg)

freq R 13 freq R 3
free BBA: 920.55 —19.91 93.52 free BBA: 745.41 —44.26 98.06
BBA—NH3: 920.63 —44.03 95.62 BBA—NH3: 752.99 —63.14 101.26

(b) Im[Mo1(i)] (10725 esu-cm)

(b) Im[Mo1(i)] (10725 esu-cm)

X y Z X y Z
free BBA: —280.51 130.22 —87.16 free BBA: 73.46 —243.66 178.29
BBA in MC: —337.94 147.12 —104.19 BBA in MC: 54.54 —245.47 195.40
NH; in MC: -1.32 1.01 1.81 NH; in MC: 13.21 —-7.61 0.69

(c) Eqi(i) (1072 esu-cm) (c) Eoi(i) (1072 esu-cm)

X y z X y z
free BBA: 54.52 69.15 —49.33 free BBA: —94.36 —28.36 —24.70
BBA in MC: 64.68 78.06 —60.53 BBA in MC: —93.44 —18.11 —18.64
NH; in MC: 0.00 —1.04 0.65 NH; in MC: —0.02 —1.66 —6.79

(d) Contributions R¥ (10~* esu?+cm?) of R

(d) Contributions RY (10~* esu?+cm?) of R

RV & (deg) RV & (deg)
BBA in MC: RA —40.67 95.16 BBA in MC: RA —42.93 97.99
coupling: RAB —1.16 113.57 coupling: RAB —11.09 138.55
coupling: RBA —2.21 118.15 coupling: RBA —9.20 114.43
NH; in MC: RBE 0.00 87.71 NH; in MC: RBE 0.08 85.87

4Q is the normal mode’s overlap; (a) frequencies (freq),
rotational strength (R), and the Angle & (b and c) Cartesian
components of the magnetic, Moi(i), and electric, Ey (i), dipole
transition moments of free BBA, of BBA in BBA—NHj;, and of
NH; in BBA—NHs, respectively; (d) the contributions R4, RAB, RPA,
R to R of BBA—NHj, and their associated angle &.

negative contribution of the RA8 term (—6.83) that the final
rotational strength is negative. There is a minor contribution
from the term RBE, which involves only small transition
moments.

Case C describes the pairs of normal modes that have VCD
intensities of the same sign but of very different magnitudes.
Our analysis showed that many of the modes in this case exhibit
very similar perturbation patterns as the modes in case B. Again,
many BBA modes in this case have values of the angle & that
are close to 90°. However, unlike in case B, the perturbations
induced by complexation in this case change & in the direction
that preserves the sign of the rotational strength (if & > 90°
then it increases, if & < 90° then it decreases). The same
mechanisms described in case B are also responsible for
changing the VCD intensities of the modes of this case; that is,
we distinguish cases where coupling terms are not important
and cases where they are.

As an example of the first case, we consider pair number 4.
The modes are characterized by movements of the hydrogen
atoms of the two benzene rings of BBA out of the planes of
the benzenes they belong to. The hydrogen H; and the atoms
of the NH3 are frozen in both modes. Table 5 gives all of the
information relevant for the analysis of this pair. The overlap
of the normal modes is 0.91, which suggests that the BBA mode
is still fully recognizable after the complexation. However, the
change in the normal mode is enough to change the magnitude
of Cartesian components of the electric and magnetic transition
dipole moments of BBA in the molecular complex by 10 to
20% with respect to the free BBA. At the same time, the angle
& has also changed from 93.52° to 95.16°. Although the changes
are relatively small, the effects induced by complexation add

4Q is the normal mode’s overlap; (a) frequencies (freq),
rotational strength (R), and the Angle E (b and c) cartesian
components of the magnetic, Moi(i), and electric, Ey (i) , dipole
transition moments of free BBA, of BBA in BBA—NHj;, and of
NH; in BBA—NH3, respectively; (d) the contributions R4, RAB, RBA,
REB to R of BBA—NHj, and their associated angle &.

