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1
I N T R O D U C T I O N

1.1 the difference between left and right

In 1811 the French physicist Francois Jean Dominique Arago, observed
for the first time optical rotation of light passing through a quartz crys-
tal placed between crossed polarizers. Optical activity was then defined
as the ability of certain materials to rotate the polarization plane of a
plane-polarized electromagnetic field. Around the same time, another
French physicist, Jean Baptiste Biot, observed the same phenomenon in
liquids and gases of organic substances such as turpentine, an extract
from pine trees. The English astronomer Sir J. F. W. Herschel realized
in 1822 that there was a correlation between optical rotation and non-
superimposable mirror-image crystals when he observed that mirror-
image forms of quartz crystals rotate linearly polarized light in opposite
directions.

In 1948, Louis Pasteur solved a long standing problem concerning the
nature of tartaric acid. A solution containing naturally occurring tartaric
acid derived from wine lees exhibited optical activity whereas a solu-
tion containing tartaric acid obtained through chemical synthesis was
optically inactive. Pasteur noticed that the synthetically-made crystals
came in two asymmetric forms that are mirror images of one another.
He separated the two forms of the compound by selecting crystals by
hand and by preparing separate solutions of the two forms he observed
rotation of the polarization in opposite directions. An equimolar mix of
the two, on the other hand, did not give rise to optical activity.

In 1874, Jacobus Henricus van ’t Hoff and Joseph Achille Le Bel
independently proposed an explanation for optical activity based on a
model in which the chemical bonds between carbon atoms and their
neighbors are directed towards the corners of a regular tetrahedron. This
3D structural interpretation introduced the concept of the asymmetrical

1



2 introduction

carbon atom and could explain the occurrence of multiple isomers.
At that time, however, a formal connection between the property of
handedness related to mirror-image molecules and/or objects and
optical activity was not made yet. The first and currently accepted
designation was given by Lord Kelvin during the Baltimore Lectures on
Molecular Dynamics and the Wave Theory of Light in 1904.

"I call any geometrical figure or group of points chiral, and say that it has
chirality if its image in a plane mirror, ideally realized, cannot be brought into
coincidence with itself." (Lord Kelvin, Baltimore Lectures, 1904).

Two non-superimposable mirror-image forms of a chiral molecule, such
as our right and left hands, are referred to as enantiomers (from the
Greek words for opposite and part). Because enantiomers of a chiral
molecule exhibit opposite-signed optical activity of equal magnitude
they are also called optical isomers (Fig. 1) and designated according
to specific naming conventions. 1 The R/S nomenclature is the preferred
within the chemistry community. However, the D/L naming system re-
mains in use in some areas of biochemistry.

D L

Figure 1: D and L optical isomers (enantiomers).

1 The D/L nomenclature has been proposed by M. A. Rosanoff in 1906, where he arbitrar-
ily assigned the dextrorotatory (dextro=right) (+)-glyceraldehyde to the D configuration,
and the levorotatory (levo=left) (-)-glyceraldehyde to the L configuration. In the early
sixties, R. S. Cahn, C. K. Ingold and V. Prelog introduced the R/S system. The R/S sys-
tem is more general than the D/L system since it does not involve a reference molecule
such as glyceraldehyde and can also be extended to molecules without a chiral center.
The Cahn Ingold Prelog (CIP) priority rules define which label, R (for Rectus) or S (for
Sinister), to give to each chiral center according to the atomic number of the atoms
directly connected to the chiral center.
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It is in the realm of biology that we find the most profound ef-
fects of chirality. Living organisms contain proteins whose building
blocks (amino acids) are exclusively L-enantiomers. As a consequence,
the secondary structural motifs of proteins are also naturally biased
towards single-handed conformations. For example, L-amino acids ar-
range preferably to form right-handed helices (↵-helices) in proteins
(Fig. 2A) as a result of favorable hydrogen bonding interactions between
the NH and CO groups in the protein backbone. On the other hand, a
left-handed helix can only be formed with similar stability if its build-
ing blocks are non-natural D-amino acids. Another naturally occurring
handedness can be found in the nucleus of every living cell. The back-
bone of nucleic acids (DNA and RNA) is constructed from polymer
chains formed exclusively by two naturally occurring D-sugars (D-ribose
in RNA and 2-deoxy-D-ribose in DNA). Moreover, in the same way that
proteins have helices of a single handedness in their secondary structure,
double-stranded DNA also has a natural bias for right-handed double-
helical structures (Fig. 2B). There is thus a naturally occurring hand-

D-sugar

right-handed helix

right-handed helix

L-amino acid

A B

Figure 2: A. Crystal structure of an Enzyme (Aspartate transaminase, PDB
1AAM); B. Crystal structure of DNA type-B (PDB BDNA).
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edness in the fundamental molecular structures that constitute living
organisms.

Many theories have been proposed to explain this natural selectiv-
ity2. However, at present there is no general agreement among scientists
regarding this matter. Our current understanding is far too limited to
know if an initial enantiomeric bias has been imposed in prebiotic chem-
istry, or at an earlier stage, and most of all what the underlying reason
for this bias would be.

1.2 homochiral biochemistry of the human body and the

drug industry

Single-enantiomer drugs are generally more efficient binding to biologi-
cal targets than the equivalent racemic drugs. The reason is that our bod-
ies consider enantiomers as different molecules, even though, apart from
their stereochemistry, they have the same structure. The biochemistry of
the human body is thus stereoselective. The cycle of a drug through the
body involves amongst other processes, absorption, transport and bind-
ing to the receptors. All these events have the potential to be stereoselec-
tive, thus biasing the biological activity of enantiomers. This asymmetry
has tremendous implications in the design and development of drugs
by the pharmaceutical industry. For this reason, it is nowadays standard
practice during and after the synthesis of new chiral drugs to determine
their absolute configuration. Until a few years ago this analytical step
in the production of new drugs was exclusively performed using X-ray
crystallography methods. Today, a significant number of absolute struc-
tures of chiral drugs is determined using vibrational optical activity. [2]

2 Enantiomeric preference could have been imposed on the interstellar cloud from which
our solar system was formed by exposure to circularly-polarized radiation from a neu-
tron star. As a consequence, the organic inventory of early Earth could have originated
from an extraterrestrial source such as comets or asteroids. The synchrotron-radiation
hypothesis would then connect terrestrial biochemistry with the extreme physics of col-
lapsed stars.[1]
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1.3 mirror image asymmetry and optical activity : a clas-
sical picture of circular dichroism

In a simple classical explanation of circular dichroism[3], the chiral
molecule is modeled as a conducting coil, see Fig. 3 (the light wave
is propagating perpendicularly out of the paper). Both the electric field
~E(t) and the magnetic field ~B(t) exert a force on the electrons in the
wire. The magnetic field ~B(t) exerts a force because the magnetic flux
through the coil changes with time, leading to an electromotive force.
For left-circularly polarized (LCP) light, the electromotive force works
in the same direction as the electrical force, whereas for right-circularly
polarized (RCP) light, the two forces have opposite directions. Hence, a
larger current is generated, and more energy dissipated ("absorbed") in
the coil for LCP light than for RCP light. Although this is a simplified
explanation, it may be noted that a box filled with 1 cm long copper
coils exhibits strong optical activity in the microwave region.[4] Circular
Dichroism (CD) is one of the classical forms of chiroptical spectroscopy,
which measures the differential absorption between LCP and RCP light
in the ultraviolet and visible regions of the spectrum, involving elec-
tronic transitions of molecules.

1.4 vibrational circular dichroism

Vibrational circular dichroism is an extension of the classical form of CD
to the infrared region of the electromagnetic spectrum. This part of the
spectrum contains vibrational transitions that involve a large number
of vibrational modes (3N- 6 for a molecule with N atoms), whereas in
the ultraviolet and visible part of the spectrum one generally observes
a limited number of electronic transitions. It is this tremendous increase
in the number of available transitions, each of which is essentially a
probe of structure, that has enabled VCD to revolutionize molecular
stereochemical analysis. These vibrational modes are structurally sen-
sitive to conformation, thus providing sufficient stereochemical detail
to reliably determine a single absolute configuration. At the same time,
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~E(t)

~B(t)

LCP light RCP light

~E(t)

~B(t)

Figure 3: Classical picture of Circular Dichroism.

the vibrational fingerprints in the VCD spectrum allow the retrieval of
the solution-state conformation or distribution of conformations of the
molecule. This sensitivity to molecular conformation has been exploited
in studies involving relevant complex biological systems such as protein
fibrils[5, 6, 7, 8, 9, 10], nucleic acids[11, 12] and even viruses[13]. The
study of biological systems however also puts some fundamental draw-
backs of VCD in the spotlight. One of the drawbacks - and perhaps
the most striking and limiting one - is the intrinsic small magnitude
of VCD signals. In general, the intensity of VCD bands is 10-4 - 10-5

smaller than the associated infrared absorption bands. These small sig-
nal intensities have significant repercussions on the actual measurement.
The noise level in these measurements is often comparable with the in-
tensity of some of the VCD features, which thus remain hidden within
the noise if the measuring strategy is not changed accordingly. To some
extent, the problem may be solved by averaging over longer periods of
time. Other approaches that have been taken are based on the use of
thin films or working with highly concentrated sample solutions, but in
these cases the added value of VCD being one of the few techniques
that allows stereochemical structure determination under biologically
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relevant conditions becomes severely compromised. The potential that
VCD can offer for stereochemical structure analysis thus as yet has not
been fully exploited. Clearly, the field would benefit tremendously from
approaches that would enhance VCD signal intensities at the molecular
level.

1.5 from theory to practice

Overcoming the above-described small signal barrier in VCD spec-
troscopy is the main theme covered in this thesis. We identify the physi-
cal origin of the low intensity of VCD signals and devise an experimental
approach to manipulate the electronic structure of the chiral molecules.
As will become clear throughout this thesis, vibronic coupling is respon-
sible for the VCD signal magnitudes. Therefore, a controlled manipu-
lation of the energies of the electronic manifold is expected to induce
an amplification of the VCD intensities, as will be shown in Chapter 2

where we introduce the physical quantities necessary to understand the
origin of VCD intensities. In Chapter 3 we describe the methodologies
of a Fourier-Transform VCD measurement and of the auxiliary setup
we have developed to manipulate the electronic structure of molecules
electrochemically. Chapter 4 reports on the application of conventional
VCD to the study of synthetic foldamers, a class of artificial molecular ar-
chitectures that performs conformational changes upon photo-excitation
with ultraviolet light. We show how VCD can be used to probe conforma-
tional changes by modeling the VCD spectrum using a simple coupled-
oscillator model. In Chapter 5 we report the first implementation of an
electrochemical apparatus, which in combination with the VCD spec-
trometer allows us to induce an amplification of VCD intensities for a
prototypical molecular system. In Chapter 6 we report the observation
of enhanced VCD intensities in chiral molecular crystals. We find a com-
mon origin in the magnitude of the nonlinear response of these crystals
and the amplified intensity of the VCD signals, giving new insights in
the role of electronic charge-transfer states and VCD signal-magnitudes.
Chapter 7 reports on VCD amplifications by several orders of magni-
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tude observed for amino acids and peptides when a paramagnetic en-
vironment is used to tune the electronic manifold. We demonstrate that
accurate conformational information can be retrieved from the amplified
signal response. In Chapter 8 we propose and implement the concept of
a local VCD amplifier, a molecular entity that can be covalently coupled
to a target region within a larger molecular system. We show that incor-
poration of such an amplifying unit can be used to locally probe active
sites in biomolecules.



2
T H E O RY

In this chapter we present the theoretical foundations of vibrational
circular dichroism spectroscopy. To derive the expressions for the ro-
tational strength, we follow a semiclassical description for radiation-
matter interactions, in which the electromagnetic field is described clas-
sically, whereas molecules are treated as quantum-mechanical objects.
We then discuss the quantum-mechanical equations for VCD, and ex-
plain the necessity to consider molecular wave functions beyond the
Born-Oppenheimer approximation to obtain non-zero VCD intensities.†
Finally, we discuss the current level of theory implemented in quantum-
chemical packages for the calculation of VCD spectra using Density
Functional Theory. Additionally, we show alternatives to the calculation
of VCD spectra using the simpler, semi-quantitative coupled-oscillator
model.

0 † The formalism used in this chapter follows the ones used in references [14], [15], [16]
and [17].

9
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2.1 rotational strength

2.1.1 Transitions between molecular states

We consider a molecular system containing Ne electrons and N� nu-
clei that is perturbed by a classical electromagnetic field. This perturba-
tion causes an energy exchange between the molecular system and the
field, which induces transitions between molecular states. The observed
spectral intensities depend on the rate of energy transfer between the
molecule and the radiation field. From standard time-dependent pertur-
bation theory, the transition rate for transitions |ii ! |fi (where |ii is the
initial state and |fi is the final state) is given by Fermi’s Golden Rule:

Ti!f =
2⇡
 h
|hf|H 0|ii|2⇢(�Efi), (1)

where ⇢(�Efi) is the density of final states |fi per unit of energy at
�Efi = Ef - Ei and hf|H 0|ii represents the transition matrix element of
the perturbation H 0 between final and initial states.

For a time-dependent perturbation Hamiltonian of the form

H 0(t) = C1(e
i�t + e-i�t) +C2(e

i�t - e-i�t), (2)

the matrix element hf|H 0|ii is determined by the time independent
parts of the Hamiltonian, so that hf|H 0|ii = hf|C1 + C2|ii, where |ii
and |fi are solutions of the unperturbed time-independent Schrödinger
equation.[18]

2.1.2 Interaction with a circularly polarized electromagnetic field

In the following we consider a time-dependent perturbation given by
a circularly-polarized electromagnetic field propagating along the z

direction with phase-shifted electric ( ~E±), and magnetic ( ~B±) vector
components[18]:

~E±(t) = 2E0 (cos(�t)~ex ± sin(�t)~ey) (3)
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~B±(t) = -2B0 (±sin(�t)~ex - cos(�t)~ey) , (4)

where E0 and B0 are the time-independent amplitudes, �t = !(t- z/c),
± labels the handedness of the fields (+ for left-handed and - for right-
handed circularly polarized) and ~ex and ~ey are the unit vectors for the x

and y axis. The perturbation Hamiltonian can thus be written as:

H 0 = -~µel · ~E± - ~µmag · ~B±, (5)

where ~µel = ~µe
el + ~µn

el and ~µmag = ~µe
mag + ~µn

mag are the electric and mag-
netic transition-dipole operators, with electronic and nuclear contribu-
tions, respectively:

~µe
el = -

X

i

e~ri (6)

~µn
el =

X

�

Z�e~R� (7)

~µe
mag = -

X

i

e

2mc
~ri ⇥ ~pi (8)

~µn
mag =

X

�

Z�e

2M�c
~R� ⇥ ~P�, (9)

where the mass, charge, position and momentum of the ith electron are
m, -e, ~ri and ~pi, and the mass, charge, position and momentum of the
�th nucleus are M�, Z�, ~R� and ~P�, respectively. It is important to note
that, in most cases the magnetic term in Eq. 5 is neglected since the
magnetic interaction is approximately two orders of magnitude weaker
than the electric one[19]. However, as will become clear later, inclusion
of the magnetic interaction is necessary to explain optical activity, and
in particular vibrational circular dichroism intensities.

Combining Eqs. 3 and 4 and Eq. 5 and substituting the result in Eq. 1

followed by some algebra involving Eq. 2 [18, 20] leads to the following
expression:

T±
i!f =

2⇡

3 h2

⇥
|hi|~µel|fi|2 + |hf|~µmag|ii|2 ± 2ihi|~µel|fi · hf|~µmag|ii

⇤
⇢(�Efi).

(10)



12 theory

Furthermore, making use of Einstein’s transition probabilities, it can be
shown that the transition rate T±

i!f is proportional to the energy density
of radiation states by Einstein’s coefficient of stimulated absorption Bif:

T±
i!f = Bif⇢(�Efi). (11)

Combining Eq. 10 and Eq. 11 we obtain the following expression for the
B±

fi coefficients:

B±
fi =

2⇡

3 h2

⇥
|hi|~µel|fi|2 + |hf|~µmag|ii|2 ± 2ihi|~µel|fi · hf|~µmag|ii

⇤
. (12)

2.1.3 VCD intensity

The experimental infrared absorbance can be related to the molar ex-
tinction coefficient ✏(⌫) by Beer-Lambert’s law as Abs = -ln( I

I0
) =

✏(⌫) · l ·C, where l and C are the length and concentration of the sample.
I and I0 designate transmitted and incoming light, respectively. The ex-
perimental parameter ✏(⌫) is related to the Einstein coefficient for stim-
ulated absorption, Bif, by the following expression: [18]

A =

Z
✏(⌫)d⌫ =

h⌫fi

c
NABif, (13)

where NA is the Avogadro number, c is the velocity of light in vacuum
and ⌫fi = �Efi/h. The quantity A on the left side of Eq. 13 is the in-
tegrated absorption coefficient, i.e., the area under the experimental in-
frared band. The VCD of a transition is defined as the differential absorp-
tion of left and right-circularly polarized (LCP and RCP, respectively)
infrared light, i.e., the difference between the integrated absorption co-
efficients for LCP and RCP light. We can thus write the differential ab-
sorption coefficient �A as:

�A = ALCP -ARCP =
h⌫fi

c
NA(B

LCP
if -BRCP

if ). (14)
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The designations LCP and RCP indicate the handedness of the electric
and magnetic field vector components, as + and - respectively. Intro-
ducing Eq. 12 into Eq. 14 leads to:

�A = (
32⇡3

3
)(
⌫fiNA

hc
) Im

⇥
hi|~µel|fi · hf|~µmag|ii

⇤
. (15)

The dot product of the two transition moments in Eq. 15 is called rota-
tional strength, Rif, and is thus defined as the imaginary part of the dot
product between the electric and magnetic transition-dipole moments:

Rif = Im
⇥
hi|~µel|fi · hf|~µmag|ii

⇤
(16)

The differential absorption of LCP and RCP infrared light is thus pro-
portional to the rotational strength. Rif is a real quantity since ~µmag is a
purely imaginary operator. Hence, in order to evaluate the optical activ-
ity of a molecular system, one must include the magnetic interaction to
describe non-zero VCD intensities, since Rif has its origin in the interfer-
ence between electric and magnetic dipole transitions.

2.1.4 Symmetry Breaking

The rotational strength, the molecular quantity that characterizes vibra-
tional circular dichroism, has interesting and rather fundamental proper-
ties for the study of chiral molecules. Chiral molecules lack an improper
rotation axis, i.e. their mirror images are not superposable. Simply speak-
ing this makes them different molecules which we designate by enan-
tiomers. Applying a symmetry transformation of the kind of SN (S for
Spiegel, German for mirror), i.e., an n-fold (360�/n) improper rotation
(rotation about an axis and a reflection in a plane) to one of the enan-
tiomers transforms it into its mirror image. Applying a transformation
to Rif under SN, it can be shown that the two mirror-image molecular
systems have rotational strengths of equal magnitude but opposite sign.
Considering two enantiomers L and D, we can thus write:

Rif(L) = -Rif(D). (17)
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2.2 theoretical framework of vcd

Theoretical prediction of rotational strengths for infrared transitions in
chiral molecules requires the calculation of the electric and magnetic
transition-dipole moments ~µel and ~µmag. This would seem like a straight-
forward calculation since only excitations in the electronic ground state
are involved. However, although the calculation of ~µel is easily achieved,
the electronic contribution to ~µmag is identically zero within the Born-
Oppenheimer (BO) approximation. Avoiding this non-physical result re-
quires a description of the molecular wave functions beyond the BO
approximation. As has been shown [14, 15], an extension of the theory
beyond the BO approximation leads to the conclusion that VCD signal
magnitudes are strongly dependent on the increased mixing of electronic
states with the ground state.