up, resulting in an increased magnitude of the contribution R4
by a factor of 2 with respect to the rotational strength of the
free BBA, from —19.91 to —40.67. Because the NH3 atoms
move very weakly in this mode, they do not contribute much
to the transition dipole moments, and the R?? contribution (B
stands for NH3) as well as the contributions of the coupling
terms RA% and RP/ to the rotational strength are negligible.
As an example where coupling terms are important, we
consider the normal modes pair number 2. The modes of pair
2 are characterized by movements of the hydrogen atoms of
the benzoic acid out of the plane of the benzene ring they belong
to. In free BBA, the hydrogen atom H; is moving with small
amplitude. In BBA—NH3, H; and the atoms of NH3 are moving
only slightly. All of the data relevant for the analysis of this
pair are given in Table 6. The overlap of the normal modes is
0.97, indicating that the BBA mode was affected very little by
complexation. The transition dipole moments also show rela-
tively small differences, although the transition dipole moments
(in particular the magnetic one) of the NH; fragment are now
small but nonzero. The term R4 and the rotational strength of
the free BBA have approximately the same magnitude (—42.93
vs —44.26). This is also the case for the & angles associated
with R4 and with the rotational strength of the free BBA (97.99°
vs 98.06°). Thus, it is clear that this particular normal mode of
BBA was affected very little by the complexation with NHs.
However, because of couplings between the transition dipole
moments of the two fragments, the rotational strength is not
determined only by the term R44. The contributions R4% and
RBA have the same order of magnitude as R4 and the same
sign. Note that although the angles between electric and
magnetic transition dipole moments within either the BBA or
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TABLE 7: Data Relevant for the Analysis of Pair 7 (Case
D, @ = 0.99) in Table 1¢

(a) Frequency (cm™'), R (10~* esu?-cm?), & (deg)

freq R &
free NHj: 1033.1 0.00 90.00
BBA—NH;: 1094.5 —36.79 94.05

(b) Moy(i)] (10725 esu-cm)

X y z
free NHs: 54.37 —20.72 244.12
NH3 in MC: 106.21 —65.12 288.88
BBA in MC: 1.09 44.88 —14.01

(c) Eni()) (1072" esu-cm)

X y 2z
free NHa: —13.18 —158.75 —10.54
NH3 in MC: —6.76 —183.07 —51.29
BBA in MC: —0.81 8.80 28.03

(d) Contributions R¥ (10~* esu?+cm?) of R

RV & (deg)
BBA in MC: RA 0.01 89.94
coupling: RAB 74.40 36.44
coupling: RBA —75.05 147.02
NHj3 in MC: REB —36.15 93.46

4Q is the normal mode’s overlap; (a) frequencies (freq),
rotational strength (R), and the Angle & (b and c) Cartesian
components of the magnetic, Mi(i), and electric, Ey (i), dipole
transition moments of free NHs, of BBA in BBA—NHj3, and of NH3
in BBA—NHj, respectively; (d) the contributions R4, RAB, RBA, RB5E
to R of BBA—NHj3, and their associated angle &.

the NH; fragments are close to 90°, the coupling terms are
characterized by angles that are not close to 90°, so the cosine
factor in the inner product may have much less effect. This can
make inner products of small (for NH3 fragment transition
moments) times large (for BBA fragment transition moments)
type of contributions still competitive with large times large
(in R*4) contributions. As a result, the coupling terms contribute
significantly and the rotational strength is with approximatively
50% larger in the molecular complex than in the free molecule
(—63.14 vs —44.26). This example highlights the sensitivity of
the VCD intensities. Even weak coupling of an NH3 mode to a
predominantly BBA mode can have a large effect on the
intensity.

Case D represents the modes of the achiral NH3 that after
the complexation with the chiral BBA have nonzero VCD
intensities. This is a classical case of chirality transfer from the
chiral BBA to the achiral NHj3.