2.2.1 Born-Oppenheimer Approximation

The Hamiltonian for an isolated molecule is:

H(~r,~R) = Hel(~r,~R) + Tn(~R), (18)

where ~r and ~R are the electronic and nuclear coordinates, respectively,
Hel(~r,~R) is the electronic Hamiltonian, and Tn(~R) is the nuclear kinetic-
energy operator, which is given by

Tn(~R) =
1

2

X

�

~P2
�

M�
= -

 h2

2

X

�

1

M�

~r2
� (19)

where M� and ~P� are the mass and momentum of the �th nucleus.
The electronic Hamiltonian can be decomposed in:

Hel(~r,~R) = V(~r,~R) + Tel(~r,~R), (20)

where V(~r,~R) and Tel(~r,~R) are the Coulomb potential energy of electrons
and nuclei, and the electronic kinetic energy, respectively:

V(~r,~R) =
X

�<� 0

Z�Z� 0e2

| ~R� - ~R� 0 |
+

X

i<i 0

e2

|~ri - ~r 0i|
-
X

i,�

Z�e
2

|~ri - ~R�|
(21)
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Tel(~r,~R) =
X

i

~p2
i

2m
= -

 h2

2m

X

i

~r2
i , (22)

where m, -e, ~ri and ~pi (= -i h~ri) are the mass, charge, position and
momentum of the ith electron, and Z�e and ~R� are the charge and po-
sition of the �th nucleus. Smaller terms such as spin-orbit coupling are
neglected. We will assume that the symmetry of the system is such that
all electronic states are non-degenerate with the exception of spin degen-
eracy. The total spin of the electronic ground state is zero. All electronic
wave functions can then be taken as real.

The time-independent Schrödinger equation associated with the
Hamiltonian defined in Eq. 18 is:

H(~r,~R) Kk(~r,~R) = EKk Kk(~r,~R), (23)

where K and k represent the electronic and nuclear states, respectively.
An exact solution of Eq. 23 for an average sized molecule can not

be obtained. However, it is possible to obtain an approximate solution
of Eq. 23 using the Born-Oppenheimer (BO) approximation. The basis
of the BO approximation is that the nuclear and electronic masses are
very different. This suggests that the wave function of a molecule can be
separated into an electronic and nuclear component

 Kk(~r,~R) =  K(~r;~R)�Kk(~R), (24)

where  K(~r;~R) is the electronic wave function, which has the electronic
coordinates as variable and depends parametrically on the nuclear coor-
dinates, and �Kk(~R) is the nuclear wave function of the kth vibrational
level in electronic state K. The first step in the BO approximation con-
sists of solving the electronic Schrödinger equation for a fixed set of
nuclear coordinates ~R, yielding  K(~r;~R) as the solution of the electronic
Schrödinger equation:

Hel(~r;~R) K(~r;~R) = WK(~R) K(~r;~R), (25)
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where WK(~R) is the electronic energy eigenvalue of electronic state K for
a specific set of nuclear coordinates.

In order to obtain an equation for the nuclear wave function �Kk(~R) we
evaluate the result obtained when Tn(~R) acts on the total wave function
 Kk(~r,~R):

Tn Kk = -
 h2

2

X 1

M�

~r2
� K�Kk =

-
 h2

2

X

�

1

M�

h
�Kk(~r2

� K) + 2(~r� K)(~r��Kk) + K(~r2
��Kk)

i
.

(26)

Since electrons move much faster than nuclei, we assume that the elec-
trons instantaneously adapt their position in response to a nuclear dis-
placement. As a result, Tn(~R) can be approximated by:

Tn(~R) ' T0
n (~R) = -

 h2

2

X

�

1

M�
(~r2
�)

n (27)

where the index (n) indicates that the operator ~r2
� acts only on nuclear

�Kk wave functions. Finally, using Eqs. 18, 24 and 27 we can rewrite the
Schrödinger equation (Eq. 23) as

h
Hel(~r;~R) + T0

n (~R)
i
 Kk(~r;~R) = EKk Kk(~r;~R) (28)

h
Hel(~r;~R) + T0

n (~R)
i
 K(~r;~R)�Kk(~R) = EKk K(~r;~R)�Kk(~R). (29)

Furthermore, we rewrite Eq. 29 using Eq. 25 which then becomes:
h
T0

n (~R) +WK(~R)
i
�Kk(~R) = EKk�Kk(~R). (30)

Solving Eq. 30 is formally the second step in the BO approximation, and
gives the nuclear wave function �Kk(~R) as a solution. In this equation,
the electronic energy obtained in the first step (Eq. 25) as the eigenvalue
WK(~R), is used as a potential for the nuclear motion.
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2.2.1.1 Vibrational Electric and Magnetic Transition-Dipole Moments

For a transition between two vibrational states (g ! e) of a non-
degenerate electronic state G, the electric and magnetic transition-dipole
moments of a molecular system are respectively:

h Gg|~µel| Gei = h�Gg|h G|~µel| Gi|�Gei =
= h�Gg|h G|~µ

e
el| Gi+ ~µn

el|�Gei (31)

h Gg|~µmag| Gei = h�Gg|h G|~µmag| Gi|�Gei =
= h�Gg|h G|~µ

e
mag| Gi+ ~µn

mag|�Gei (32)

Both nuclear and electronic components of the electric transition-dipole
moment (Eq. 31) can be calculated using BO wave functions. However,
the electronic contribution to the magnetic transition-dipole moment
(Eq. 61) is identically zero within the BO approximation.[21] This follows
from the hermitian and imaginary nature of the ~µe

mag operator together
with the non-degeneracy of G. Therefore we have:

h G|~µ
e
mag| Gi = 0 (33)

This result leads to a scenario where only the nuclei contribute to the
magnetic transition-dipole moment. Therefore, in order to evaluate the
contribution of the electrons to the magnetic transition-dipole moment
we require an expansion of the theory beyond the BO approximation.

2.2.2 Beyond the Born-Oppenheimer Approximation

To obtain more accurate wave functions we use first-order perturbation
theory using the BO wave functions as the zero-order expansion func-
tions. The perturbation Hamiltonian is then constructed using the terms
of the nuclear kinetic energy operator, Tn(~R) (Eq. 27), that were neglected
in the BO approximation:

T
(1)
n (~R) = -

 h2

2

X

�

1

M�

h
(~r2
�)

el + 2(~r�)el(~r�)n
i

. (34)
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where we recall that the superscripts (el) and (n) indicate on which
wave function (electronic or nuclear) the differential operator is oper-
ating. Moreover, since the matrix elements of Hel are zero for K6=G, the
perturbation Hamiltonian (H = Hel +Tn) is reduced to the nuclear kinetic
energy operator Tn.

Consequently, using T
(1)
n (~R) we can refine the BO wave functions:

 cor
Kk (~r;~R) =  Kk(~r;~R) +

X

K 0k 0 6=Kk

aK 0k 0,Kk(~R) K 0k 0(~r,~R), (35)

where the coefficients aK 0k 0,Kk(~R) are defined on the basis of Rayleigh-
Schrödinger perturbation theory as:

aK 0k 0,Kk(~R) =
X

K 0k 0 6=Kk

h K 0(~r,~R)�K 0k 0(~R)|T (1)
n | K(~r,~R)�Kk(~R)i

EKk - EK 0k 0
. (36)

The corrected wave functions are now defined considering a BO vibronic
coupling mechanism. Using the corrected molecular wave functions, the
electronic contribution to the magnetic transition-dipole moment associ-
ated with the transition  Gg !  Ge is given by:

h cor
Gg |~µ

el
mag| 

cor
Ge i =

X

Kk

[h Gg|~µ
el
mag| KkiaKk,Ge+

+ a⇤Kk,Ggh Kk|~µ
el
mag| Gei]. (37)

Note that Eq. 37 can only be evaluated if mixing of BO functions of
electronically excited states with the ground state is taken into account,
which follows from the fact that for K = G:

h Gk|~µ
el
mag| Kk 0i = h�Gk|h G|~µ

el
mag| Ki|�Kk 0i = 0. (38)

Eq. 37 can be simplified by introducing a number of approximations.
First, all electronic matrix elements can be expanded in a Taylor series
around the ground-state equilibrium geometry (~R = ~R0) where only
zero-order terms are kept since it can be assumed that electronic tran-
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sitions take place for stationary nuclear positions (the Franck-Condon
approximation). It follows that:

h G|~µ
el
mag| Ki ' h G|~µ

el
mag| Ki0 (39)

h G|~r2
�| Ki ' h G|~r2

�| Ki0 (40)
h G|~r�| Ki ' h G|~r�| Ki0. (41)

Moreover, we neglect the vibrational contribution to the energy differ-
ence EGg - EKk, and thus:

EGg - EKk ' W0
G -W0

K, (42)

where W0
G ⌘ WG(~R0) and W0

K ⌘ WK(~R0) are the eigenvalues of the
electronic Schrödinger equation (Eq. 25) at the nuclear equilibrium posi-
tions ~R0. Moreover, we use h G|~µel

mag| Ki = -h K|~µel
mag| Gi because ~µel

mag

is purely imaginary, and h�Kk|~r�|�Kk 0i = -h�Kk 0 |~r�|�Kki which follows
from the anti-symmetric property of the operator ~r� with respect to the
interchange of wave functions. We can thus write Eq. 37 as

h cor
Gg |~µ

el
mag| 

cor
Ge i = h�Gg|

X

K 6=G

h G|~µel
mag| Ki

W0
K -W0

G

(h K|T
(1)
n | Gi- h G|T

(1)
n | Ki)|�Gei. (43)

By adopting molecular wave functions with improved accuracy (beyond
the BO approximation), one can generate non-zero electronic contribu-
tions to the magnetic transition-dipole moment. Eq. 43 can be expanded
as a sum over all electronically excited states, which is dependent on the
electronic excitation energies and magnetic transition-dipole moments
between electronic states and the ground state. The vibronically induced
mixing of BO wave functions expressed in Eq. 43 is the essence of the
mechanism through which VCD signals gain intensity. Eq. 43 thus shows
that electronic magnetic transition-dipole moment can be "borrowed"
from these electronic transitions due to mixing of BO states. Despite its
apparent triviality, this result has important consequences for VCD sig-
nal magnitudes, as will be discussed in extense throughout this thesis.
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2.3 vcd calculations using density functional theory

The applicability of VCD as an analytical tool for the determination of
the absolute configuration of chiral molecules generally relies on the
comparison of experimental and simulated VCD spectra. For that pur-
pose, ab initio VCD calculations are nowadays routinely performed using
quantum-chemical software packages such as Gaussian[22, 23] or the
Amsterdam Density Functional (ADF)[24]. However, one must realize
that evaluation of an equation such as Eq. 43, which involves a sum over
all electronically excited states, is not possible without a truncation, i.e.,
considering a finite set of excited states. This problem was successfully
tackled by P. J. Stephens [15] who showed that the sum over states ex-
pression could be rewritten to an expression involving the derivative of
the ground state wave function with respect to nuclear displacement and
the derivative of the ground state wave function with respect to a mag-
netic field perturbation. The underlying assumption is that electronic
wave functions vary slowly with nuclear displacements from the equilib-
rium geometry, which is reasonable for closed-shell organic molecules,
with non-degenerate ground states well-separated from the lower elec-
tronically excited states. This Magnetic Field Perturbation (MFP) theory
is the theory that has been implemented in the Gaussian and ADF sub-
routines for the calculation of VCD intensities. However, if we consider
metal-organic systems with open-shell configurations, which may have
many low-lying electronically excited states, the approximations under-
lying MFP theory break down and one may expect significant differences
between experiment and theory. An extension of the theory of VCD and
infrared absorption for molecular systems with low-lying electronically
excited states has been derived by Nafie [25]. However, as yet, these
equations have not been implemented in quantum-chemical programs.
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2.4 vcd calculations using the coupled-oscillator

model

An alternative to using DFT calculations, is the simpler, semi-
quantitative coupled-oscillator method. In this approach the molecular
vibrations are treated as localized, interacting transition dipoles. Such
an approach is attractive because of its transparency and computational
ease,[26, 27, 28, 29] in particular for large molecular systems such as
polypeptides and helical polymers. Considering the through-space inter-
actions between the transition-dipole moments of such molecules, we
can use this coupled-oscillator approach to interpret the observed VCD
spectra.

To calculate the vibrational frequencies and the vibrational circular
dichroism of a molecule containing n oscillators using the coupled-
oscillator model, we use the "degenerate extended coupled oscillator"
(DECO) model derived by Diem et al.[30] Due to the interaction between
the oscillators, the vibrational normal modes will be delocalized over
the n-mer, i.e., they will involve the vibration of more than one oscilla-
tor. These delocalized normal modes are the eigenstates of the excitonic
Hamiltonian

H =

2

66666664

⌫0 J
12

J
13

. . . J
1n

J
21

⌫0 J
23

. . . J
2n

J
31

J
32

⌫0 . . . J
3n

...
...

... . . . ...
Jn1

Jn2

Jn3

. . . ⌫0

3

77777775

, (44)

where ⌫0 is the frequency of an unperturbed vibrational mode and Jij
the coupling between oscillators i and j. The Hamiltonian H is a symmet-
ric (Hermitian and real) matrix so that Jij = Jji. The interaction between
the oscillators is described by transition-dipole coupling:

Jij =
1

4⇡✏0


~µi · ~µj

|~rij|3
-

3(~µi ·~rij)(~µj ·~rij)
|~rij|5

�
, (45)

where ~rij is the distance vector between dipoles ~µi and ~µj.
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The dipole-dipole interaction lifts the degeneracy of the vibrational fre-
quencies of the oscillators, and gives rise to as many delocalized normal
modes as there are interacting oscillators. The vibrational frequencies of
these delocalized normal modes (excitons) are the eigenvalues of the ex-
citonic Hamiltonian matrix. The dipole (D) and rotational (R) strengths
for the kth exciton are given by[30]

Dk =
NX

i=1

NX

j=1

bikbjk(~µi · ~µj) (46)

and

Rk = -(⇡⌫0/c)
NX

i=1

NX

j>1

bikbjk[~rij · ~µi ⇥ ~µj], (47)

where c is the velocity of light in vacuum, and the bij are the compo-
nents of the eigenvectors of the Hamiltonian. The dipole and rotational
strengths are converted to infrared absorption and vibrational circular
dichroism spectra by convolution with Gaussian or Lorentzian (or a com-
bination of the two) band profiles with suitable parameters.



3
E X P E R I M E N TA L M E T H O D S

In this chapter we describe the experimental methodologies used in the
acquisition of VCD spectra. The chapter is organized in two parts: the
first part contains an overview of the functioning of a Fourier-Transform
VCD setup with the fundamentals of Fourier-transform spectroscopy
and the polarization modulation approach required for the measure-
ment of VCD signals. The second part reports on the design of an
optically-transparent thin-layer electrochemical cell that was specifically
developed for VCD measurements of chiral redox-active molecular sys-
tems.

0 The second part of this chapter has been published in:
Domingos et al. Rev. Sci. Instrum., 84, 033103 (2013).

23
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3.1 vibrational circular dichroism measurements

3.1.1 Fourier Transform Spectroscopy

All infrared absorption and VCD measurements reported in this thesis
were performed using a Fourier-Transform (FT) VCD setup (Bruker) con-
sisting on FT-IR spectrometer (Vertex 70) and a polarization modulation
module (PMA 50). The first design of a FT-VCD apparatus was reported
by Nafie et al., in 1979 [31]. The incorporation of FT-IR instead of con-
ventional dispersive technology led to the first series of VCD measure-
ments showing an unprecedented combination of signal-to-noise ratio
and spectral resolution (Nafie et al., 1982[32]).

Before we describe the experimental details of a FT-VCD measurement
(see section 3.1.2), we will briefly visit the basic principles of FT-IR spec-
troscopy. Fig. 4 shows the layout of a Michelson interferometer. Incoming

FM

D

S MM

ZPD

BS

L

Figure 4: Optical layout of the Michelson interferometer. S: IR source; BS: beam
splitter; FM: fixed mirror; MM: movable mirror; D: detector. The
dashed line represents the ZPD (zero path difference).

light from an IR source (S) hits a beam splitter (BS) of 50% transmittance,
which splits the light into two identical beams. Both beams are reflected
on two distinct mirrors and recombined again by the same BS and sent to
the detector (D). One of the mirrors is fixed (FM) while the other is mov-
able (MM). When both mirrors are at equal distance from the BS they
create a zero path difference (ZPD). However, if the MM is out of the
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ZPD point, the second beam has to travel an additional distance � = 2L

(called retardation), the optical path difference between the two beams.
The interference pattern generated by all wavelengths (called interfero-
gram) is recorded at the detector as intensity as a function of retardation,
I(�):

I(�) =

Z1

0

I(⌫)cos [2⇡�⌫+ ✓(⌫)]d⌫ (48)

where ⌫ represents the frequency values in wavenumbers, and ✓(⌫) is a
phase factor. At the ZPD, the retardation, �, is zero and all wavelengths
interfere constructively forming a center burst. The transmission spec-
trum can be obtained by performing a Fourier transform of the interfer-
ogram:

I(⌫) = FT [I(�)] =
1

2⇡

Z1

0

I(�)cos [2⇡�⌫]d� (49)

3.1.2 Fourier Transform VCD Spectroscopy

Fig. 5 shows a block diagram of the optical-electronic layout of a Fourier-
Transform VCD spectrometer. An IR source emits light which is di-
rected through an interferometer that encodes each spectral point with a
Fourier frequency. The output radiation from the interferometer passes
through an optical filter (F) and is linearly polarized (P) to define a single
state of polarization. The optical filter (F) limits the range of frequencies
that passes through the setup. In this way one can have higher light
intensity for a specific range without saturating the detector (D). The
polarizer (P) selects incoming light linearly polarized 45� with respect to
the stress axes of the photoelastic modulator (PEM).