As an example, the symmetric bend of NHj3 is considered
(pair 7 in Table 1). In the free NH3, this mode has a frequency
of 1033 c¢cm™' and zero rotational strength, whereas in
BBA—NH; the frequency of the mode is blue-shifted by 61
cm~! and has a rotational strength of —36.79. In the molecular
complex, with the exception of the atoms H; and Oy, which are
moving very slightly, all of the other atoms of BBA are frozen.
The data required for the analysis of this case are given in Table
7.

The correlation diagrams for all components of the APT and
the AAT tensors of the NH; atoms in the free NH; and in the
molecular complex are given in Figures 7 and 8, respectively.
As can be seen in Figures 7 and 8, there are a number of points
that deviate from the 45° line, indicating that some of the tensor
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Figure 8. Correlation diagram for the tensor components of the AATSs
of the NH; atoms.

components of both the APTs and the AATs have been
perturbed during the process of complex formation. The normal
mode’s overlap is 0.99. Thus, although the frequency of the
mode has shifted, the direction and magnitude of the displace-
ment vectors were hardly affected by complexation.

We continue with the investigation of the transition dipole
moments. In achiral molecules, the electric and magnetic
transition dipole moments associated with a vibrational transition
of a normal mode are in general different from zero and
perpendicular (by symmetry). As a result, their scalar product,
which determines the rotational strength of that normal mode,
is zero. As can be seen in Table 7, the transition dipole moments
of the free NH3; have nonzero magnitude and are indeed
perpendicular. Looking at the transition dipole moments of the
BBA—NHj; complex, we see that their magnitudes have changed
compared to the free NH; and that they are no longer
perpendicular (§ = 93.46°). This is a consequence of the
perturbations of the atomic tensors: the normal mode has
remained almost unchanged, but because the moving atoms are
involved in the hydrogen bond, the electronic perturbation has
affected the atomic tensors. As a result, the term RZ5, the
contribution to rotational strength of BBA—NH;3 due to NHj,
is no longer zero (RFF = —36.15). Looking at the other
contributions to the rotational strength of BBA—NH; (Table
7), one can see that the term R4 is negligible while the terms
RAB and RBP4 have large magnitudes, indicating a strong coupling
between the two monomers. Even though in this particular mode
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TABLE 8: Frequencies and Rotational Strengths of the
Bending Mode of Water in Free Water, Water—Methyl
Lactate Complex, and Water—D-Lactic Acid Complex”

Methyl Lactate—Water
Frequency (cm™!), R (107* esu?-cm?), & (deg)

freq R 13
free water: 1602.85 0.00 90.00
methyl lactate—water: 1620.81 64.06 79.04

Contributions to R (107* cm?-esu?)

RY & (deg)
methyl lactate in MC: RAA 3.22 95.04
coupling: RAB —23.66 79.29
coupling: RBA 50.75 140.14
water in MC: RBB 33.73 98.46

D-Lactic Acid—Water
Frequency (cm™'), R (107% esu?-cm?), & (deg)

freq R &
free water: 1602.85 0.00 90.00
D-lactic acid—water: 1605.65 —152.48 106.21

Contributions RV (10~* esu?+cm?) to R

RY & (deg)
D-lactic acid in MC: RM —0.94 91.74
coupling: RAB —122.44 135.98
coupling: RBA 21.55 69.95
water in MC: R58 —50.65 98.43

2 The contributions R, RAB, RBA RBP to the R of the molecular
complex (MC) are also given. The BP86 functional and TZP basis
set were used for the geometry optimizations and the VCD
calculation. In the two molecular complexes, “B” labels the water
while “A” labels either the methyl lactate or the D-lactic acid.

TABLE 9: Orbital Energies and Contributions (in Percent)
of the MO ¢* (O H,) to the MO 58 of BBA—NHj; for
Various O;—H; Bond Lengths (AR)“

MO AR (A) E (eV) %
o* (0, H)) +0.05 —0.82 5.6
o* (0, H)) 0.00 —0.50 3.7
o* (0, H)) —0.05 —0.28 1.9
lone pair of NH3 —6.15
MO 58 of BBA—NH; 0.00 —7.30

“ For comparison, the orbital energies of the nitrogen lone pair in
the NH; and the corresponding MO 58 of BBA—NH; are also
listed.

the terms RA% and RPA cancel each other, their large amplitude
suggests that they can play an important role in chirality transfer
phenomena.

In order to substantiate this remark, we consider the case of
the water bending mode in the water—methyl lactate (experi-
mentally measured in ref 14) and in the water—D-lactic acid
(theoretically predicted in ref 12) complexes. Details regarding
the structures of the two complexes and the parameters used in
the calculations are given in the Supporting Information. Table
8 gives the contribution to rotational strengths of the binding
mode of water in the two molecular complexes mentioned
above. As can be seen, in both situations the interfragment terms
RAB and RB4 do not cancel each other anymore. Moreover, they
have amplitudes that are comparable to or bigger than the term
RBB and contribute strongly to the large VCD intensities that
were calculated and observed for the bending mode of water.
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Figure 9. Nuclear displacement vectors for the normal modes of pair
number 26 in Table 1.

TABLE 10: Data Relevant for the Analysis of Pair 26 in
Table 1°

(a) Frequency (cm™"), R (10~* esu?+-cm?), & (deg), y

freq R & y
free BBA: 3608.4 —7.99 91.75
BBA—NH;: 2588.9 —402.42 93.15 50
H: 2588.9 —400.81 93.4 50

(b) Electronic and Nuclear Conributions of Im[(MoHll)y]

(Mg D (Mye (M), y
free BBA: 641.9 —400.2 241.7
BBA—NH;: 592.0 4374 1029.5 4

(c) Electronic and Nuclear Conributions of (Egll)y

(Eg e (EgDa (Eg))y Y
BBA—NH;: 217.9 80.8 298.7 7.5
free BBA: 197.4 —157.8 39.6

% (a) Frequency and rotational strengths for modes of pair 26 in
Table 1 calculated in free BBA, in BBA—NHj3, and using only the
dipole transition moments of the atom H;; (b and c) the projection
on the y axis of the total electric, (E?ll)y, and magnetic, (Mgll)y dipole
transition moments, respectively, of the atoms H;, and their
electronic and nuclear contributions in the free BBA and in
BBA—NH;. y is the ratio between the quantities R, (Eg'll)y and
(Mgll)y, respectively, in the molecular complex and in the free
molecule. Because M, (i) and its contributions are purely complex,
their imaginary parts are given.

Case E describes the modes of pair number 26. These modes
are O—H stretchings that exhibit a large frequency shift and a
huge increase of the IR and VCD intensities when going from
the free molecule to the molecular complex. As is known from
IR spectroscopy,®3? such effects are encountered when the
hydrogens participating in the stretching mode are involved in
intra- or intermolecular bonds (the effects are more spectacular
for the latter). The modes of pair 26 are depicted in Figure 9.
As can be seen, the hydrogen atom H; (see Figure 1) that is
involved in the intermolecular bond is indeed moving in these
modes. In fact, it is the only atom moving with significant
amplitude. In the following, the origin of the mechanism
responsible for the enhancement of the VCD intensity is
investigated. Next, its relation with the mechanism responsible
for the enhancement of the IR intensities will be discussed.

In Table 10 the frequencies and the rotational strengths of
the modes of pair 26 are given. In the molecular complex, the
frequency of the mode is red-shifted by approximately 1000
cm™! with respect to the value in free BBA, whereas the VCD
intensity increases by a factor of approximatively 50, from
—7.99 to —402.42. Because the hydrogen H; is the only atom
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moving with significant amplitude (see Figure 9), the contribu-
tions from the rest of the atoms of BBA—NHj5 to the total
electric and magnetic transition dipole moments are negligible.
The rotational strength calculated using just the transition dipole
moments of the hydrogen H; is also given in Table 10. The
obtained value, 400.81, represents 99.59% of the total rotational
strength (which is 402.42). Thus, in what follows only the
electric and magnetic transition dipole moments of this hydrogen
atom will be considered.