3.1.2.1 Photoelastic modulator (PEM)

The PEM is the dynamic polarization device that is used to modulate the
polarization of the IR light, crucial for the VCD measurement. It makes
use of the photo-elastic effect to produce alternating left (LCP) and right
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FT-IR
source

P PEM S DF

LIA

�A(�)

IAC(�)

IDC(�)

FT (�F )

FT (�F )

IAC(�)

IDC(�)

(÷)

H
P
F

LP
F

�M

NP LP CP

�F

Figure 5: Block-diagram (optical-electronic) of the employed FT-VCD instru-
ment. F: optical filter; P: polarizer; PEM: photoelastic modulator; NP:
unpolarized light; LP: linearly polarized light; CP: circularly polar-
ized light; S: sample; D: detector; LIA: lock-in amplifier; HPF: high-
pass filter; LPF: low-pass filter; !M: PEM modulation frequency; !F:
Fourier frequency; Ix(�): interferogram; Ix(⌫): transmission intensity;
�A(⌫): differential absorption. Solid red lines represent optical paths.
Dashed lines represent electronic pathways. Solid grey lines represent
references.

circularly polarized (RCP) light. To this purpose, a periodic voltage is
applied to a piezo-electric transducer which applies mechanical stress
onto the photo-elastic material (ZnSe for infrared light). The ZnSe bar is
isotropic in the absence of stress, but becomes birefringent when stress
in applied. The bar vibrates at a frequency determined by its length and
the speed of a longitudinal sound wave. The piezo-electric transducer is
tuned to the resonance frequency of the ZnSe, which is the PEM mod-
ulation frequency. The modulation amplitude of the PEM is linearly de-
pendent on the current on the piezo-electric transducer. Therefore, the
oscillating birefringent effect is at its maximum and generates fully cir-
cularly polarized light, at maximum compression and stretching of the
photo-elastic material (Fig. 6).

For this specific purpose, VPEM(max) is set such that the PEM works
periodically as a quarter-wave retardation plate. The incoming lineally
polarized light is set to 45� with respect to the optical axis of the PEM.
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 0

V P
EM

 0s

h/4

-h/4

RCP

LCP

RCP

LCP

RCP

LCP

Figure 6: Upper panel: Driving
voltage VPEM of the
piezo-electric transducer.
Lower panel: retardation,
 , produced by com-
pressing or stretching
the ZnSe bar. Quarter-
wave (�/4) retardation
is achieved during
maximum stretching or
compression of the bar.

In case of compression, the horizontal component is retarded with re-
spect to the vertical component. Stretching results in retardation of the
vertical component with respect to the horizontal. Depending which
of the components is retarded, LCP or RCP light is generated when
VPEM = VPEM(max).

After passing through the PEM, the beam travels through the sample
(S) and is focused into a nitrogen-cooled Mercury Cadmium Telluride
(HgCdTe or MCT) detector. The beam at the detector is doubly modu-
lated. In addition to the Fourier (low frequency) modulation from the
FTIR source, the beam is modulated between left and right polariza-
tion states at the PEM modulation frequency, which is typically tens of
kilohertz. The signal then follows two independent electronic pathways
(Fig. 5) in order to obtain the differential (AC) signal and the average
(DC) signal.

The DC interferogram, IDC(�), is obtained by passing the signal
through a low-pass filter that removes the high-frequency modulation
and results in the standard FT-IR signal modulated at the Fourier fre-
quencies, !F, constant with respect to the polarization modulation. To
obtain the AC interferogram, IAC(�), a high-pass filter attenuates the
low-frequency component in the detector signal. Demodulation of the
high frequency component is achieved by passing the signal through a
lock-in amplifier (LIA) (Fig.5) which is referenced to !M and returns
the AC interferogram as an output, now only modulated at the Fourier
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frequencies, !F. Both interferograms are then phase corrected (see sec-
tion 3.1.3) and Fourier transformed to yield DC and AC transmission
intensities, IDC(⌫) and IAC(⌫), respectively.

3.1.2.2 Relationship between the AC/DC signals and VCD spectra

The differential absorption between LCP and RCP light, i.e., the VCD
spectrum, is obtained from the ratio of the Fourier-transformed AC and
DC interferograms as follows: [33]

�A(⌫) = AL(⌫)-AR(⌫) =
0.8685

2J1
⇥
 0

M(⌫)
⇤

IAC(⌫)

IDC(⌫)

�
(50)

where, J1
⇥
 0

M(⌫)
⇤

is the first-order Bessel function and  0
M(⌫) is the

maximum retardation induced by the PEM for a certain frequency ⌫.
The ratio is taken in order to normalize out any dependencies on the
source intensity and instrument transmission characteristics. In order to
remove the spectral dependence of the Bessel function, J1

⇥
 0

M(⌫)
⇤
, an

additional calibration measurement is required (see section 3.1.3).

3.1.3 Calibration Measurement

Phase corrections for both AC and DC interferograms have to be de-
termined before the Fourier transforms can be performed (✓(⌫) in
Eq. 48). The two interferograms pass through different electronic path-
ways. Therefore, the Fourier components of the two interferograms expe-
rience different phase shifts for the same Fourier frequency. The lock-in
amplifier time constant and the phase factor introduced to process the
AC signal give rise to this mismatch.

Calibration of the DC interferogram can be done using the intensity
maximum of the interferogram at the ZPD point. This is done automati-
cally by software that controls the FT-IR spectrometer using an algorithm
that determines the phase correction function. However, the algorithm
assumes that all detector intensities are positive, which is not the case for
the AC interferogram. The AC interferogram requires a more delicate
procedure due to its differential nature. Since the intensities of IAC(⌫)
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can be either positive or negative, an auxiliary calibration measurement
is required to determine the phase correction function when only posi-
tive intensities are present. After that, the phase correction is transferred
to the sample measurement of IAC(⌫).

The calibration procedure consists of replacing the sample (S) with a
CdS multiple waveplate (MWP) and a second polarizer (P2) placed be-
hind it (see Fig. 7). The polarizers P and P2 are rotated parallel to each
other. The waveplate is a birefringent (�/4) crystal with the fast axis par-
allel to the modular axis of the PEM. In practice, this means that the
calibration spectrum will exhibit maxima when the CdS plate retards
the component of the circularly-polarized light that was not retarded in
the PEM. Minima will occur when both CdS plate and PEM retard the
same linear component, which results in rotation of the linear polariza-
tion by ⇡ and consequent blockage of the all the light by polarizer P2.
The dependence of Eq. 50 on the Bessel function J1

⇥
 0

M(⌫)
⇤

relies on
the properties of the CdS plate and it is determined from the calibration
measurement as well as all the gain factors introduced by electronics pro-
cessing. The resulting calibration function (0.8685/2J1

⇥
�0M(⌫)

⇤
) is used

to divide the uncalibrated VCD spectrum to obtain the final calibrated
VCD spectrum.

FT-IR P PEM DF MWP P2

Figure 7: Block-diagram for the VCD calibration measurement. The sample (S)
is replaced by a multi waveplate (MWP) and a second polarizer (P2).

3.1.4 Baseline correction

Once the VCD spectrum has been acquired, a baseline correction has to
be applied in order to compensate for small systematic errors introduced
by the VCD instrumentation that return a baseline which do not repre-
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sent the true zero VCD signal. There are many ways to perform this
correction. The most rigorous one consists of the measurement of the
opposite enantiomeric form of the sample under exactly the same exper-
imental conditions (concentration and optical pathlength). Subtraction
of opposite enantiomers divided by two eliminates all possible artifacts,
yielding a baseline corrected VCD spectrum. In case the enantiomer is
not available, one may use a racemic mixture of the compound. However,
subtraction of the spectrum of the test compound by its racemic mixture
has a lower signal-to-noise ratio in comparison with the previous option.
Finally, and perhaps the more commonly used method, uses the solvent
VCD spectrum for the baseline correction. The solvent has a zero VCD
spectrum, but in most cases will contain all possible artifacts. Subtrac-
tion of the solvent VCD spectrum from the VCD spectrum of the test
compound will remove existing artifacts. This last option is used more
frequently since many of the target molecular systems that are investi-
gated with VCD are biological molecules such as enzymes and proteins,
which are not available in racemic or enantiomeric forms.
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3.2 an optically transparent thin-layer electrochemi-
cal cell for the study of vcd of chiral redox-active

molecules

For the experiments described in chapters 5 and 8, an optically trans-
parent thin-layer electrochemical (OTTLE) cell with a locally extended
optical path has been developed to perform vibrational circular dichro-
ism (VCD) spectroscopy on chiral molecules prepared in specific oxida-
tion states by means of electrochemical reduction or oxidation. The new
design of the electrochemical cell successfully addresses technical chal-
lenges involved in achieving sufficient infrared absorption. The VCD-
OTTLE cell proves to be a valuable tool for the investigation of chiral
redox-active molecules.

3.2.1 Introduction

Electrochemical cells that enable secondary chemical reactions to be
monitored in situ under controlled conditions (e.g., temperature, pres-
sure) are very useful for the selective detection, identification and
characterization of short-lived redox species and detailed investiga-
tion of redox paths. [34] Chiral molecules that exhibit distinct chirop-
tical signatures upon electrochemical generation of radical ions in so-
lution have been investigated with electronic circular dichroism (ECD)
spectroscopy.[35, 36, 37] The high ECD signal intensities generally ob-
served for organic or inorganic compounds make CD spectroelectro-
chemistry a suitable tool to determine chiroptical and stereochemical
properties of natural and synthetic optically active compounds. In situ
ECD spectra of electrochemically generated target species have appeared
in several reports on chiroptical activity of redox-active molecular sys-
tems in the UV-Vis spectral region. [35, 36, 37] However, such studies
are limited to species featuring an optically active chromophore.

To the best of our knowledge, the only VCD spectra of chiral organic
radicals have been reported by Mori et al. [38]. However, the radical
cations were obtained on addition of a chemical oxidant so that many
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aspects of the chiroptical activity (e.g. the reversibility of the oxidation,
and possible intermediate states) could not be investigated.

This section contains a technical description of the first practical de-
sign of an optically transparent thin-layer electrochemical (OTTLE)[39]
cell applicable for VCD measurements on electrochemically generated
radical ions, using a commercially available VCD spectrometer.

3.2.2 Practical considerations for spectroelectrochemical measurements

The combination of thin-layer cyclic voltammetry (TL-CV) and spectro-
electrochemistry (SEC) [34] has practical challenges that need to be ad-
dressed. Acquiring acceptable mid-infrared absorption spectra of redox
active species requires combination of an appropriate window material
(e.g., CaF2, BaF2, NaCl, KBr, CsI), supporting electrolyte and aprotic
solvent (e.g., acetonitrile, dichloromethane, tetrahydrofuran, including
their deuterated forms) to create wide transparent spectral windows in
the functional-group, fingerprint and aromatic regions showing charac-
teristic vibrational modes of the redox couples. Often, target compounds
require highly concentrated solutions in order to obtain sufficiently high
optical density (⇡ 1 OD) for a VCD measurement. Working with highly
concentrated solutions (> 10 mM) may lead to complications such as for-
mation of aggregates and irreversible chemical processes. Moreover, the
combination of long measurement times (required to obtain a good VCD
spectrum) and concentrated samples requires a balanced design for an
optimum performance of the cell. For any design of the OTTLE[39] con-
struction, the thickness of the electrolyte layer around the working elec-
trode is a key geometrical detail that determines the electrolysis time.[34]

3.2.3 VCD Spectroelectrochemical Cell

Introducing a more sophisticated design of the working electrode to
meet the practical requirements of a VCD measurement inevitably com-
promises the time for electrolysis to be completed. We have therefore
adapted an OTTLE cell[39] by introducing a relatively long pathlength
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Figure 8: Exploded view of the VCD-OTTLE cell: 1. metal cover plates (with fill-
ing ports); 2. rubber gasket; 3. CaF2 window; 4. custom PTFE spacer
(1 mm thick) with a circular aperture (4 mm diameter); 5. custom
polyethylene-electrode spacer (see enhanced view in Fig. 32); 6. pro-
tective frame; 7. electrode plug.

(1.2 mm) in the probed area, which is customized to efficiently perform
VCD measurements. Details of the cell construction are shown in Fig. 8.
The new construction presents two principal modifications: a) a new non-
planar shape of the working electrode melt-sealed into the polyethylene
spacer together with the counter and pseudo-reference electrodes, and
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Figure 9: Enhanced view of the PTFE spacer and the custom polyethylene-
electrode spacer. WE - working electrode (shaped Pt minigrid), CE
- counter electrode (flat Pt minigrid), RE - pseudo-reference electrode
(Ag wire).

b) addition of an extra PTFE spacer with a customized geometry (see
Fig. 32). In particular, a small cut has been made in the centre of the
5⇥6 mm Pt minigrid, and the cut wires have been folded outwards, re-
sulting in a cylindrical protrusion in the centre of the working electrode
and introducing a 3.5 mm–diameter hole in the centre of the Pt minigrid
(see Fig. 32). A 1 mm thick PTFE spacer with a circular aperture of 4 mm
diameter facing the Pt minigrid aperture (Fig. 32) is placed on top of the
0.2 mm PE spacer with melt-sealed electrodes. The PTFE spacer has four
major functions: it (1) maintains the cylindrical shape of the working
electrode when the upper CaF2 window is put in place; (2) preserves the
thin-layer geometry at the counter and pseudo-reference electrodes in or-
der to avoid diffusion of products from the working electrode; (3) allows
for a large volume of solution only at the probing site so as to increase
the optical pathlength; (4) serves as a mask for the remaining thin-layer
area of the electrode compartment. The total 1.2 mm optical pathlength
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ensures sufficient infrared absorption intensity to measure VCD signals
on solutions with concentrations as low as 7⇥ 10-3 mol dm-3. The pro-
truding cylindrical shape of the minigrid electrode ensures a complete,
although relatively slow (⇡ 3 min), electrochemical conversion along
the whole optical path. Fig. 33 shows the reversible cyclic voltamogram
of 7⇥ 10-3 M of (S)-methyl 2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)propanoate in CD3CN (0.1 M Bu4NPF6) recorded at the scan rate of
5 mVs-1.
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Figure 10: CV of (S)-methyl 2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)propanoate in CD3CN (0.1 M Bu4NPF6) recorded at the scan rate
of 5 mVs-1 with a PA4 Potentiostat (EKOM, Poln, Czech Republic).

The color change of this compound upon reduction can be used conve-
niently to assess whether the redox-active species is actually converted
in the whole cylindrical volume at the probing site. In Fig. 11 we show
photographs of the VCD-OTTLE cell containing the solution of the test
compound. Upon electrochemical reduction, the colorless parent species
is completely converted to the yellow-green radical anion species inside
the cylindrical probing volume. The completion and reversibility of the
electrolysis was confirmed by isosbestic UV-Vis spectral changes (see
ref. [40]). The completion of the electrolysis in the cylindrical space is
probably due to charge migration in the electric field. Importantly, the
same remarkable effect, i.e., completed electrolysis, is observed for an
exclusively thin-layer configuration of the electrode compartment, when
the Pt minigrid working electrode features a 2-mm circular hole in the
center. No electrolysis takes place at this distance from the outer edges
of the working electrode.
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Figure 11: Pictures of the VCD-OTTLE cell containing the neutral (left)
and radical anion (right) forms of (S)-methyl 2-(1,3-dioxo-
1H-benzo[de]isoquinolin-2(3H)-yl)propanoate in CD3CN (0.1 M
Bu4NPF6). Inset: closeup of the cylindrical probing volume before
and after the complete electrolysis.

3.2.4 VCD Spectroelectrochemical Assembly

The spectroelectrochemical VCD measurements were performed using a
Bruker Vertex 70 FTIR spectrometer in combination with a Bruker PMA
50 VCD module. The new design of the OTTLE cell required adapta-
tion of the PMA 50 sample compartment, since the resulting small aper-
ture in the PTFE spacer would otherwise cause significant clipping of
the circularly-polarized infrared light. We therefore assembled an op-
tical (Kepler) telescope in the sample compartment, consisting of two
ZnSe lenses of 50 and 38 mm focal lengths (see Fig. 12). The telescope
allows the circularly-polarized infrared beam to focus into the small vol-
ume of solution where the electrochemical conversion occurs. The 3-mm
beam waist is sufficiently small for all the infrared light to be transmitted
through the 3.5-mm diameter hole in the grid of the working electrode.
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Figure 12: Adapted PMA50 sample compartment where the VCD-OTTLE cell
is fixed in a sample holder arm between the two ZnSe lenses (f = 50

and 38 nm).

3.2.5 Concluding Remarks

The new design of an OTTLE cell enables in situ measurement of VCD
spectra of radicals in solution for both organic and inorganic molecu-
lar systems. This VCD-OTTLE cell has been developed to overcome the
problems encountered due to the inherently small VCD signals, which
is the main topic of this dissertation. The first conclusions drawn from
experiments performed with this cell are discussed in Chapter 5. Along
with this specific purpose, the VCD-OTTLE cell design will be of gen-
eral use by making it possible to investigate redox-active chiral com-
pounds. Using the VCD-OTTLE cell, these compounds can be prepared
in specific oxidation states in a controlled manner and simultaneously
be investigated with VCD, allowing for a detailed determination of their
configuration and conformation.

On a more general level, this cell is also very well suited for the appli-
cation of spectroscopic techniques on redox-active species in which light
scattering needs to be avoided. Examples include time-resolved laser
spectroscopy, non-linear optical techniques and imaging.
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E L U C I D AT I N G T H E B A C K B O N E C O N F O R M AT I O N O F
P H O T O S W I T C H A B L E F O L D A M E R S U S I N G V C D

The backbone conformation of amphiphilic oligo(azobenzene) foldamers
is investigated using vibrational circular dichroism (VCD) spectroscopy
on a mode involving the stretching of the N=N bonds in the backbone.
From denaturation experiments, we find that the VCD response in the
helical conformation arises mainly from through-space interaction be-
tween the N=N-stretch transition-dipole moments, so that the coupled-
oscillator model can be used to predict the VCD spectrum associated
with a particular conformation. Using this approach, we elucidate the
origin of the VCD signals in the folded conformation, and can assign the
observed partial loss of VCD signal upon photo-induced unfolding to
specific conformational changes. Our results show that the N=N-stretch
VCD response provides an excellent probe of the helical conformation
of the N=N bonds in this type of switchable molecular systems.

0 The content of this chapter has been published in:
Domingos et al. Phys. Chem. Chem. Phys., 15, 17263-17267 (2013).
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4.1 introduction

Molecular systems with the ability of undergoing conformational
changes triggered by light have inspired the design of light-activated
molecular machinery. [41, 42, 43, 44, 45, 46] An interesting class of
such artificial molecular architectures are photoswitchable amphiphilic
oligo(azobenzene) foldamers, which can be manipulated to undergo
a helix-coil conformational transition upon photoisomerization around
the N=N bonds, with extraordinary folding-unfolding efficiencies.[42,
47, 48, 49] The backbone of these foldamers consists of azobenzene
monomeric units, which can be assembled to obtain molecular systems
of various lengths (Fig. 13). The photo-induced trans-to-cis isomeriza-
tion triggers a conformational change in the backbone of the Xn azo
helix (where X denotes the number of phenylene units, and n indicates
the number of azobenzene moieties), causing it to unfold.[47, 48, 49] Re-
folding to the helical conformation can be achieved by irradiation with
visible light or alternatively by thermal relaxation.[47, 48, 49]

Figure 13: Side view along the y axis (left) and top view along the z axis (right)
of the backbone structure of an Xn azobenzene foldamer in its folded
conformation. In this case, X = 14 and n = 7. The structure is opti-
mized with the MM2[50] force field.