The rotational strength of the molecular complex can be
decomposed into x, y, and z contributions

R=R,+R +R=ImEM,+EM,+EM) (16)

where E; and M (with k = x, y, 7) are the Cartesian components
of the electric (Ep;) and magnetic (M) transition dipole
moments, respectively.

In the molecular complex, all of these contributions increase
significantly compared to their values in the free BBA; the
factors are 10, 30, and 33, respectively. Because Ry, Ry, and R,
do not all have the same sign, an overall increase by a factor of
50 is obtained. As an example, we analyze the R, contribution
in detail. In Table 10, the nuclear and electronic contributions
of the y components of the electric and magnetic transition
dipole moments of the modes in pair 26 are given. As can be
seen, the nuclear contributions of the electric and magnetic
transition dipole moments have about the same magnitude
and the same sign in the free molecule and in the molecular
complex. The electronic contributions, however, have different
signs. Thus, in BBA the electronic and the nuclear components
of the two transition dipole moments have different signs and
therefore counteract each other, whereas in BBA—NHj3 they
reinforce each other because they have the same sign. As a
result, the y components of the two transition dipole moments
increase in the molecular complex when compared to the free
molecule by a factor of 4 in the case of the magnetic transition
dipole moment and by a factor of 7.5 in the case of electric
transition dipole moment. This implies an increase of the
contribution R, = Im(E,M,) of the rotational strength of the
molecular complex by a factor of 30. This leads us to the
conclusion that the observed sign change of the electronic
contributions of the two transition dipole moments is responsible
for the increase of the VCD intensities. Because the IR
intensities are determined by the electric transition dipole
moments (Ey;) via the dipole strengths, D(i) = |Eo;(i)I%, the same
mechanism is responsible for their enhancement.

Furthermore, the origin of the large changes in the electronic
parts of the transition dipole moments is investigated. From eqs
4 to 9, the electronic contributions to the electric and magnetic
transition dipole moments of a single atom (1) are given by

(EL )= (3)”22 ElySH) (17
(M) = — QR 0)" S IS4 (18)

where EGg and I are the electronic contribution of APTs and
AATS, respectively. The correlation diagrams for the electronic
contributions of the nine components of the APT and the AAT
of the hydrogen H; in BBA and in BBA—NHj3 are given in
Figures 10 and 11, respectively. The correlation diagrams of
both atomic tensors (Eé/;, Iﬁ,ﬁ) show large deviations from the
45° line. Alternatively, the overlap of the displacement vectors
of H; in BBA and in BBA—NH3 is 0.99. Thus, it is clear that
the perturbations induced in the atomic tensors are responsible
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Figure 11. Correlation diagram for the nine tensor components of the
electronic AAT of the hydrogen H; in Figure 1.

for the observed sign change of the electronic contributions of
the two transition dipole moments and therefore for the
enhancements of the IR and VCD intensities.

The electronic contributions of both the APTs and AATs can
be written in terms of contributions from the occupied molecular
orbitals (MO); see eqs 25 and 28 in ref 25 for more details.
The contributions from the occupied MOs of all of the tensor
components of the APTs and the AATs in BBA and in
BBA—NH3; have been investigated carefully. We found that the
contribution due to the MO number 58 of BBA—NHj3 is alone
responsible for the differences between the atomic tensors of
the hydrogen atom H;. Among the MOs of the two monomers
that are combined into MO 58 of BBA—NHj;, the most
important ones for understanding the enhancement of the IR
and VCD intensities are the lone pair of the NH3 and an
unoccupied o* MO of BBA. The ¢* MO is localized on the
O;—H; bond. The lone pair contributes to the MO 58 with 63%,
whereas the o* does so with 3.7%. This is a typical case of
donor—acceptor interaction between the filled nitrogen lone pair
as donor and the o* (O H)) as acceptor, as depicted in the MO
interaction diagram of Figure 12. The amount of charge transfer
in this interaction sensitively depends on the relative energies
of these orbitals, notably on the orbital energy of the o* (O,
H;), which in turn depends strongly on the length of the O;—H;
bond. To monitor the charge flow, the hydrogen atom H; was
displaced from its equilibrium position by AR = 0.05 A along
its nuclear displacement vector in both directions. For each
displacement, a single point calculation in the unrelaxed
geometry was done. The effects of the displacements on the o*
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AR =-005A: N H,-0, 0" (O1H1): —0.28 &V, 1.9%
AR = 0.00A: Equilibrium 0" (01Hy): =0.50 eV, 3.7%
AR=40.05A: N H;---04 0" (O1H1): —0.82 eV, 5.6%

Lone pair of NH3: ~6.15 eV, 63%

MO 58 of MC: —7.30 eV

Figure 12. Mixing of the * (O, H,) orbital with the NH3 lone pair for various O;—H; bond lengths (AR).

(O Hy) MO are summarized in Table 9 and Figure 12. When
the hydrogen is moving away from the oxygen (AR = +0.05
A) the energy of o* (O; H)) is going down, getting closer
energetically to the lone pair of NH3 and as a result o* (O, H))
mixes more into MO 58. When the hydrogen is moving toward
oxygen (AR = —0.05 A), the energy of the o (O; H)) is going
up and thus o* (O; H;) mixes less into the MO 58. This means
that there is increased charge flow into the o* (O; H;) and
increased bonding to the nitrogen when the O;—H; bond is
stretched. Thus, the O;—H; bond is weakened, which explains
the observed red-shift of the frequency. Using the contributions
(in percent) of the o* MO to MO 58 from Table 9, it was
calculated that the amount of charge that flows into the O;—H;
bond region upon varying the bond distance by AR = 0.1 A is
Ag = 0.037 electrons. This may seem to be a small amount of
charge. However, because the charge travels over a large
distance, the change induced in the electric dipole moment will
be very large. As a qualitative test, the variation of the electric
dipole moment created due to a transfer of a charge Ag = 0.037
electrons over a distance Rno = 2.67 A, which represents the
N—O; distance, was calculated by a finite difference approxima-
tion:

% _ AqRyo
oR, AR

=0.99 au (19)

The tensor components of the APT represent the derivatives
of the electric dipole moment with respect to a nuclear
displacement. Thus, the result of eq 19 is compared to the
difference between the value of electronic contributions of the
APT of the hydrogen H; in BBA—NH;3; (MC) and in free BBA
(FM) (note that the vector determined by the position of the
atoms O, and N is along the y axis):

A",

H;
8Ry MC

| 9wE),

- =E,'(MC) — E;(FM) = 1.27 au
8Rv] FM »

Yy

(20)

Analytical derivative techniques have been employed for the
calculation of both EyyH! tensor components in eq 20. As can
be seen from eqs 19 and 20, the accurate analytical calculation
is well approximated by the estimation from the finite difference
calculation. This clearly shows that the difference in the dipole
moment derivatives for complex and free molecules can be
explained by the simple model of O—H; distance-dependent
transfer of charge from the lone pair of NH; into the O;—H;
bond region. The large dipole moments created by this charge
transfer are responsible for the observed change of the sign of
the electronic contributions of the electric and magnetic transi-
tion dipole moments and, thus, for the enhancement of the IR
and VCD intensities. We note that the data in Table 10 can be

given a very simple and intuitive physical interpretation. The
fact that in the free BBA the nuclear and electronic contributions
of the electric and magnetic transition dipole moments of the
H; atom have different signs indicates that the displacement of
the nucleus Hj, signifying a movement of the positive nuclear
charge, is counteracted by the movement of the negative
electronic charge that it drags along. However, the charge
transfer from the lone pair of the NHj3 into the o* is an oppo-
site movement of negative electronic charge, explaining the
change of sign for the electronic contribution of the two
transition dipole moments in the molecular complex, and in turn
the intensity enhancement.