As yet, the folding and unfolding of synthetic foldamers is gener-
ally investigated using electronic circular dichroism (CD),[51] which



4.2 materials and methods 41

provides a rather indirect probe of the helical backbone conformation.
Here, we investigate the conformation and photo-induced conforma-
tional changes in azo-foldamers using vibrational circular dichroism
(VCD) spectroscopy[52, 15] on a vibrational mode involving the N=N-
stretch and in-plane vibrations of the aromatic rings of the azobenzene
units in the foldamer backbone. In the last decade VCD has emerged
as a powerful structure-resolving tool to study chiral molecules. In
most cases, the interpretation of VCD spectra relies on complementary
density-functional theory (DFT) calculations, and combined with such
calculations VCD provides detailed information on the configuration
and conformation of chiral molecules in the condensed phase.[53, 40, 54,
55, 56, 57, 58, 59, 60, 61] In particular, studies that combine VCD spec-
troscopy and ab initio calculations show convincing results regarding the
preferred secondary structures of foldamers.[62, 63, 64] As an alternative
to spectral interpretation using DFT calculations, the simpler, semiquan-
titative coupled-oscillator method, in which the molecular vibrations are
treated as localized, interacting transition dipoles, is attractive because
of its transparency and computational ease,[26, 27, 28, 29] in particular
for larger systems such as foldamers. Since we find that the N=N-stretch
VCD signal of azo-foldamers arises predominantly from through-space
interaction between the N=N-stretch transition-dipole moments, we can
use this coupled-oscillator approach to interpret the observed foldamer
VCD spectra. We find that the N=N groups give rise to unique VCD sig-
natures, which not only provide direct access to the twist sense of the
helical structure, but also contain more structural information than the
conventional (electronic) CD spectrum.

4.2 materials and methods

The synthesis and purification of the foldamers have been reported
elsewhere.[47] Fourier-transform infrared (FTIR) and VCD spectra were
obtained with a Bruker Vertex 70 spectrometer in combination with a
PMA 50 module for polarization modulation measurements. Samples
of the 147 foldamer were prepared in CD3CN and CD2Cl2 and kept
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in sealed infrared cells with CaF2 windows. Photo-switching of the 147
foldamer was performed using a 450W Xe lamp (Müller Elektronik) and
a notch filter with T=12% at �=358 nm (FWHM=45 nm). The cartesian
coordinates of the nitrogen atoms in the backbone of the 147 foldamer
were retrieved from an optimized structure obtained using the MM2[50]
force field (Fig. 13).

4.3 mode assignment

The folded conformation of a 147 azo-foldamer is structurally orga-
nized as follows: an alternating sequence of seven azobenzene units
is connected through ethynylene bridges. The side chains consist of
oligo(ethylene glycol) moieties, which are attached to the main chain
azobenzene phenyl rings and thus provide the necessary solvophobic
driving force for folding in a polar medium.[47] In addition, the pres-
ence of the side-chains causes a symmetry breaking around the N=N
bond. This lower symmetry as compared to non-substituted azobenzene
gives rise to infrared activity of the vibrational mode involving mainly
the stretching of the N=N bond. For simplicity, we will from now on
refer to this mode (which also involves the phenyl ring vibration) as the
N=N-stretch mode. The infrared activity of the N=N-stretching mode in
such non-symmetrically substituted trans-azobenzene systems has been
convincingly demonstrated for a series of compounds in a recent com-
bined experimental and theoretical study. [65] We confirmed our assign-
ment of the IR band at ⇡ 1450 cm-1 to this mode by quantum-chemical
calculations on an isolated substituted azobenzene unit (Fig. 14). The
geometry optimization and calculation of harmonic vibrational frequen-
cies were performed at the DFT/BLYP/6-31G(d) level of theory for a
simplified model of the system, where we substitute the oligo(ethylene
glycol) branches by ethyl-ester groups. Fig. 14 displays the calculated
displacement vectors and direction of the transition-dipole moment for
the N=N-stretching mode. We find the transition dipole to be approxi-
mately collinear (⇡15

�) with the N=N bond.
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Figure 14: Displacement vectors (in blue) and transition dipole moment vector
(~µ, in yellow) for the N=N-stretching mode (⌫ = 1450 cm-1) of asym-
metrically substituted azobenzene calculated at the DFT/BLYP/6-
31G(d) level of theory. A–top view; B–side view.

4.4 n=n-stretch vcd spectra

Initially we investigate to what extent the observed VCD signal arises
from through-space interactions between the N=N-stretch transition-
dipole moments. Previous studies with electronic CD have shown that
the helical content of 147 in CD3CN solution progressively vanishes
upon addition of CDCl3 to the solution due to the reduction of the
solvophobic effect. We therefore measured the IR and VCD spectra of
a 10-4 M solution of 147 in CD3CN and CD2Cl2 (Fig. 15; CD2Cl2 rather
than CDCl3 was used as a solvent because of strong infrared absorp-
tion of CDCl3 in the N=N-stretch region). We find no N=N-stretch VCD
signal arising from the denatured, optically-inactive conformation of the
foldamer in apolar media. This proves that the VCD signals observed for
the folded conformation (black solid line in Fig. 15) arise mainly from
the helical arrangement and though-space coupling of the N=N-stretch
vibrational chromophores.

4.4.1 Coupled-oscillator model for the N=N-stretch modes

To calculate the vibrational frequencies and the vibrational circular
dichroism of a helical azo-foldamer containing n N=N groups using
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Figure 15: Infrared absorption (upper panel) and VCD (lower panel) spectra of
the 147 azo-foldamer in the folded (CD3CN, solid black lines) and
unfolded conformation (CD2Cl2, dashed red lines).

the coupled-oscillator model, we use the formalism derived by Diem et
al.[30] Due to the interaction between the N=N-stretch modes, the N=N-
stretch normal modes will be delocalized over the helix, i.e., they will
involve the vibrational motion of more than one chromophore. These
delocalized normal modes are the eigenstates of the excitonic Hamilto-
nian

H =

2

66666664

⌫0 J12 J13 . . . J1n

J21 ⌫0 J23 . . . J2n

J31 J32 ⌫0 . . . J3n
...

...
... . . . ...

Jn1 Jn2 Jn3 . . . ⌫0

3

77777775

(51)

where ⌫0 is the frequency of an unperturbed N=N-stretch mode, Jij the
coupling between N=N-stretch modes i and j. The Hamiltonian H is a
symmetric (Hermitian and real) matrix so that Jij = Jji. The interaction
between the N=N groups is described by transition-dipole coupling:

Jij =
1

4⇡✏0


~µi · ~µj

|~rij|3
-

3(~µi ·~rij)(~µj ·~rij)
|~rij|5

�
, (52)
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where~rij is the distance vector between dipoles ~µi and ~µj (Fig. 16). Note
that the meta-linkages between the individual azobenzene repeated
units prevent any through-bond coupling due to cross-conjugation.

N

N
N

N

N

~r12

~µ1

~µ2

~µ3

N

Figure 16: Schematic representation of a Xn foldamer backbone with three
monomeric N=N units. Each transition dipole is considered to be
collinear with the respective N=N bond.

The dipole-dipole interaction lifts the degeneracy of the N=N-
stretching frequencies, and gives rise to as many delocalized normal
modes as there are interacting N=N oscillators. The vibrational frequen-
cies of these delocalized normal modes (excitons) are the eigenvalues of
the excitonic Hamiltonian matrix H. The dipole (D) and rotational (R)
strengths for the kth exciton are given by[30]

Dk =
NX

i=1

NX

j=1

bikbjk(~µi · ~µj) (53)

and

Rk = -(⇡⌫0/c)
NX

i=1

NX

j>1

bikbjk[~rij · ~µi ⇥ ~µj], (54)



46 elucidating the conformation of foldamers using vcd

where c is the velocity of light in vacuum, and the bij are the compo-
nents of the eigenvectors of the Hamiltonian. The infrared absorption
and vibrational circular dichroism spectra are calculated using Eqs. 53

and 54, respectively, and convoluted with a Lorentzian band profile of
4 cm-1 FWHM.

4.4.2 147 azo-foldamer

In Fig. 17a and 17b (solid lines) we show experimental FTIR and VCD
spectra of the 147 azo-foldamer, respectively, in the N=N-stretch spectral
region. Using the experimental infrared absorption spectrum (Fig. 17a,
solid line), we determine the magnitude of ~µ from the integrated absorp-
tion coefficient A =

R
✏(⌫)d⌫. This value is used to calculate the coupling

terms in Eq. 52 and construct the Hamiltonian with solely ⌫0 as a free pa-
rameter. Fig. 17c and 17d show simulated infrared absorption and VCD
spectra (with |~µ| = 0.12 Debye), respectively, for the N=N-stretch modes
calculated using the coupled-oscillator formalism described above. The
experimental VCD pattern, which exhibits a characteristic bisignate sig-
nal (positive couplet), is nicely reproduced in the simulated spectrum.
The three most IR-intense calculated eigenmodes have vibrational fre-
quencies 1452, 1451 and 1450 cm-1. The remaining four predicted eigen-
modes have extremely weak intensities (less than 5% of the total inten-
sity) and therefore are neglected in the following analysis.

Fig. 18 displays the three most intense normal modes as color coding
on schematic representations of the 147 backbone structure. The color
code is used to illustrate the relative amplitudes (eigenvector coefficients
bij) of the N=N oscillators in the eigenmodes that constitute the VCD
spectrum (Fig. 17d). Eigenmode I (Fig. 18–I), which gives rise to the neg-
ative VCD peak (⇡1452 cm-1) has its origin in a strong coupling (with
negative amplitudes) of the three vertically aligned N=N units (terminal
and central unit), while the interior units are not strongly involved. On
the other hand, eigenmode II (Fig. 18–II), which gives rise to the positive
VCD peak (⇡ 1448 cm-1), originates from strong coupling (with positive
amplitudes) of the terminal and central N=N unit (as opposite to eigen-
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Figure 17: Observed (a,b) and calculated (c,d) infrared absorption and VCD
spectra of the N=N-stretching mode for the 147 azo-foldamer in its
folded conformation (E form, red curves). Infrared absorption and
VCD spectra for the 147 azo-foldamer upon photo-excitation are de-
picted in dashed-lines (Z form, black curves). Observed (b) and cal-
culated (d) VCD spectra of a native 105 azo-foldamer (dashed blue
curves).

mode I) in addition to a strong coupling (with negative amplitudes) be-
tween the remaining interior N=N groups. Finally, eigenmode III arises
from strong contributions with opposite signs from the interior N=N
units (the N=N units involved are depicted with the same color code
in Fig. 18), while both terminal and central units have negligible contri-
butions (Fig. 18–III). It is thus clear that the most intense VCD peaks
arise from normal modes involving triply stacked terminal N=N groups.
This is confirmed by measurement on a 105 foldamer which lacks such
triple-stacked arrangement. The VCD spectrum of a native-helical 105
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Figure 18: Schematic representation of the relative amplitudes (eigenvector
coefficients bij) of the N=N oscillators in the eigenmodes I–
(1452 cm-1), II–(1451 cm-1) and III–(1450 cm-1) respectively.

foldamer is shown in Fig. 17b (dashed blue curve). The lack of signal
intensity is consistent with a helical conformation lacking triple-stacked
N=N units when compared with that of the 147 foldamer (with 7 N=N
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units). Moreover, in Fig. 17d (dashed blue curve) we show the simulated
VCD spectrum of a 105 foldamer obtained with |~µ| = 0.12 Debye as an in-
put parameter in the model. The signal magnitudes are extremely weak
compared with those of the 147 foldamer, which confirms our conclusion
that the VCD arises mainly from the triple-stacked N=N bonds.

Clearly, the coupled-oscillator formalism applied to the backbone
N=N units successfully describes the observed features in the VCD spec-
trum of the 147 azo-foldamer. The good agreement of simulated and
observed spectral features confirms the conclusions from the previously
reported ECD spectra regarding the native-folded conformation of the
azo-foldamer backbone.[47, 48, 49] The nice agreement between the ob-
served and the modeled VCD spectra furthermore nicely corroborates
the right-handed helix twist sense (P-helicity), which was previously as-
signed based on the shape of the exciton couplet.[66, 67]

4.4.3 Photo-induced 147 unfolding

To determine the effect of azobenzene E!Z photoisomerization on the
VCD response we irradiated a 10-4 M solution of 147 in CD3CN at
� = 358 nm using a 500W Xe lamp equipped with a notch filter for a pe-
riod of 24 h to assure reaching the photostationary state (PSS). Upon ir-
radiation, the 147 azo-foldamer undergoes a helix-coil transition, leading
to a PSS in which a fraction of the N=N units is in the Z-configuration,
leading to partial denaturation of the folded helical state. Previous stud-
ies have shown that in the PSS approximately 40% of the N=N units that
are in the Z-form belong to the termini.[47] The IR and VCD spectra in
the PSS are shown in Fig. 17a and 17b (dashed lines). While the IR spec-
trum shows only a slight red-shift, the VCD couplet is reduced in inten-
sity by approximately 50%. This decrease in signal magnitude corrob-
orates the previous conclusions based on electronic circular dichroism
experiments, [47] where the decrease in signal intensity was assigned
to the loss of excess helicity of the azo-foldamer. The observed decrease
in intensity of the VCD bisignate signal (Fig. 17b) is consistent with the
predicted role of eigenmodes I, II as local probes for the coupling of
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the N=N termini and core units, which is partially disrupted upon pho-
toisomerization. Moreover, the partial denaturation of the foldamer, i.e.,
the reorientation of the termini and subsequent loss of helical content,
effectively leads to the formation of a 105-type foldamer, in which the
backbone is still a helical structure, but now with less transoid backbone
N=N units. This observation is in agreement with the unfolding mecha-
nism proposed in which unfolding occurs predominantly starting from
the termini of the foldamer.[47]

4.5 conclusion

Our results demonstrate that VCD can be used to probe conformational
changes during the folding and unfolding of azobenzene foldamers. The
fact that the measurements can be interpreted using a simple coupled-
oscillator approach ensures a straightforward relation between observed
VCD spectra and the foldamer conformation. Much more detailed in-
formation can be obtained from VCD measurements on foldamers in
which specific N=N bonds have been isotope-labeled. These labeled
N=N bonds will have a different local-mode stretching frequency, and
will be spectrally isolated from the other N=N bonds. They can there-
fore be described by a smaller (ideally 2 ⇥ 2, if two N=N bonds are la-
beled) Hamiltonian. Such experiments should make it possible to probe
conformational changes at specific sites in the foldamer backbone, and
the interpretation should be just as straightforward as for the unlabeled
foldamers studied here.
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A M P L I F Y I N G V I B R AT I O N A L C I R C U L A R D I C H R O I S M
B Y M A N I P U L AT I O N O F T H E E L E C T R O N I C
M A N I F O L D

Vibrational circular dichroism is a powerful technique to study the stere-
ochemistry of chiral molecules, but often suffers from small signal inten-
sities. In this chapter, electrochemical modulation of the energies of the
electronically excited state manifold is demonstrated to lead to an order-
of-magnitude enhancement of the differential absorption. Quantum-
chemical calculations show that increased mixing between ground and
excited states is at the origin of this amplification.

0 Part of the content of this chapter has been published in:
Domingos et al. Chem. Commun., 48, 353-355 (2012).
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5.1 introduction

The development of tools to unambiguously assign the absolute con-
figuration of naturally occurring and synthetic chiral molecules is of
major importance for biochemical and pharmaceutical research. Vibra-
tional Circular Dichroism (VCD), the infrared circular dichroism associ-
ated with vibrational transitions of chiral molecules, is a powerful spec-
troscopic method for this purpose since it makes it possible to determine
the absolute configuration and conformation (or distribution of confor-
mations) of a molecule without reference to any previous empirical rules.
However, in many cases VCD measurements are difficult because of
the small signal magnitudes (the differential absorption being typically
10-5 of the absorption itself). Such small intensities can be measured
routinely nowadays, but at the expense of long measuring times. Strate-
gies that would enhance VCD signals and thereby improve the ability
of accurately differentiating between optical isomers by means of their
vibrational signatures could therefore be of substantial importance.

It has been reported previously that molecular systems with low-
lying electronically excited states can exhibit strongly enhanced VCD
signals [68, 69, 70]. The origin of this enhancement can be understood
from the expression for the vibrational magnetic-dipole transition mo-
ment derived in the vibronic coupling theory for VCD [14, 25]. The
theoretical arguments that sustain this phenomenon are explained in
chapter 2. In this chapter, we present a novel approach to amplify VCD
signals by modulation of the energies of the excited-state manifold in a
controlled way using spectroelectrochemistry (SEC) [71, 72, 73]. For this
purpose we performed VCD–SEC measurements on two enantiomeric
compounds, henceforth to be designated as (R)–1 and (S)–1 (1 = methyl
2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoate, Fig. 19). The
experimental apparatus developed for this kind of measurements is de-
scribed in detail in Chapter 3 (section 3.2).
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Figure 19: Chemical structure of compounds (R)- and (S)-methyl 2-(1,3-dioxo-
1H-benzo[de]isoquinolin-2(3H)-yl)propanoate.

5.2 synthetic methods and experimental procedures

A mixture of 2.50 g of 1,8-naphthalic anhydride and 2.0 g of L-alanine
methyl ester hydrochloride (Aldrich) and 4 ml of triethylamine (TEA) in
150 ml of methanol under Ar was refluxed for 15 h. After approximately
1 hour of reflux a clear solution was obtained. The brown solution was
concentrated with a rotavap to give a pale brown solid residue. Stand-
ing at room temperature a precipitate is formed. After cooling in ice
the precipitate was filtered off, washed with cold methanol and dried
in vacuum. Yield: 1.772 g, mp.156-8� C (needles). The procedure was
repeated with D-alanine methyl ester hydrochloride (Aldrich). The op-
tical rotation of (R)-1 and (S)-1 was measured using the Sodium D line:
[↵]D20=0.131

� (concentration: 2.7mg/mL, CH3CN) and [↵]D20=-0.123

�

(concentration 2.6mg/mL, CH3CN), respectively. For the spectroelec-
trochemical measurements, tetrabutylammonium hexafluorophosphate
(Bu4NPF6, Sigma Aldrich) was used as supporting electrolyte. Dry
deuterated acetonitrile (CD3CN) was used as the standard solvent in
all the experiments. All samples were prepared under a N2 atmosphere.
Fourier-transform infrared (FTIR) and VCD spectra were recorded on a
Bruker Vertex 70 FTIR spectrometer in combination with a PMA 50 mod-
ule (with 2 cm-1 and 4 cm-1 spectral resolution, respectively). UV-Vis
absorption spectra were obtained with a HP 8453 UV-Vis Spectropho-
tometer.
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5.3 results and discussion

5.3.1 VCD enhancement in electrochemically generated radical anions

To investigate the effect of electrochemical reduction on the VCD re-
sponse, we measured IR and VCD spectra of compounds (+)-1 and (-)-1
(Fig.19) both in their neutral and radical anion forms.

The FTIR spectrum of neutral (-)-1 is shown in Fig. 20B (blue
curve). In the 1500-1780 cm-1 frequency range four dominant vibra-
tional modes (A1 -A4) can be identified and assigned by comparison
with literature [74]. The FTIR spectrum of the radical anion (red curve
in Fig. 20B), was obtained upon complete reduction of a 35 mM solu-
tion of (-)-1 in CD3CN (10-1M Bu4NPF6) at 293 K, using an OTTLE
cell [39, 75]. The thin-layer (TL) cyclic voltammogram (CV) for (-)-1
shows a completely reversible cathodic wave (see Fig. 20A). The ob-
served reduction potential (E1/2 = -1.3 V vs. Fc/Fc+) is in good agree-
ment with previously reported values for similar systems. [74] Interme-
diate spectra were recorded in small potential steps across the cathodic
wave, and IR spectral changes were monitored at each step (Fig. 20B).