The enhancement of the VCD intensity in the calculations is
very striking. It raises the question whether it could be observed
experimentally. Of course, the hydrogen-bonded complexes do
not have very rigid structures, so the solvent molecules will
sample a range of orientations relative to the solute, each of
them with a different frequency shift, and a different intensity.
Furthermore, the angle & for the O—H stretching mode studied
here (O;—H;--+N) is very close to 90° (§ = 93.15°). This
suggests that slightly different orientations of the two monomers
with respect to each other can result in rotational strengths of
different signs. Therefore, it will be interesting to search for
experimental verification of the effect described here.

The mechanism for intensity enhancement we have identified
for this intermolecular hydrogen bond may also work for other
bonds of donor—acceptor type. We note that Sadlej et al.'”
observed in their DFT calculations a significant increase (10-
fold) of the rotational strength of a C=0 mode in O—H=++-O=C
hydrogen-bonded systems. We have calculated and analyzed
the VCD intensity of the respective mode, and indeed the same
mechanism described here is responsible for the enhancement.

Finally we would like to note that, like in the case of chirality
transfer (case D), the cross terms RB4 and RP4 are not directly
responsible for the enhancement of the VCD intensity. However,
because in general they are not zero, they can further affect the
rotational strength of the molecular complex.

Case F describes the normal modes that are specific either
to BBA or to BBA—NHas. In Table 1, three examples of modes
of this type are given (mode numbers 14, 16, and 19). It should
be noted that these modes are not intermolecular modes (the
six additional modes that appear in the molecular complex).
They are the result of the perturbation induced by the com-
plexation with NH3, which causes some of the modes of the
free BBA to mix. Thus, these modes are just linear combinations
of modes of free BBA. Because the structures of BBA and
BBA—NHj; considered in this work are chiral, the electric and
magnetic transition dipole moments of these modes are usually
not perpendicular and therefore they usually have nonzero VCD
intensities. As can be seen in Table 1, all three modes considered
here have relatively large VCD intensities. This clearly shows
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Figure 13. VCD spectra (BP86/TZP) of BBA and BBA—NHj; and the angles & of the modes of BBA.

that this mixing of modes can change the shape of the VCD
spectra significantly. Unfortunately, if such modes are present
in the experimental spectrum, then it is very difficult to identify
and resolve them without knowing exactly the type of perturba-
tion/interaction that produced them.

Summary and Conclusions

An experimental VCD spectrum of a molecule in solution
will include the perturbations due to complexation with solvent
molecules, whereas such perturbations are absent in the VCD
calculation on the isolated molecule. In this work, we have
theoretically investigated the various effects of complexation
in order to determine when significant deviations of the
calculated signals from the experimental ones due to the solvent
effects in the latter can be expected. The most important
conclusion is that VCD signals can be classified as robust, that
is, not (much) susceptible to change their sign due to solvation,
when the angle between the electric and magnetic transition
dipoles of the corresponding vibrational mode are significantly
different from 90°. This can be displayed effortlessly as a
standard result from the theoretical calculation and can be
indicated for each mode in the simulated spectrum, for instance
as a dot indicating the magnitude of the angle, see Figure 13.
Using the baseline as the 90° line (see the vertical right axis
for the angle), dots that center around the baseline in a band of
£10° point to modes that are not robust. A sign change of their
rotational strength will occur if the angle & between the electric
and magnetic dipole moments changes across 90°. When & is
very close to 90°, the sign of the rotational strength will
sensitively depend either on the computational parameters (basis
sets, functional, geometry, etc.) or on the perturbations that may
be present in the experiment (solvation, hydrogen bonding, etc.).
We caution against overinterpreting discrepancies between (gas

phase) theory and (solution) experiment for such nonrobust
modes. It is the robust modes that should be singled out for
determination of the absolute configuration. Such modes have
to be determined by the angle & differing from 90° by more
than 20° for example, they cannot be distinguished by just a
large intensity (large rotational strength). For instance, modes
5, 8, 16, and 25 have reasonable intensity, but are not robust
and do change upon complexation. This then should be of no
concern when comparing experiment and theory. Of course,
nonrobust modes do not have to change; some (e.g., 12, 15,
24) are unaltered. Robust modes, with angles outside the
70—110° window (more studies are needed to determine an
appropriate interval), should be characteristic, and their sign
should not change upon complexation. This holds true for modes
like the intense 1, 3, and 9 and the weak 17 and 18.

The role of the angle & can be highlighted with the results of
our analyses. We have distinguished the cases A—F to denote
the various situations encountered. Case A represents the normal
modes with VCD signals that are unaffected by complex
formation. These modes are localized far from the intermolecular
bond and do not involve the atoms in the intermolecular bond.

The analysis of cases B (change of sign) and C (significant
change in magnitude) showed that there are two distinct
mechanisms that can alter the VCD intensities when going from
the free molecule to the molecular complex: (A) Perturbations
of the normal modes of the chiral molecule and/or its APTs
and AATs. In this case, the intrafragment contribution R4 (A
is BBA) to the rotational strength of the complex is the only
significant contribution and has different magnitude compared
to the isolated molecule. (B) Couplings between electric and
magnetic transition dipole moments of the two monomers (in
this case the interfragment contributions RA? and R84 (B is NH3)
have the same order of magnitude as R** and therefore play an
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important role. These mechanisms may occur in both cases B
and C; the only significant difference is the direction in which
the angle & changes in response to the perturbation induced by
complex formation, that is, crossing 90° (case B) or not crossing
90° (case C). The analysis of pair 25 (case B) showed that even
variations of less than 3° of the angle & can cause the rotational
strength to change sign. The analysis of pair number 10 (case
B) showed that even small perturbations of the displacement
vectors of a single atom can significantly change the magnitude
of the dipole transition moments and therefore the angle &. The
analysis of pairs 25 (case B) and 26 (case E) showed that
rotational strengths can have large magnitudes even when & is
close to 90°.

In case D, where modes of the achiral NH; show nonzero
VCD intensities in the molecular complex (“transfer of chiral-
ity”), the perturbations induced by the complexation with BBA
cause the electric and magnetic transition dipole moments of
the modes of the NH3 fragment to no longer be perpendicular,
with a nonzero intrafragment VCD intensity (R?8 = 0) as a
result.

Case E is the special effect that a giant enhancement of VCD
intensity is calculated for the stretching mode of the O—H
involved in the hydrogen bond. We have analyzed this in detail
and have shown that it is due to the donor—acceptor interaction
between the two monomers.

Lastly, we have also met case F, where peaks in the VCD
spectrum of the solvated molecule cannot be reproduced or
deduced from calculations performed on the isolated solute
molecule alone. Such VCD peaks arise in the experimental
spectrum due to mixing of modes of the solute caused by the
complexation with a solvent molecule.

Our analysis of the mechanisms that change the VCD signals
prove that treating the solvent as a structureless continuum is
not a good approximation for VCD calculations if complex
bonds between the solute and solvent molecules exist.

Finally, we note that the effects we have been describing arise
from the molecular interaction between a chiral (BBA in a fixed
conformation) and a nonchiral molecule (NH3), but will not be
different when both molecules are chiral. Exactly the same
mechanisms will be operative, only the “transfer of chirality”
of course will not occur, only perturbation of modes of the two
chiral moieties.
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