Comparison of the IR spectra of neutral and anionic (-)-1 shows that
the IR bands A2 and A3 of the neutral at 1704 cm-1 and 1667 cm-1,
assigned to the symmetric and asymmetric C=O stretching modes of the
naphthalimide moiety, are red-shifted in the radical anion to 1615 cm-1

(A2⇤) and 1562 cm-1 (A3⇤), respectively. The naphthalimide aromatic
C=C stretching mode (A1) observed in neutral (S)-1 at 1589 cm-1 is
red-shifted to 1525 cm-1 (A1⇤) in the radical anion. The methyl ester
C=O stretching mode of the amino-acid moiety (A4) at 1750 cm-1 is
red-shifted to 1740 cm-1 (A4⇤) in the radical anion.

The VCD spectra of 7 mM solution of neutral and radical anion (+)-1
and (-)-1 are displayed in Fig. 20C. Spectra for both enantiomers have
been obtained by averaging three consecutive sets of 20 min. scans (for
the neutral) and three sets of 2 min. scans from independent but consec-
utive CV cycles. For neutral (+)-1 and (-)-1, three features R2, R3 and R4

can be observed in the VCD spectra. These bands are red-shifted for the
radical anion of (+)-1 and (-)-1 to the features R2⇤ , R3⇤ and R4⇤ , respec-



5.3 results and discussion 55

-50
 0

 50

-1.4 -1.3 -1.2 -1.1

I[mA](E[V])

 0

 2

 4

 6

 8

¡ 
(M

-1
 c

m
-1

) 
x 

10
-2 A1*

A2*

A3*

A4*
A1

A2

A3
A4

 0

 1

1500 1550 1600 1650 1700 1750

Frequency (cm-1)

6
¡ 

(M
-1

 c
m

-1
)

R2 R3 R4

R1*
R2*

R3*

R4*

(<)-1

(+)-1

neutral

radical anion

C

B

A
Figure 20: A: Thin layer cyclic

voltammogram
of (-)-1 obtained
using the OTTLE
cell. B: Potential-
dependent steady-
state IR spectra of
35 mM (-)-1 (opti-
cal path = 200 µm).
The blue and red
curves represent
the spectra of the
initial (neutral) and
final state (radical
anion), respectively.
C: VCD spectra of
7 mM (-)-1 (solid-
line) and 7mM
(+)-1 (dashed-line)
(optical path = 1.2
mm) for the neutral
(blue) and radical
anion (red) species.
The spectra for the
radical anion are
vertically offset for
clarity.

tively. Moreover, the spectra show another band R1⇤ that is not visible in
the spectrum of the neutral. Importantly, we find that the VCD signals
are enhanced up to one order of magnitude compared to the neutral
species. As will be argued in the following, this enhancement is due a
strong vibronically induced mixing of low-lying electronic excited states
with the ground state in the electrochemically generated radical anion
species.
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5.3.2 Low-lying electronically excited states

The peak intensities in VCD spectra are proportional to the rotational
strength, given by: [76]

R = Im[h i|~µel| fi · h f|~µmag| ii] (55)

where ~µel and ~µmag are the electric and magnetic dipole moment opera-
tors, respectively, and | ii and | fi are the total wave functions for the
initial and final states. It has been shown previously [77] that within
the Born-Oppenheimer (BO) approximation, the electronic contribution
to the vibrational magnetic transition dipole moment ~µmag is identically
zero, and that VCD can be described only if vibronically induced mix-
ing of the BO wave functions of the electronically excited states and the
ground state is taken into account. [14, 15] In particular, it can be shown
that when a molecule is in an electronic state | 0i, the electronic contri-
bution to the magnetic transition dipole moment of a transition between
the ⌫ = 0 and ⌫ = 1 levels of a vibrational mode is given to first order
by: [14, 15]

h f|~µ
e
mag| ii = h�⌫=0|

X

K 6=G

h 0|~µe
mag| Ki

WK -W0

(h K|Tnucl| 0i- h 0|Tnucl| Ki)|�⌫=1i (56)

where |�⌫=0i and |�⌫=1i are the nuclear wave functions of the ⌫ = 0 and
⌫ = 1 states in the electronic ground state | 0i, and Tnucl is the nuclear
kinetic energy operator. ~µe

mag is the electronic magnetic transition dipole
moment, | 0i and | Ki are the BO electronic wave functions for the
ground state and the Kth electronically excited state, with energies W0

and WK, respectively.
For large energy gaps between ground and electronically

excited states, the coefficients in the perturbation expansion,
h 0|~µe

mag| Ki/(WK - W0) (see Eq. 56), are small due to large en-
ergy denominators. As a consequence, the VCD signals are very small.
This is the case for nearly all closed-shell organic molecular systems.
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In open-shell species, on the other hand, the first electronically excited
states are generally at much lower energies. Equation 56 shows that this
leads to a strong increase in the magnetic-transition dipole moments,
and thus in the VCD amplitudes. Indeed, the UV-Vis absorption spec-
trum of the radical anion displayed in Fig. 21 shows absorption bands at
much longer wavelengths than the corresponding spectrum of the neu-
tral system. We have confirmed the presence of these low-energy states
and identified their electronic characteristics using time-dependent
density functional theory (TD-DFT) calculations on the most stable
conformer of the radical anion. The low-energy nature of these excited
states induces mixing of their wave functions into the ground state,
increasing the total number of adiabatic electronic states contributing to
the vibrational eigenfunctions, and leading to strongly enhanced VCD
signals, as confirmed by our experimental results.

From the TD-DFT calculations we can assign two almost degenerate
electronic states, D1 and D2, contributing to the absorption band at
822 nm in Fig. 21. Interestingly, we find that the electronic magnetic
transition-dipole moment h 0|~µe

mag| 2i between the ground state and
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Figure 21: UV-Vis spectra of (-)-1 in the neutral (blue) and radical anion (red)
forms.
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Figure 22: Difference density plots (isovalue 0.004) for the first (left) and sec-
ond(right) excited states (D1 – D0) and (D2 – D0), respectively, from
a TD-DFT (B3LYP/6-31G(d,p)) calculation on the radical anion of
(S)-1, where blue color represents negative (lost ground-state) den-
sity and the yellow color positive (gained excited-state) density.

D2 is one order of magnitude larger than for any other of the first ten
electronically excited states. Equation 56 thus tells us that D2 will be a
dominant contributor to the vibrational magnetic transition dipole mo-
ment, not only because of the relatively small energy gap (W2 -W0),
but also because of the large value of the h 0|~µe

mag| 2i matrix element.
It will therefore magnify the vibrational magnetic transition dipole mo-
ment, and thus the VCD intensity. The difference density plot between
D2 and the ground state D0 shows that the electron density on the naph-
thalimide carbonyl groups is noticeably different in D2 and D0, while
the electron density on the carbonyl group near the methyl ester is the
same in the two states. The dominant role of D2 in the expansion of
the vibrational magnetic transition moment (Eq. 56) makes one there-

Table 1: Electronic magnetic transition-dipole moments between the ground
and Kth electronically excited state (arbitrary units).

K 1 2 3 4 5 6 7 8 9 10

h 0|~µ
e
mag| Ki 0.07 1.61 0.01 0.10 0.18 0.05 0.08 0.35 0.50 0.08
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fore expect that the VCD of the naphthalimide C=O-stretching modes
would be affected in particular. Our experimental results nicely confirm
this expectation: we observe maximum VCD enhancement (one order of
magnitude) for the symmetric naphthalimide C=O-stretching mode. It is
satisfying to note that our observations are internally consistent in other
respects, as well. From a purely energetic point of view, D1 might also be
expected to make a significant contribution to the vibrational magnetic
transition dipole moment. Difference density plots between D1 and D0

show, however, that the electron density on the naphthalimide carbonyl
groups is hardly different in D1 and D0 (Fig. 22). A dominant contri-
bution of D1 in Eq. 56 would thus be at odds with an enhancement of
the naphthalimide C=O-stretching modes. Indeed, the influence of D1 is
greatly reduced in the end on account of the small electronic magnetic
transition dipole moment from the ground state (Table 1).

5.3.3 Conformational analysis

In the previous sections of this chapter we have shown that modulation
of the electronic excitation energies can be used advantageously to en-
hance VCD signals. Here, we will be concerned with the absolute config-
uration and conformation of the compounds used in the present study.
To this purpose four different conformers were identified at the AM1

semi-empirical level for both the neutral and the anionic species. The ge-
ometries of these conformations served as a starting point for further op-
timization at the DFT level of theory using the B3LYP functional and the
6-31G(d) and 6-31+G(d,p) basis sets for neutral and radical anion species,
respectively. All calculations were performed with Gaussian 03 [78]. The
final structures that were thus obtained for the neutral molecule are dis-
played in Fig. 23. For the radical anion the same conformations were
obtained with only minor changes in geometrical parameters.

Conformers 1a and 1b were found to have the lowest energy in both
the neutral and anionic forms. For the neutral conformer, 1b has the low-
est energy with conformer 1a being 0.7 kcal/mol higher in energy, for
the anion the energies of the two conformers are within 0.01 kcal/mol.
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(S)-1c

(S)-1a

(S)-1d

(S)-1b

Figure 23: Equilibrium geometries obtained at the B3LYP/6-31G(d) DFT level
of theory, for the four conformations of (S)-1, ordered from lower to
higher energy a–d.

Such energy differences are far smaller than the accuracy of the calcula-
tion. We therefore have to assume that both conformers can in principle
contribute to the observed IR and VCD spectra. Neutral (anionic) con-
formers 1c and 1d, on the other hand, have energies that are 13.9 (13.0)
and 10.4 (10.5) kcal/mol higher than the lowest energy conformer, and
can thus safely be ruled out as being present under the employed exper-
imental conditions.

At each of the optimized geometries harmonic force fields were calcu-
lated. From the calculated dipole and rotational strengths IR and VCD
spectra were simulated assuming Lorentzian band shape with a width
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Figure 24: Observed and calculated IR (upper-panel) and VCD (lower-panel)
spectra for the neutral (left) and radical anion (right) species of (-)-
(S)-1. All spectra are scaled and normalized for clear comparison.

of 2 and 4 cm-1, respectively, and scaling the computed frequencies
with a factor of 0.97. In Fig. 24 we show the observed and calculated
IR and VCD spectra for the neutral species of (S)-1. From comparison
of the observed spectra in Fig. 24 and calculated spectra for the (S) con-
figuration, we assign the absolute configuration as (-)-(S)-1. In general,
good agreement is observed between the experimental spectra and the
predicted spectra of conformations that are expected to be dominantly
present. The sign pattern and intensities predicted for the VCD spectra
of conformers 1c and 1d are irreconcilable with the experimentally ob-
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served patterns, confirming their absence under employed experimental
conditions. A more detailed comparison of the spectra predicted for con-
formers 1a and 1b with the experimental spectra rapidly leads to the
conclusion that the IR spectrum is not sensitive enough to distinguish
the subtle geometrical differences between 1a and 1b, and therefore can-
not provide a means to access their configuration to the experimental
spectrum. The VCD spectrum has in that respect much more resolving
power. Inspection of the 1400–1800 cm-1 region shows that the exper-
imental spectrum — and in particular the sign pattern — is in signif-
icantly better agreement with the predicted spectrum of conformer 1a
than of 1b. Nevertheless, the oppositely predicted sign of the band at
1700 cm-1 and the intensity of the 1750 cm-1 band remains at odds
with the observed spectrum.

Recently, the concept of robust normal modes has been intro-
duced. [79] Such modes have been defined as modes for which the an-
gles between the electronic and magnetic transition dipole moments dif-
fer by at least 30

� from 90

� and have rotational strengths of significant
magnitude. In that study it was concluded that preferably only robust
modes should be employed for configurational and conformational as-
signments as other modes are too sensitive to the finer details of the
calculations. Analysis of the modes of (S)-1 in the 1400-1800 cm-1 re-
gion shows that in the present case none of the modes can be marked
as robust. In fact, we find for the modes at 1700 cm-1 and 1750 cm-1

angles that are close to 90

�, rationalizing the discrepancies between ex-
periment and theory observed for these two modes.

In Fig. 24 we show the observed and calculated IR and VCD spec-
tra for the radical anion species of (-)-(S)-1. Again, we find very good
agreement between experimental and calculated IR spectra, but no dis-
tinct markers that would enable us to rule out one or more conformers.
However, as was argued for the neutral species, the absence of spectral
signatures of 1c and 1d in the VCD spectrum of the radical anion in-
dicates that these conformers are not present. It is considerably more
difficult to determine in which ratio conformers 1a and 1b are present.
Comparison of the experimental VCD spectrum with the predicted spec-
tra for 1a and 1b in the spectral region where the experimental spectrum



5.4 final remarks 63

has relevant intensity shows a fair agreement, but the only mode that ap-
pears to be truly distinctive is the one at 1750 cm-1. We recall that the
two conformers are predicted to have similar energies. Indeed, analysis
of the experimental spectrum in terms of varying contributions of the
predicted spectra for 1a and 1b indicates that it is rather plausible that
both conformers contribute to the experimental spectrum.

5.4 final remarks

We have observed a strong enhancement of VCD signals upon the elec-
trochemical reduction of a closed-shell organic compound in solution:
the conversion from neutral molecule to radical anion increases the VCD
signals by up to one order of magnitude. Such intensity-enhanced VCD
arising from the presence of electrochemically “created” low-lying elec-
tronic states should be a general phenomenon in organic compounds. As
such, electrochemical VCD can be a valuable tool for amplifying signals
in molecules that have small VCD amplitudes, or that can be studied
only at low concentrations (see Chapter 8).





6
E N H A N C E D V C D A N D N L O R E S P O N S E I N
C RY S TA L L I N E H O S T- G U E S T A R C H I T E C T U R E S

We have observed large second-order nonlinear optical (NLO) and vibra-
tional circular dichroism (VCD) responses in a charge-transfer-type L-
Histidinium salt. Using X-ray Diffraction, VCD spectroscopy and Time-
Dependent Density Functional Theory (TDDFT) we employ a two-level
model to explain and quantify the strongly enhanced optical signals.
We find that both linear and nonlinear optical responses are greatly en-
hanced by a single low-lying charge-transfer state.

0 The content of this chapter has been published in:
Domingos et al. J. Chem. Phys., 136, 134501 (2012).

65



66 enhanced vcd and nlo in crystalline architectures

6.1 introduction

The majority of the early nonlinear optical materials were based on inor-
ganic crystals. In the last three decades, focus has shifted toward organic
compounds due to the much larger design flexibility they offer, which
allows for a fine tuning of the microscopic properties and thus of the
linear and nonlinear optical behavior of the materials[80, 81]. Organic
materials have been found to exhibit second-harmonic generation (SHG)
efficiencies that by far exceed those obtained from inorganic NLO al-
ternatives such as lithium niobate (LiNbO3) or potassium dihydrogen
phosphate (KDP)[82, 83]. Other advantages of organic materials include
fast response times and high optical damage thresholds. Apart from the
more common push-pull molecules, several approaches to chromophore
optimization have been proposed such as the use of octupolar systems
[84, 85] and molecules with tuned bond length alternation[86]. All these
attempts to obtain NLO materials with an enhanced performance lead to
molecular systems with the same basic electronic characteristics: a con-
jugated ⇡-electron system, asymmetrically substituted by electron donor
and acceptor groups to ensure the presence of low-lying electronically
excited states of strong intramolecular charge-transfer excitation charac-
ter.

An alternative approach to obtain a large NLO response is to de-
vise molecular systems in which charge transfer occurs between non-
covalently bound chromophores, i.e. by intermolecular or “through-
space” charge transfer. Di Bella et al. performed a computational study of
intermolecular charge transfer for a variety of donor-acceptor pairs [87].
Experimentally, the influence of through-space charge transfer on NLO
properties has been investigated recently with alternating stacks of
2-amino-1,3-benzothiazole and ethylcoumarin-3-carboxylate[88]. How-
ever, the observed NLO response was modest due to the symmetry
of the crystal unit cell. Two important studies of substituted paracyclo-
phane compounds [89, 90], using the collective electron oscillation (CEO)
approach[91], also indicated a significant role of through-space charge
transfer in the second-order nonlinear response of these compounds.
The crystal engineering strategy of co-crystallizing anionic-cationic moi-
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eties has also been used to enhance the quadratic nonlinear optical
properties[92, 93, 94, 95, 96]. Therefore it seems clear that low-lying
charge-transfer excited states can play an important role in enhanced
NLO responses.

VCD is a spectroscopic technique that is currently used as a highly
sensitive infrared probe for stereoisomer identification, absolute config-
uration and conformation assignment. In chapter 5 we demonstrated
that modulation of the energies of the excited-state manifold can lead
to an order-of-magnitude enhancement of the VCD signals[97]. The en-
hancement of NLO and VCD signals thus finds a common origin in the
dominating role of low-lying electronically excited states.

Here, we present experiments on crystals of a novel com-
pound, L-histidinium 5-nitro-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-1-
ide (L-His+5NU-), that confirm this idea. We find that both the NLO
(SHG) and VCD response of this crystal are strongly enhanced. We
present a quantitative method to predict the magnitude of the enhanced
SHG and VCD signals using the same two-level approach that makes use
of the ground state and the lowest electronically excited state. We will
show that this approach enables quantitative prediction of the observed
SHG and VCD signal magnitudes, and thus is a promising method to
predict nonlinear and linear responses, paving the way for controlled
amplification using new optical materials.

The chapter is organized as follows: in section 6.2 we describe the
experimental methods used in this work. Section 6.3 comprises the the-
oretical methodologies implemented in the model. In section 6.4 the re-
sults (crystal structure, nonlinear susceptibilities, VCD) are discussed, in
particular the influence of low-lying electronically excited states on the
linear and nonlinear optical response of the crystal. Finally, we show
how we can obtain a fairly accurate prediction of the enhanced response
using solely the ground and first excited state.
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6.2 experimental methods

6.2.1 Synthesis

The L-His+5NU- salt was prepared by adding 5-nitrouracil (Sigma-
Aldrich, 98%, 1 mmol) to L-histidine (Sigma-Aldrich, 97%, 1 mmol) in
aqueous solution (100 ml). The solution was slowly warmed and then
left to evaporate under ambient conditions. After two weeks, small pink
transparent single crystals with prismatic habit were deposited.

6.2.2 X-ray Diffraction Studies

6.2.2.1 Single-crystal X-ray

The diffraction measurements for L-His+5NU- were carried out
on a single crystal using Mo K↵ radiation on a Bruker APEX II
diffractometer[98]. Data reduction was performed with SMART and
SAINT software[98]. Lorenz and polarization corrections were applied.
Absorption correction was applied using SADABS[99]. The structure
was solved by direct methods using the SHELXS-97 program[100], and
refined on F2s by full-matrix least-squares with the same program[100].
The anisotropic displacement parameters for non-hydrogen atoms were
applied. The hydrogen atoms were placed at calculated positions and
refined with isotropic parameters as riding atoms. The crystal data and
details concerning data collection and structure refinement are given
in Table 2. Because of the weak anomalous scattering at the Mo K↵
wavelength, the absolute structure could not be determined from the
X-ray data but was established by the presence of the chiral cation, L-
histidinium.

6.2.2.2 Powder X-ray Diffraction

The single crystals were powdered thoroughly using a pestle and mor-
tar to prepare a polycrystalline sample. The sample powder was sifted
with a 63 µm sieve and a glass capillary of 0.3 mm diameter was filled
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Table 2: Crystallographic data for L-His+5NU-

Formula C10H12N6O6

Formula weight 312.26

Temperature (K) 293(2)

Wavelength (Å) 0.71073

Crystal system Monoclinic

Space group P21

a (Å) 6.1911(16)

b (Å) 7.332(2)

c (Å) 13.729(4)

↵(�) 90

�(�) 99.990(13)

�(�) 90

Volume (Å3) 613.8(3)

Z 2

Calc. dens.(g/cm3) 1.690

Abs. coef. (mm-1) 0.142

Reflections (collected/unique) 14349/1656

R(int) 0.0163

R1 [I > 2�(I)] 0.0257

wR2 [I > 2�(I)] 0.0714

and used in the data collection. An Enraf-Nonius powder diffractometer
equipped with a CPS120 detector and a quartz monochromator selecting
the Cu K↵1 wavelength was used for data collection.
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6.2.3 Kurtz and Perry Powder Method

The SHG efficiency of L-His+5NU- was measured using the Kurtz and
Perry powder method [101] with an experimental setup that has been
described in detail before [102]. The measurements were performed at a
wavelength of 1064 nm produced by a Nd:YAG laser operating at 10 Hz
and producing 40 ns pulses with a pulse energy of 50 mJ. The sample
preparation procedure was as follows: the material was mulled to a fine
powder and compacted in a mount and then installed in the sample
holder. Sample grain sizes were not standardized. For this reason, sig-
nals between individual measurements were seen to vary in some cases
by as much as ±20%. For a proper comparison with the urea reference
material the measurements were averaged over several laser thermal cy-
cles.

6.2.4 IR and VCD Spectroscopy

Fourier transform infrared (FTIR) spectra were recorded on a Bruker Ver-
tex 70 spectrometer with 2 cm-1 resolution. VCD spectra were recorded
with the auxiliary Bruker PMA 50 module. KBr pellets were prepared
with a mixture of KBr:L-His+5NU- in a ratio of about 100 : 1. All VCD
spectra were obtained with 1 hour averaging time, a resolution of 4 cm-1

and the photo-elastic modulator (PEM) at a center frequency of 1663

cm-1.

6.3 theoretical methods

6.3.1 Calculation of Microscopic Optical Properties

The static ↵ and � tensor components, used to calculate the macroscopic
nonlinear optical properties, were computed within Time-Dependent
Density-Functional Theory (TD-DFT) using the X3LYP extended ex-
change functional of Xu and Goddard III.[103] This functional is a combi-
nation of Slater, Becke[104, 105] and Perdew-Wang[106] exchange func-
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tionals plus Hartree-Fock exchange, with the correlation functional of
Lee, Yang and Parr[107]. The calculations were performed with the Fire-
fly QC package [108], which is partially based on the GAMESS (US)
source code[109]. The microscopic unit considered was an interacting
cation-anion pair with the ions’ relative positions and geometries as in
the crystal. The optical properties of the neutral molecules, as well as
those of the individual ions, were also computed.

6.3.2 Calculation of Macroscopic Nonlinear Optical Properties

Since the intermolecular interactions are weak compared to the in-
tramolecular chemical bonds, as is the case in most organic molecular
crystals, the oriented gas model [110] is used to relate the macroscopic
second-order susceptibility tensor dIJK to the molecular quadratic hy-
perpolarizability tensor �ijk. In this model, molecular hyperpolarizabil-
ities are assumed to be additive and the crystalline susceptibilities are
obtained by performing a tensor sum of the microscopic hyperpolariz-
abilities of the molecules that constitute the unit cell:

dIJK(-!;!1,!2) =
N

V
fI(!)fJ(!1)fK(!2)bIJK

bIJK =
1

Ng

X

s

X

ijk

cos ✓(s)Ii cos ✓(s)Jj cos ✓(s)Kk ⇥�(s)
ijk(-!;!1,!2)

(57)

where I, J, K are the crystal axes, Ng is the number of equivalent posi-
tions in the unit cell of volume V that has N molecules, fI(!) are local
field factors appropriate for the crystal axis I, and the cosine product
terms represent the rotation from the molecular reference frame onto the
crystal frame. The equivalent positions are labeled by the index s. The
local field factors are essentially a correction for the difference between
an applied field that would be experienced by the molecule in free space
and the local field detected in a material. According to Hamada[111], the
oriented-gas approximation may be meaningless if it is used without this
correction.

We calculated the nonlinear optical properties of L-His+5NU- using
the methodology described by Silva et al.[112]. We computed the unit
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cell nonlinearity per molecule, bIJK, using the values of the microscopic
quadratic polarizability � tensor components and taking into account
the crystal symmetry of the material. The macroscopic NLO coefficients,
dIJK, were obtained using Eq. 57 with the Lorentz-Lorentz (L-L) [113] or
the Wortmann and Bishop (W-B) [114] local field factors. The local field
factors were calculated using the average linear polarizability of the unit
cell per molecule, aII.

6.3.3 Theoretical approach for VCD

Vibronically induced mixing of the BO wave functions associated with
electronically excited states and the electronic ground state has been
shown to give rise to strongly enhanced VCD signals [14, 25]. The
sum-over-states expression (Eq. 43) can under certain assumptions be
contracted to a magnetic field derivative expression[15]. However, this
approximation breaks down in case there are low-lying electronically
excited states, and moreover do not provide a simple picture of the
role played by the individual electronically excited states. We there-
fore performed, in addition to standard density-functional calculations
to simulate the ground-state VCD spectra, Time Dependent DFT (TD-
DFT) calculations to obtain the excitation energies and the electronic
magnetic transition-dipole moments between ground and excited states.
In this manner, we can estimate the contribution of the low-lying
excited-states to the VCD intensities by determining the coefficients
h G|~µe

mag| Ki/(WK - WG) in Eq. 43. All calculations were performed
with Gaussian09 [115] using the X3LYP extended exchange functional
and the 6-311++G** basis set.

6.4 results and discussion

6.4.1 Crystal Structure

The crystal structure of L-His+5NU- (see Fig. 25) belongs to the mono-
clinic system with the noncentrosymmetric and chiral space group P21.
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Figure 25: Asymmetric unit of L-His+5NU-. The displacement ellipsoids are
drawn at the 50% probability level (Mercury 2.4 [119]).

Besides this structure, there are only two reported structures containing
the 5-nitrouracilate (5NU-) anion[116, 117]. Figure 25 shows the confor-
mation of the cation and anion in the salt. Of the two sites available
for deprotonation in the heterocyclic ring of the 5-nitrouracil molecule
(N1 and N3), deprotonation occurs at the more acidic N1[118]. Our cal-
culations show that this causes a redistribution of ⇡-electron density in
the 5NU- anion that may be responsible for the increase in the molec-
ular first hyperpolarizability of the anion compared with the neutral
molecule. The pyrimidine ring is almost planar and the nitro group is
rotated 4.2(1)� out of the plane of the uracil fragment.

The L-histidinium cation occurs in the zwitterionic form, with pro-
tonated and positively charged ↵-amino and imidazolium groups
and a deprotonated and negatively charged ↵-carboxylate group. The
side chain of the cation adopts an open conformation II(t)[120],
with torsion angles �1[N4-C8-C9-C10]=179.0(1)� and �21[N5-C10-C9-
C8]=97.6(2)�[121]. As shown in Figure 26, the amino group participates
in three hydrogen bonds (see Table 3), two of which have carboxylate
oxygen atoms of another cation as acceptors, both delineating chains
along [010] with a periodicity of five atoms, graph-set symbol C(5) ac-
cording to Etters’s graph-set theory [122]. In the other hydrogen bond
involving the amino group, the acceptor is the O2 oxygen atom of the
anion. The cations are also linked in chains along the a axis with descrip-
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Figure 26: Guest-host structure of L-His+5NU-. The anions (blue) are encapsu-
lated between the cationic layers (red) in a polar herringbone motif
along the b axis (Mercury 2.4 [119]).

tor C(7) via N-H· · · O hydrogen bonds involving the N+-H group of
the imidazolium ring and one oxygen atom of the carboxylate group of
another cation. The cations are thus organized at z = 0 in infinite two-
dimensional layers parallel to the plane (001). The 5NU- anions are an-
chored to the cationic sublattice by three hydrogen bonds (see Table 3):
the one already described, one involving the NH group of the cation
and the N1 nitrogen atom of the anion, and one between the NH group
of the anion and one carboxylate oxygen atom. There are no hydrogen
bonds between the anions. The L-His+5NU- salt assumes a guest-host
structure where the anions are encapsulated within the cationic layers
in a polar herringbone motif along the b axis. The imidazolium and the
pyrimidine rings are almost co-planar with a dihedral angle of 1.6(1)�

between the least-square planes.
There are ⇡-⇡ stacking interactions between the imidazolium and the

pyrimidine neighboring rings but these interactions are not symmetric
on each side of a ring. There is a mildly strong ⇡-⇡ interaction between
the pyrimidine ring (x,y, z) and the imidazolium ring (x,y, z), with a dis-
tance between the ring centroids dc-c of 3.521(1) Å and a slipping angle
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Table 3: Hydrogen-bonding geometry (Å, degrees) of the L-His+5NU- salt.

D-H· · ·A D-H H· · ·A D· · ·A 6 (D-H· · ·A)

N1-H3· · ·O6 0.86 2.03 2.880(2) 168.0

N4-H4A· · ·O6

i
0.89 2.09 2.914(2) 153.9

N4-H4B· · ·O5

ii
0.89 2.01 2.767(2) 141.7

N4-H4C· · ·O2

iii
0.89 1.89 2.752(2) 164.1

N5-H5· · ·O6

iv
0.86 2.00 2.852(2) 174.1

N6-H6A· · ·N1

v
0.86 1.87 2.726(2) 178.1

symmetry codes i: -x+ 2,y- 1/2,-z; ii: -x+ 2,y+ 1/2,-z;
iii: -x+ 1,y- 1/2,-z; iv: x- 1,y,z; v: -x+ 2,y- 1/2,-z+ 1

� of 24.9� (� is the angle between the vector linking the ring centroids
and the normal to the first ring). The other ⇡-⇡ contact between the
pyrimidine ring (x,y, z) and the imidazolium ring (x,y+ 1, z) is weaker
[dc-c=4.181(2) Å; �=39.59

�]. The imidazolium and pyrimidine rings are
thus arranged in piles formed by the ⇡-⇡ interactions, with the distances
between ring centroids alternating along the b axis between 3.521(1) and
4.181(2) Å.

6.4.2 Rietveld Method for Powder X-ray Diffraction Data

A Rietveld refinement [123] was performed with the Fullprof soft-
ware [124] using the powder-diffraction data measured at room tem-
perature. The overall parameters such as cell parameters, 2✓ zero, scale
factor, full-width at half-maximum and asymmetry parameter were al-
lowed to refine in the range of 4 to 50

�, with a final Bragg reliability
factor of 12.3%. The excellent agreement between experimental and cal-
culated patterns (see Fig. 27) confirms the high purity of the sample.
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Figure 27: Results from a least-squares fit using the Rietveld Method: experi-
mental powder diffraction pattern (green); simulated diffraction pat-
tern using the Rietveld method (dark-blue); difference between the
observed and calculated intensities (red) and corresponding Bragg
positions (blue).

6.4.3 Nonlinear Optical Properties

The L-His+5NU- crystal meets a series of features for a potentially
highly efficient NLO material: (1) absence of an inversion center; (2)
guest-host scheme with strong ⇡-⇡ interactions between the host (L-
His+) and the encapsulated guest (5NU-); and (3) pink-colored crystals
that show evidence for a charge-transfer (CT) complex since the starting
reagents are white. TD-DFT calculations on the asymmetric unit of the
crystal confirm this CT character: the lowest excited state is dominated
by a HOMO-LUMO excitation in which the HOMO is localized on the
5NU- and the LUMO on the aromatic ring of the L-His+. In Figure 28

we show the difference density plot between ground and first excited
state. To determine the NLO response of the system we measured the
SHG efficiency of the molecular crystal using a polycrystalline sample.
A very high SHG efficiency of 10.5 times the standard KDP (or 3.5⇥urea)
was observed. Previously reported measurements on L-Histidinium salts
show much lower SHG efficiencies[125]. In the following, a theoretical
approach will be employed to quantify the strong second-order nonlin-
earities.
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6.4.3.1 Low-lying electronic CT states

In standard time-dependent perturbation theory, the perturbed molecu-
lar ground state is expanded as a sum over all the electronic states of
the unperturbed molecule. However, previously reported work describ-
ing the origin of the NLO response in a CT complex showed that the
first hyperpolarizability � is largely determined by the lowest energy
"through-space" CT excitation[87]. In this approximation, the low-lying
electronically excited CT state is assumed to play the main role in de-
scribing the total optical response. Therefore, a two-level model [126]
has been proposed to rationalize the first hyperpolarizability in systems
where the dominant contributions to � originate from the ground state
and a CT state:

�CT (-2!;!,!) =
3e2

2

 h!gef�µge

[( h!ge)2 - ( h!)2][( h!ge)2 - (2 h!)2]
(58)

where  h!ge is the CT excitation energy, f the oscillator strength for the
CT excitation and �µge the difference between the ground and excited
state dipole moments. The latter term relates directly to an asymmetric
change in the electronic distribution for the |gi ! |ei transition, as ob-
served in Figure 28. The energy denominator is a crucial term since it

Figure 28: Difference density plot (isovalue 0.004) between ground and first
excited state of L-His+5NU- obtained from a TD-DFT (X3LYP/6-
311++G**) calculation. Blue represents negative (lost ground state)
density and red positive (gained excited state) density.
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can lead to a large enhancement of � if low-lying electronically excited
states are present.

We used this model to calculate the � tensor of the interacting pair
of ions which have a ⇡-⇡ interaction with a distance of 3.521(1) Å be-
tween ring centroids. From the TD-DFT calculations on the ion pair,
we obtained the following results: �µge = 16.0 D, f = 0.005 and
 h!ge = 2.39 eV (Table 6). Substituting these values in Equation 58 we
obtain �CT=1856 au.

6.4.3.2 Microscopic and Macroscopic Nonlinear Optical Properties

The static ↵ij and �ijk tensor components were calculated according to
the methods described in section 6.3.1 for the 5NU- anion, for the L-
His+ cation and for an interacting pair of ions. The calculations were
performed in an orthogonalized crystalline reference frame where X is
along the a axis and Y along the b axis. However, a better adapted molec-
ular reference frame would facilitate the interpretation of the physical
processes involved. For that reason, a transformation matrix was ap-
plied in order to have - in a molecular reference frame - the orthogonal
y and z axis within a plane approximately parallel to the imidazolium
and pyrimidine ring planes, perpendicular to the x axis. Since the ions
assemble in the P21 space group, it is the angle of the common molecular
plane with the crystalline polar two-fold axis that rules the macroscopic
optical response. In the present case this angle is ⇠ 60� which is very
close to the optimal angle, 54.74� as deduced by Oudar and Zyss[127].
Importantly, Table 4 shows that the � tensor coefficients for the ionic
pair are not the mere addition of the individual components. The most
striking difference between the sum of the individual components and
the value calculated for the interacting pair, occurs for the �xxx compo-
nent. This suggests a significant charge transfer between adjacent ions,
contributing to the quadratic polarizability.

The first hyperpolarizability �, being a fully symmetric third-rank ten-
sor under Kleinmann symmetry[128], can be decomposed into two ten-
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Table 4: Theoretical values of the full � tensor coefficients (a.u.) for the 5NU-

anion, for the L-His+ cation and for an interacting pair of ions, in a
molecular reference frame.

5NU- L-His+ 5NU-L-His+

�xxx -5.5 146.7 693.0
�yxx 27.8 -82.8 256.8
�zxx -31.9 9.4 125.0
�xyy 26.8 57.7 180.2
�yyy -931.3 -263.7 -940.1
�zyy 76.3 -61.4 29.5
�xzz -12.2 129.0 211.3
�yzz 287.0 -188.5 165.9
�zzz -106.0 51.9 183.0
�xyz -56.8 17.9 4.9

sorial components �J=1 and �J=3, called respectively the dipolar (vector)
and the octupolar (septor) irreducible components[129, 85]:

� = �J=1 ��J=3 (59)

From the vector and septor irreducible components, proper scalar invari-
ants can be calculated. For molecules with no particular symmetry, the
most general formulae, corresponding to class 1, must be used to calcu-
late these invariants[130]. These quantities were calculated using the �
components of the ionic pair (see Table 4) yielding k�J=1k = 1248.1 au
and k�J=3k = 1027.6 au. The value for k�J=1k, although calculated from
static values, is comparable to that obtained from the much simpler two-
level model (�CT = 1856 au).

Using the microscopic polarizabilities (↵ and �) of an inter-
acting anion-cation pair, we calculated the susceptibility tensor
dIJK(-2!;!,!) with the oriented gas model according to the method-
ology described in section 6.3.2 in its most general formulation. We did
not make use of the expressions for systems with lower dimensionality
(1D or 2D) [131], because of the ions’ interaction. The crystal structure
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Table 5: Calculated susceptibility components (pm/V) for L-His+5NU- with L-
L and W-B local field factors using as microscopic chromophoric unit a
pair of interacting ions (L-His+5NU-). Figure of merit MIJK (pm2/V2)
for the phase-matchable components of d using W-B values.

dYXX dYYY dYZZ dXYZ

L-His+5NU- (L-L) -9.8 27.4 7.6 -10.1
L-His+5NU- (W-B) -9.9 21.3 4.9 -8.2

MIJK (W-B) 21.1 - 5.5 15.0

is monoclinic with space group P21, point group 2, so the only non-
vanishing independent components of the susceptibility tensor allowed
by this point group and by the Kleinman symmetry are dYXX, dYYY ,
dYZZ and dXYZ [128, 132]. The results obtained with the L-L and the
W-B local field corrections are presented in Table 5.

As a benchmark, the d tensor for neutral 5-nitrouracil was also cal-
culated using the same methodology: starting from the calculation of
the microscopic properties, ↵ and �, evolving to the calculation of the
susceptibility tensor with the oriented gas model with the L-L and W-
B local field corrections. The atomic coordinates used in the calculation
were taken from the study by Rao an co-workers for the noncentrosym-
metric orthorhombic polymorph, with space group P212121 [133]. The
results for the only non-vanishing independent component, dXYZ, were
19.6 pm/V (L-L) and 14.3 pm/V for the W-B local field factors, the latter
value agreeing better with the experimental value of 8.7 pm/V [134].

The predominance of dYYY over the other susceptibility components
can be explained by the previously mentioned stacking of the 5NU- and
L-His+ ions along the b axis and the resulting CT interaction but, unfor-
tunately, this component is not useful for birefringence phase-matching.
Therefore, to predict the magnitude of the SHG signal, we calculated the
birefringence phase-matching figure of merit:

MIJK =
d2

IJK

nInJnK
(60)
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for all the d components except dYYY (see Table 5). The refractive indices
nI were obtained from the square root of the components of the dielectric
constant tensor which was estimated according to the method described
in reference [112].

Our measurements show that the SHG efficiency of L-His+5NU- is
3.5 times larger than that of urea, and since MXYZ = 1.5 for urea standard
(susceptibility of urea 2.3 pm/V; see Appendix I of [135]), it is clear that
the theory predicts the correct order of magnitude of the SHG response
(see Table 5).

6.4.4 VCD response

The previous section has shown that a quantitative understanding of
the nonlinear optical properties of the L-His+5NU- salt can be obtained
from a two-state model. In the following we will show that the same
model involving the same low-lying intermolecular charge transfer state
can successfully reproduce the salient characteristics observed in the
solid-state VCD spectrum of the compound. To this purpose we will
compare VCD intensities of vibrational modes associated with the L-
His+ moiety in the L-His+5NU- salt and in the L-His+Cl- salt, the
latter of which has no low-lying charge transfer state.

Figure 29 displays the experimental IR absorption and VCD spectra as
obtained for L-His+5NU- and L-His+Cl-. Comparison of the intensities
in the VCD spectra of the two salts shows strikingly larger intensities
in the spectrum of the former. Indeed, a detailed comparison aided by
the theoretically predicted spectra leads to the conclusion that the VCD
intensities in L-His+5NU- are enhanced with respect to L-His+Cl- by
an order of magnitude.

The theoretical framework of vibrational circular dichroism is well
established [15, 14] and the technique is nowadays routinely used to de-
termine the absolute configuration of chiral molecules in solution and
in solid samples [53, 136, 29, 55, 79]. In the past decade, an extension of
the theory including molecular systems with low-lying electronic excited
states has been described by Nafie [25]. This approach takes into account
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Figure 29: Upper panels: Fourier-transform infrared (FTIR) and VCD spectra
of L-His+5NU- and L-His+Cl- obtained with KBr pellet technique.
Lower panels: Calculated IR and VCD spectra for L-His+5NU- us-
ing DFT/X3LYP/6-311++G** level of theory. Some of the peaks are
scaled for clear comparison with the experimental spectrum.).

that vibronically induced mixing of the electronic wave functions with
the ground state can lead to strongly enhanced VCD intensities. Chap-
ter 5 of this thesis has demonstrated that it is possible to achieve up
to one order of magnitude enhancement of the VCD signals in organic
compounds by manipulation of the excited state manifold. The present
experiment shows for the first time that large intensity-enhanced VCD
signatures can also be observed in a molecular crystal.

We find good agreement between observed and simulated VCD spec-
tra (see Fig. 29). The majority of the peaks in the experimental spectrum



6.4 results and discussion 83

can be assigned in the calculated spectrum with the correct sign and
relative intensities.

In section 6.3.3 it has been discussed that one has to perform a summa-
tion over all excited states to obtain the magnetic term for the rotational
strength (Eq. 43). However, here we will show that in the present case a
good estimate of the VCD signal intensities can be obtained by means of
the two-level model used above to describe the NLO susceptibility.

In Figure 30 we show the optical absorption spectra of the salt and
its separate building blocks. For comparison with the level of theory
implemented in the analysis, we also simulated UV-Vis spectra from
the TD-DFT calculations. The agreement between experiment and the-
ory is good. Figure 30 shows that upon formation of the salt, the elec-
tronic structure is altered as evidenced by the low-energy band observed
around 550 nm (see inset Figure 30). In Table 6 we report the excitation
energies and electronic magnetic transition-dipole moments for the low-
est five electronically excited states in the salt and its building blocks.

The experimental VCD spectra give clear evidence for enhance-
ment of VCD intensities in L-His+5NU-. A first theoretical esti-
mate of the enhancement factor can be obtained from the coefficients
h G|~µe

mag| Ki/(WK -WG) in Eq. 43. To this purpose, we use the results
obtained from the TD-DFT calculations, and consider only the first elec-
tronically excited state. From this approach we obtain an amplification
factor of approximately 3, which is in good agreement with the observed
enhancement of a factor of 2- 10 observed for the VCD intensities in the
experimental spectrum of L-His+5NU-.

It is important to note that the contribution of the higher-lying excited
states to the amplification is reduced by almost two orders of magnitude
compared to that of the first excited state, which supports our two-level
approximation. An estimate for the magnitude of the optical response
can therefore be given through an analysis of the nature and characteris-
tics of the excited state manifold. Here, the auxiliary low-lying electron-
ically excited states generated through the 5NU- have a striking influ-
ence in the VCD signals intensities. Nonetheless, it is interesting to note
that, although not chiral, the 5NU- also exhibits vibrational modes that
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Figure 30: Optical absorption spectra of L-His+ (dashed-red), obtained with
an acidic H2O solution; 5NU- (blue), obtained from a basic H2O
solution; and the salt: L-His+5NU-, obtained with a 1 mm thin-film
deposited in a 1 mm thick CaF2 window. Calculated spectra were
obtained at the TD-DFT/X3LYP/6-311++G** level of theory. Inset:
enhanced range of the experimental spectrum of the thin-film of the
salt to elucidate the presence of the band at 550 nm. Due to low
intensity of the bands of the ionic salt, the extinction coefficients for
the chromophores are scaled in intensity for better comparison.

have large VCD intensities, which directly relates to transfer of chirality
from the L-His+ to the 5NU-.

6.5 conclusions

In this chapter, we have employed a two-state model to quantify the
second-harmonic generation efficiency and vibrational circular dichro-
ism spectral features of a new chiral organic material with enhanced
NLO properties. Both optical responses are strongly amplified by the
presence of a low-lying electronically excited charge-transfer state. The
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Table 6: Results of a TD-DFT//X3LYP/6-311++G** calculation on the salt and
the individual building blocks for the five lowest excited states.

Excitation �WH-L(eV) h G|~µ
e
mag| Ki (Au) h G|~µ

e
mag| Ki/(WK -WG)

1 4.12 0.161 3.907 ⇥10-2

2 5.13 0.348 6.783 ⇥10-2

L-His+ 3 5.25 0.144 2.742 ⇥10-2

4 5.44 0.459 8.437 ⇥10-2

5 5.53 0.042 7.576 ⇥10-3

1 3.67 0.519 1.414 ⇥10-1

2 3.98 0.449 1.128 ⇥10-1

5NU-
3 4.02 0.572 1.423 ⇥10-1

4 4.29 0.608 1.417 ⇥10-1

5 4.60 0.567 1.233 ⇥10-1

1 2.39 0.249 1.046 ⇥10-1

2 2.91 0.019 6.500 ⇥10-3

L-His+5NU-
3 3.22 0.118 3.660 ⇥10-2

4 3.26 0.050 1.530 ⇥10-2

5 3.38 0.161 4.760 ⇥10-2

theoretical approach used here was shown to be successful in predict-
ing the order of magnitude of the amplified linear and nonlinear optical
responses. This approach should also be applicable to other nonlinear or-
ganic crystals, and thus might be valuable for predicting their nonlinear
optical response and potential usefulness for nonlinear optical devices.
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In this chapter we employ an auxiliary manifold of low-lying electroni-
cally excited states provided by a paramagnetic transition-metal ion to
induce an amplification of VCD in amino acids and peptides in aqueous
solutions. We find that the VCD of amino acids undergoes extraordinary
signal enhancements. The mode-selectivity of the VCD amplification ob-
served for peptides binding to metal ions indicates that the configuration
of the binding pocket can be derived from the VCD-enhanced intensity
of specific oscillators.

87
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7.1 introduction

Chirality plays an essential role in the functionality of biomolecular sys-
tems. A key step in understanding the functionality of such systems
relies on the determination of their stereochemistry, conformation and
structural heterogeneity. Vibrational circular dichroism (VCD)[52], the
differential absorption of left- and right-handed circularly-polarised in-
frared light, has become one of the most powerful spectroscopic methods
to determine the absolute configuration and conformational distribution
of chiral molecules in solution.[2, 53, 55, 137, 138, 139, 140, 79, 141, 29] As
yet however, the inherent small signal intensities have seriously impeded
extensive application of this spectroscopic technique. In particular, VCD
spectra of important systems such as amino acids, peptides and proteins,
are difficult to obtain under biologically relevant conditions. Although
in recent years impressive progress has been made in VCD instrumenta-
tion and analysis [142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152], one
is commonly forced to work with highly concentrated samples to reach
acceptable signal intensities, but this is often not possible due to low
solubility and aggregation. One further issue that should be addressed
in order to investigate large biologically active systems such as proteins
and enzymes, is spectral congestion. The functionality of biomolecules
is generally associated with a spatially restricted region, but in the VCD
all parts of the molecule contribute with comparable amplitude, and the
contribution of the functional part is difficult to observe. Spectroscopic
studies of biomolecular functionality thus ideally would be able to zoom
in on such active sites, but as yet this has been hard to realize.[153] In
the present study we employ a paramagnetic transition-metal auxiliary
to address both the issue of increasing the sensitivity of VCD as well as
its application for probing local structure.

The peak intensities in a VCD spectrum are proportional to the ro-
tational strength given by the imaginary part of the inner product of
the electronic and magnetic transition-dipole moment vectors. Within
a vibronic coupling approach the electronic contribution to the total
magnetic transition dipole moment can be expressed as a sum of con-
tributions from all electronically excited states, with weights that are
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inversely proportional to their excitation energies[14]. Theory thus leads
one to expect that in systems with low-lying electronic states an enhance-
ment of VCD signal intensities might occur as compared to analogous
systems in which such low-lying electronic states are absent. Such en-
hanced VCD signals have indeed been observed, starting with studies on
the CH-stretching region of (-)-sparteine transition-metal complexes.[68]
It is, however, only in the studies of Nafie et al. [69] on the same system
that a full explanation in terms of vibronic coupling was provided, and
that the pertaining theoretical expressions for the VCD intensities were
developed[25]. In these particular transition-metal complexes the low-
lying excited states are intrinsically already present. Conceptually, one
should also be able to enhance VCD signal intensities by modulating the
energies of the electronically excited-state manifold in such a way that
a manifold is created with low-lying electronically excited states. We re-
cently confirmed the validity of such an approach in a study in which
electrochemical reduction was used to "create" the required low-lying
electronically excited states, leading to an order-of-magnitude amplifica-
tion of VCD signals[40].

Since the initial studies on (-)-sparteine transition-metal complexes,
a number of other studies have been reported in which analogous in-
tensity enhancements in open-shell transition metal complexes were
observed[154, 155, 156, 69, 70, 157, 158]. However, practically all of these
studies concerned complexes with rigid, non-biologically active ligands,
and dissolved under non-physiologically relevant conditions. Here, we
employ the manifold of low-lying electronically excited states provided
by transition metal ions to induce enhanced VCD intensities in flexible
biomolecular systems in aqueous solutions. We perform VCD studies on
amino acids to determine to what extent vibrational circular dichroism
can be enhanced in such systems. We show that amplification factors
of more than two orders of magnitude can be obtained, bringing vibra-
tional differential absorption on an equal footing with electronic differen-
tial absorption. Subsequently, we investigate how structural parameters
influence this amplification. To this purpose we perform VCD studies on
di- and tripeptides and show that VCD enhancement is strongly depen-
dent on the distance of the oscillator from the amplifying center. This
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spatial sensitivity of the VCD amplification thus provides excellent op-
portunities for its use as a structural tool for bio-inorganic systems.

7.2 vcd of amino acids nearby cobalt ions

In Figure 31a and 31b we show infrared absorption and VCD spectra
of monomeric L-proline (black dashed lines). The IR spectrum shows
a number of readily identifiable bands, the strongest one occurring at
1600 cm-1, which is assigned to the carboxylate stretching mode. The
VCD spectrum, on the other hand, shows bands with extremely small
intensities that are hardly discernible from the noise of the measure-
ment, typically �A ⇡ 5⇥ 10-6 OD. In order to enhance these differential
absorptions we have altered our system in such way that L-proline is ac-
tively bound to a paramagnetic metal ion, thereby creating a model of a
binding pocket where proline and water molecules can assume multiple
configurations around the metal. To this purpose the hexacoordinated
octahedral CoII(Pro)2(D2O)2 complex was synthesized by adding Co2+

ions to a solution of L-proline in a molar ratio of 2:1 (see section 7.7.1).
The IR and VCD spectra of this complex are shown in Figures 31a and
31b as blue solid lines. The IR spectrum confirms that L-proline is now
incorporated into the CoII(Pro)2(D2O)2 complex, since a splitting is ob-
served for the carboxylate stretching mode as a consequence of exciton
coupling between the two proline moieties.

Figures 31a and 31b show that complexation has a minor effect on the
intensities of the bands in the IR spectrum, but leads to spectacular en-
hancements – by more than one order of magnitude – of the intensities of
VCD bands. To confirm that this enhancement is indeed due to the pres-
ence of low-lying electronic states provided by the paramagnetic, high-
spin Co2+ ion, we compare the VCD spectra of the proline-Co complex
with Co in two distinct redox states: CoII having low-lying electronically
excited states, and diamagnetic CoIII having only high electronic states
well-separated from ligand vibrational modes. The diamagnetic CoIII-
proline complex was obtained by oxidation of the CoII-proline complex
following a previously reported procedure, which leaves the coordina-
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Figure 31: IR absorption and VCD spectra of the amino acids L-proline (a,b), L-
valine (c,d) and L-alanine (e,f) in D2O (black dashed lines) and of the
complexes formed by complexation with cobalt: CoII(Pro)2(D2O)2
(a,b), CoII(Val)2(D2O)2 (c,d) and CoII(Ala)2(D2O)2 (e,f) (solid filled
lines). The samples were prepared in D2O (c ⇡ 25 mM). The VCD
spectra of the amino acids and of the complexes were averaged with
4320 scans (1 hour) at a resolution of 4 cm-1. The VCD spectra of the
amino acids (dashed lines in b,d and f) have been scaled for better
comparison with the enhanced VCD spectra of the complexes.

tion in the complex unchanged.[159] In Figure 32 we compare the VCD
spectra of these CoII– and CoIII–proline complexes. The spectra clearly
show that upon oxidation, the VCD signals of complexed L-proline re-
duce to the same magnitude as for uncomplexed L-proline. This obser-
vation is a direct proof that the VCD amplification is due to vibronic cou-
pling to low-lying electronically excited states. The absence of unpaired
electrons in the d-orbitals of the diamagnetic complex removes the low-
lying states from the system, and the VCD signals are consequently no
longer amplified. We have found similar amplification effects for other
amino acids. Typical examples (L-alanine and L-valine) are shown in
Figures 31c–31f. It is worth to notice that the VCD bands of L-valine are
enhanced by more than two orders of magnitude by complexation to
Co2+ ions. The intensity enhancement of a vibrational transition is usu-
ally characterized by its anisotropy ratio g = �✏/✏, which generally is in
the range of 10-4 - 10-5. Here, we find for the complexed amino acids
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Figure 32: Experimental VCD spectra of CoII(Pro)2(D2O)2 (in blue) and
CoIII(Pro)2(D2O)2 (in orange) complexes.

ratios that range from 1⇥ 10-3 up to 6.5⇥ 10-3, and that thus promptly
qualify as enhanced VCD. We notice in particular that the latter value
is one of the largest molecular vibrational anisotropy ratios reported so
far.

The CoII(amino acid)2(D2O)2 complexes can in principle adopt var-
ious binding configurations. To determine the binding configuration(s)
that are actually present in our experiments, we have performed Density
Functional Theory (DFT) calculations and simulated the experimental IR
and VCD spectra of each of the complexes. For each of the complexes we
find four isomers that differ in the arrangement of the amino acid pairs
with respect to the cobalt ion (trans-trans, trans-cis, cis-trans, and cis-
cis). Optimized molecular structures and associated energies are given
in section 7.5. For the proline and the valine complexes we find that the
trans-cis isomer is the one of lowest energy, in agreement with previous
calculations on the proline complex [159]. Moreover, the relative energies
of the other isomers are such that under our experimental conditions one
does not expect them to be present in significant amounts. For the ala-
nine complex, on the other hand, the trans-cis and cis-trans isomers are
of similar energies, and one may expect that the experimental spectra
contain contributions from both. Comparison of the predicted IR and
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VCD spectra of the various isomers with the experimentally observed
spectra confirms these conclusions.

In Figure 33 we show such a comparison for the trans-cis isomer of the
proline and valine complexes as well as for the trans-cis and cis-trans iso-
mers of the alanine complex, while in section 7.5 the predicted spectra
for other isomers are reported. The VCD spectra have been calculated us-
ing the magnetic field perturbation formalism in which the influence of
low-lying electronic states is not explicitly taken into account. One may
thus anticipate that compared to the usual results obtained for other
molecules - including transition metal complexes without any low-lying
electronic states - the calculations will not achieve yet a similar satisfac-
tory degree of agreement as is indeed observed[69, 160]. Nevertheless,
for the proline and valine complexes comparison of the experimental
spectrum with the predicted spectra for the four isomers favors an as-
signment to the trans-cis isomer. For the alanine complex the assignment
to a single isomer is much less clear-cut. In fact, from the structure ob-
served in the 1300- 1450 cm-1 region one would tend to conclude that
the experimental spectrum has contributions from more than one iso-
mer. This observation is in agreement with the calculations that predict
similar energies for the trans-cis and the cis-trans-isomers.

The experimental VCD spectra of the monomeric and complexed
species (Figure 31) show that complexation leads to enhancements of the
spectrum by a factor of roughly 8, 10, and 50 for alanine, proline, and
valine, respectively [161]. Importantly, when we compare the absolute in-
tensities of the bands in the experimental and predicted VCD spectra -
as opposed to the comparison of the relative intensities that we have done
so far - we find that the experimental spectra are enhanced with respect
to the predicted spectra by similar factors (Fig. 33, grey lines). This obser-
vation thus fully supports the idea that vibronic coupling with low-lying
electronic states is at the basis of both enhancements.

Figures 31 and 33 demonstrate that the three amino acid complexes
display rather different enhancements. In order to rationalize this behav-
ior we have performed TD-DFT calculations of the excitation energies
and magnetic transition-dipole moments to the lower electronically ex-
cited states (see section 7.6). Interestingly, we find that the excitation en-
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Figure 33: Experimental and calculated IR and VCD spectra of
CoII(Pro)2(D2O)2 (top panels), CoII(Val)2(D2O)2 (center pan-
els) and CoII(Ala)2(D2O)2 (lower panels). The calculated spectra (in
black), corresponding to the isomer(s) energy minima for each of the
complexes have been scaled (in grey) to better show the VCD peaks
with weak intensities. DFT optimised structures of the trans-cis (and
cis-trans for the alanine complex) isomers are displayed next to the
spectra.

ergy of the lowest excited state in the valine complex is markedly lower
than the excitation energy in the other two amino acid complexes. For
the valine complex one therefore expects larger vibronic couplings, and
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thus larger enhancements of VCD bands, as is indeed observed in the
experiments. As yet, it would appear that there is no simple explanation
for the differences in excitation energy. It would, however, be a worth-
while subject for further study because it might ultimately lead to amino
acid identification using VCD enhancements as a probe.

7.3 enhanced vcd as a local probe in biological systems

As nearly one third of all biomolecules contain transition-metal ions, it
is interesting to explore the applicability of the observed VCD enhance-
ment to larger biomolecular systems [162]. The conformational details
of metal-binding pockets of peptides and proteins in solution are often
unknown due to the lack of suitable local probes that can assess site-
specific geometry. We can locally probe the binding geometry of such
systems using the intensity and shape of the amplified VCD signals.
Since these signals are highly sensitive to molecular conformation, they
can highlight important structural features of the binding sites that may
not be detectable with other techniques. As a first step in this direction,
we show in the following that one can retrieve the coordination geome-
tries of larger molecular systems (di- and tripeptides) on the basis of the
intensity and shape of the enhanced VCD spectral signatures.

7.3.1 Deriving the coordination geometry from the amplified VCD signals

Figure 34 displays IR (a) and VCD (b) spectra of bare Val-Val (black line)
and Val-Val complexed to Co2+ (green line). Figure 34a shows that upon
complexation the amide I (mainly C=O stretch) band at 1650 cm-1 disap-
pears while a new band comes up at 1610 cm-1. This red shift can be ex-
plained by the deprotonation of the amide nitrogen and the subsequent
coordination of this nitrogen atom to the metal. [163] From the IR spec-
trum one can conclude that the carboxylate group (1580 cm-1) does not
participate in the binding since no shift is observed for its C=O-stretch
vibration. The binding thus occur through the deprotonated amide nitro-
gen, the basic N-terminus and two water molecules forming a distorted
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tetrahedral (high-spin, see experimental details in section 7.7) configura-
tion (Figure 34, top right).

Comparison of the signal intensities of the salient bands in the VCD
spectra of the bare and complexed dipeptide (Figure 34b) readily leads
to the conclusion that in the complex VCD bands are significantly am-
plified. Interestingly, however, we find that this amplification is strongly
mode dependent. This holds in particular for the amide I mode, which
in the complex is enhanced by at least an order of magnitude more than
the other modes. The VCD spectra thus give evidence for selective am-
plification of vibrational modes, and thereby demonstrate the potential
of the method to zoom in on local details within a much larger, complex
molecular system.

To investigate the spatial range of the ion-induced enhancement, we
performed VCD measurements on a tripeptide (Val-Val-Val). In this case,
two amide groups of the backbone can coordinate to the metal ion. In
Figure 34c–d we show IR and VCD spectra of the unbound tripeptide
(black lines) and the Co2+ bound tripeptide (red lines), respectively. In
the amide I frequency range (1650 cm-1) two amide I modes labeled
1 and 2 can be observed. Mode 1 is at a higher frequency and is as-
signed to the amide group closer to the N terminus of the tripeptide[164].
From the IR spectra it can be concluded that the two amide moieties do
not participate equally in the binding. Upon coordination, the amide I
band 1 changes into band 1 0, and is thus red-shifted by approximately
40 cm-1, while amide I band 2 0 is only shifted by 3 cm-1 from band 2.
We thus conclude that the amide moiety 1 0 is strongly bound to Co2+

(as in the dipeptide), while the non-deprotonated amide functionality
2 0 is only weakly bound. Previous studies[165] on CuII-tripeptides have
shown that for pH values between 7 and 9 these systems adopt a config-
uration in which one of the amide groups has a deprotonated nitrogen
that is strongly bound to the metal, while the other non-deprotonated
amide group is weakly bound through the amide oxygen (see Figure 34,
lower right). For the CoII-tripeptide considered here, detailed informa-
tion on the conformation of the binding pocket can be obtained from the
analysis of the VCD spectra, and in particular from the intensities of the
two amide I bands. The two red-shifted amide I bands 1 0 and 2 0 give rise
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Figure 34: FTIR (a) and VCD (b) spectra of L-Val-Val (black lines) and CoII(L-
Val-Val)(D2O)2 (green lines) and FTIR (c) and VCD (d) of L-Val-Val-
Val (black lines) and CoII(L-Val-Val-Val)(D2O) (red lines). The num-
bered IR bands in panels a and c correspond to the VCD bands in
panel b and d, respectively. The numbered moieties in the molecular
structures of Co2+ bound valine dipeptide (high-spin) and Co2+

bound valine tripeptide (high-spin) correspond to the numbered
peaks in the VCD spectra.

to a negative and a positive band, respectively, in the VCD spectra. It is
striking to observe that the intensity amplification of these two bands
is markedly different, with a much larger enhancement for 1 0 than for
2 0 (Figure 34d). This observation confirms that 1 has a much stronger
interaction with the metal ion, and thus corresponds to the C=O-stretch
vibration of the anionic amido moiety bound directly to Co2+ via its
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nitrogen atom, while 2 corresponds to the C=O-stretch vibration of the
weaker bound neutral amide group, in agreement with the frequency
shifts of these bands and with conclusions drawn previously for the
CuII–tripeptides.[165]

7.4 final remarks

In summary, the present study has demonstrated that the signal intensi-
ties in a VCD spectrum can be enhanced up to two orders of magnitude
provided there is an electronic manifold with low-lying electronic states
that can be coupled to the molecule of interest. We have shown that VCD
spectra of amino acids and peptides in water - which in the past have
been notoriously difficult to obtain - become readily accessible with un-
precedented signal-to-noise ratios by coupling the amino acid or peptide
to an open-shell transition metal ion. Our studies on di- and tri-peptides
demonstrate unambiguously that the enhancement of the VCD signal
intensities is strongly localized, paving the way for its use as a probe
of local structure in larger biomolecules. Many biomolecular systems
have open-shell transition metal ions as part of their structure. Due to
their low-lying electronically-excited states, these ions will amplify the
VCD signals of surrounding functional groups. The same strategy can be
employed to study biomolecules containing closed-shell metals such as
zinc-containing biological complexes, simply by substituting Zn(II) for
Co(II). VCD can therefore be used as a highly sensitive and site-specific
structural probe to determine conformational details of binding pockets
in biological systems.

7.5 configuration analysis of the amino acids binding

pockets

Density Functional Theory (DFT) calculations were carried out with
gaussian 09 [115]. Ground-state geometry optimizations and harmonic
vibrational frequencies were computed using the B3LYP hybrid func-
tional, which includes the Becke three-parameter exchange [105] and
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the Lee, Yang and Parr correlation functionals [107]. The LANL2DZ ef-
fective core potential (ECP) was used for Co, whereas the 6-31+G(d) ba-
sis set was used for all other elements. Solvent effects were simulated
with a polarizable continuum model (PCM). Excitation energies and elec-
tronic magnetic transition-dipole moments were calculated using time-
dependent DFT.

In Fig 35, 36, 37 we show the optimized molecular structures of the
Co2+-bound amino acids valine, proline and alanine, respectively, and
the corresponding IR and VCD spectra. The geometries of the com-
plexes and associated VCD spectra were calculated for neutral, octahe-
dral (high-spin) configurations with three unpaired electrons (quartets).
The complexes can adopt four different isomers regarding the coordina-
tion of the amino acid pairs to the Co2+ ions: cis-trans (ct), trans-cis (tc),
cis-cis (cc) and trans-trans (tt).
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7.6 time-dependent dft study of the binding pockets

Within a vibronic coupling approach, it can be shown that when a
molecule is in an electronic state | 0i, the electronic part of the mag-
netic transition dipole moment of a transition between the ⌫ = 0 and
⌫ = 1 levels of a vibrational mode is given to first order by: [14]

h f|~µ
e
mag| ii = h�⌫=0|

X

K 6=0

h 0|~µe
mag| Ki

WK -W0

(h K|Tnucl| 0i- h 0|Tnucl| Ki)|�⌫=1i (61)

where |�⌫=0i and |�⌫=1i are the nuclear wave functions of the ⌫ = 0 and
⌫ = 1 states in the electronic ground state | 0i, and Tnucl is the nuclear
kinetic energy operator. ~µe

mag is the electronic contribution to the mag-
netic transition dipole moment, | 0i and | Ki are the Born-Oppenheimer
electronic wave functions for the ground state and the Kth electronically
excited state, with energies W0 and WK, respectively. Fig 38 thus shows
the excitation energies (WK - W0, top panel) and the coefficients of the
sum-over-states expansion (Eq. 61) for the electronic contribution to the
magnetic transition-dipole moments between ground and the Kth elec-
tronically excited state (h 0|~µe

mag| Ki/(WK -W0), lower panel) for the
lowest energy conformer of the valine, proline and alanine Cobalt com-
plexes.

In the derivation of Eq. 61 it has been assumed that vibronic ener-
gies (that is, electronic plus vibrational energy) can be replaced by elec-
tronic excitation energies. For the systems studied in the present work,
in which the lower electronically excited states have energies compara-
ble to vibrational energies, this clearly is not the case. Eq. 61 thus allows
us to assess qualitatively the role of the various electronic excited states,
but a correct description would require an extension of the theory in-
cluding correction terms that account for such level of vibronic detail as
has been derived by Nafie [25]. Our experimental results demonstrate
the necessity to implement such correction terms to obtain agreement
between calculated and measured enhanced VCD for systems with low-
lying electronically excited states.
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expansion for the electronic contribution to the magnetic transition-
dipole moments between ground and the Kth electronically excited
state (lower panel) for the lowest energy conformer of the valine,
proline and alanine Cobalt complexes.

7.7 synthesis and characterization of the complexes

7.7.1 CoII(L-prolinate)2(H2O)2

Complex [CoII(L-prolinate)2(H2O)2] was synthesized according to a
slightly modified procedure reported by Guillon. [159] 229 mg anhy-
drous CoCl2 (1.76 mmol) was dissolved in 3 mL of deoxygenated water
under argon. In a separate schlenk tube, 406 mg L-proline (3.53 mmol)
and 198 mg KOH (3.53 mmol) were dissolved in 5 mL deoxygenated wa-
ter under argon. These solutions were mixed under argon to give a red
solution, which was stirred for 1 h. Partial evaporation of water using a
cold-trap under vacuum caused the precipitation of a red-purple micro-
crystalline solid. This was washed with small amounts of cold, deoxy-
genated water under argon. The solid was dried under vacuum. Yield
282 mg (50%). RT magnetic susceptibility measurement: µeff= 3.9 BM
(high spin cobalt(II)).
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7.7.2 CoII(L-alaninate)2(H2O)2

Complex [CoII(L-alaninate)2(H2O)2] was synthesized in a similar man-
ner as described for [CoII(L-prolinate)2(H2O)2]: 228 mg anhydrous
CoCl2 (1.75 mmol) was dissolved in 2 mL of deoxygenated water un-
der argon. In a separate schlenk tube, 312 mg L-alanine (3.51 mmol) and
197 mg KOH (3.53 mmol) were dissolved in 5 mL deoxygenated water
under argon. These solutions were mixed under argon to give a red so-
lution, which was stirred for 1 h. Partial evaporation of water using a
cold-trap under vacuum caused the precipitation of a blue-purple pow-
der. This was washed with small amounts of cold, deoxygenated water
under argon. The solid was dried under vacuum. Yield 0.44 g (90%). RT
magnetic susceptibility measurement: µeff= 3.5 BM (high spin cobalt(II)).

7.7.3 CoII(L-valinate)2(H2O)2

Complex [CoII(L-valinate)2(H2O)2] was synthesized in a similar man-
ner as described for [CoII(L-prolinate)2(H2O)2]: 114 mg anhydrous
CoCl2 (0.88 mmol) was dissolved in 2 mL of deoxygenated water un-
der argon. In a separate schlenk tube, 205 mg L-valine (1.75 mmol) and
99 mg KOH (1.75 mmol) were dissolved in 2 ml deoxygenated water
under argon. These solutions were mixed under argon to give a red so-
lution, which was stirred for 1 h. Partial evaporation of water using a
cold-trap under vacuum caused the precipitation of a purple powder.
This solid was washed with small amounts of cold, deoxygenated water
under argon. Yield 144 mg (50%). The solid was dried under vacuum. RT
magnetic susceptibility measurement: µeff= 4.1 BM (high spin cobalt(II)).

7.7.4 CoII(L-valinate-valinate)2(H2O)2

Complex [CoII(L-valinate-valinate)2(H2O)2] was synthesized in a simi-
lar manner as described for [CoII(L-prolinate)2(H2O)2]: 90.05 mg anhy-
drous CoCl2 (0.69 mmol) was dissolved in 2 mL of deoxygenated water
under argon. In a separate schlenk tube, 150 mg L-valine (0.69 mmol)
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and 27.78 mg NaOH (0.69 mmol) were dissolved in 2 ml deoxygenated
water under argon. These solutions were mixed under argon, which was
stirred for 2 h.Blue/green precipitation occurred. This solid was washed
with small amounts of cold, deoxygenated water under argon. Yield 95.6
mg (30%). The solid was dried under vacuum. RT magnetic susceptibil-
ity measurement: µeff= 3.9 BM (high spin cobalt(II)).

7.7.5 Magnetic Susceptibility Measurements

Room temperature magnetic susceptibility measurements were per-
formed on packed solid samples with a Sherwood Scientific MK 1 Mag-
netic Susceptibility Balance.

7.7.6 Sample Preparation and Methods

All samples were prepared in deuterium oxide (D2O) with concentra-
tions ranging from 5 to 40 mM. The solutions were prepared under inert
conditions and inserted in sealed infrared cells with 3 mm thick CaF2

windows separated by a 50 µm teflon spacer. Fourier-transform infrared
(FTIR) and VCD spectra (with spectral resolution of 2 and 4 cm-1, re-
spectively) were obtained with a Bruker Vertex 70 spectrometer in com-
bination with a PMA 50 module.



8
L O C A L V C D E N H A N C E M E N T I N S W I T C H A B L E
F E R R O C E N E - L I N K E D P E P T I D E S

We investigate the space dependence of VCD signal-amplification due
to low-lying electronically excited states by VCD studies on synthetic
ferrocene-linked peptides. Electrochemical switching of the redox state
of ferrocene covalently bound to a peptide-like bio-functionality enables
us to induce an amplification of the VCD signal intensity of vibra-
tional modes along the peptide backbone. Investigation of the distance
dependence of the amplification indicates a localized character of the
enhancement. These results demonstrate that incorporation of a redox-
switchable unit like ferrocene provides a powerful means to probe lo-
cally - and at user-defined locations - the structure of large systems.

107
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8.1 introduction

The functionality of biomolecular systems is in general related to a spa-
tially restricted region of the molecule such as, for example, the active
site of an enzyme. For a detailed understanding of the relation between
structure and functionality of these systems one ideally would like to be
able to zoom in to that specific part of the system with a technique that
is able to characterize its electronic and spatial structure, and observe
changes that occur upon a change of the active site, for example, as the
result of substrate binding. Also, in many cases a local change, either in-
duced by external stimuli or by binding, results in global changes of the
system. In a similar vein one would like in these cases as well to be able
to probe specific locations without interference of the rest of the system.
Ideally, one would like to have the possibility to place a molecular bea-
con at any specific location in a molecular system so as to "illuminate"
only that specific environment.

VCD is intrinsically capable of probing the spatial structure and con-
formational changes of site-specific moieties in large molecules. How-
ever, since all parts of the molecule contribute to the VCD spectrum,
band overlap generally results in a congested spectrum with limited in-
formation regarding specific oscillators. Inspired by the enhancements
observed and discussed in the previous chapters, we therefore propose
here the implementation of a VCD amplifier, which (a) can be covalently
bound to a specific location within a molecule and (b) can be switched
chemically to provide the required environment for VCD enhancement
in a spatially-restricted part of the target molecule (Fig. 39). In this way,
one would be able to spectrally isolate the target region of the molecule
by means of an amplified VCD response of the oscillators in the near
vicinity of the amplifier. The studies reported in Chapter 7 demonstrate
that the observed VCD enhancements are to a certain extent localized.
Here, we investigate the space-dependence of the amplified VCD re-
sponse in a systematic way using an electroactive moiety, which is co-
valently coupled to a chosen location in a series of peptides. With this
approach we are able to switch the amplifying source ON and OFF sim-
ply by adjusting the electrochemical potential, and locally amplify the
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VCD response. By subtracting the VCD spectra in the ON and OFF
states, we will show that it is possible to isolate the VCD response of
the local environment from the total VCD spectrum. We believe that this
approach might ultimately lead to the development of a chiral-sensitive
probe with which one can investigate local effects such as drug-receptor
interactions,[166] biosensing key-lock mechanisms[167, 168, 169] and ac-
tive sites in proteins and enzymes.[170]

Figure 39: Crystal structure of catalytic antibody Fab 1345 (PDB 1A3L), which
contains a ferrocene moiety in its active site [171].

As a first step in this direction, we use the VCD-OTTLE setup[75] to
study the VCD response of a series of peptides covalently bound to a
switchable amplifier and investigate the amplification effect when the
electronic structure of the electroactive group is altered. For this specific
purpose, we have chosen ferrocene (Fc) as the external VCD amplifier.
In its neutral Fe2+ form, ferrocene has a closed-shell electronic config-
uration with electronically excited states well separated from the elec-
tronic ground state. In contrast, the one-electron oxidized ferricenium
cation exhibits an open-shell configuration (Fe3+) with low-lying elec-
tronically excited states that are responsible for enhanced VCD. The
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electroactive group can be electrochemically switched ON (open-shell)
and OFF (closed-shell) thus providing a handle for controlled manipu-
lation of the magnitude of the VCD response. An understanding of the
spatial sensitivity of the VCD amplification effect is required in order to
predict which molecular entities will be influenced most upon activation
of the redox-switch. We thus investigate the distance-dependence of the
VCD amplification in backbone amide I’ vibrational modes of ferrocenyl-
based peptides using VCD-spectroelectrochemistry.[75] The relative ease
with which this unit can be incorporated at specific locations within a
larger molecular system holds great promise for its application to probe
local structure using VCD.

8.2 experimental methods

8.2.1 Synthesis and Characterization

Three prototypes were synthesized for this study: an enantiomeric pair
(L/D) of Fc-based alanine methyl-ester dipeptides and a L-stereoisomer
of a Fc-based tripeptide with amino acid sequence: Ala-Pro-Ala. Fig. 40

and 41 display the chemical structures of the L-stereoisomers of the
dipeptide and tripeptide Fc-prototypes, respectively.

1H), 4.70 - 4.68 (m, 2H), 4.62 – 4.58 (m, 1H), 4.55 - 4.50 (m, 1H), 4.34 (m, 2H), 4.21 
(m, 5H), 3.79 - 3.72 (m, 1H), 3.75 (s, 3H), 3.66 – 3.61 (m, 1H), 2.32 – 2.28 (m, 1H), 
2.16 – 1.98 (m, 3H), 1.46 (d, J = 6.8 Hz, 3H), 1.40 (d, J = 7.2 Hz, 3H); TLC : Rf ! 0.3 
(CH2Cl2/MeOH – 95/5). 
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Figure 40: Chemical structure of N - (ferrocenylcarbonyl) - L-alanyl-L-alanine
methyl ester. Abbreviation: Fc-(L)-Ala-Ala.

8.2.1.1 General procedure for the coupling of ferrocene to the peptides

To a solution of ferrocene carboxylic acid (1 : 1 equivalent; 100- 150 mg)
in acetonitrile (5 ml) 3 equivs of DIPEA and 1.5 equiv of HCTU were
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1H), 4.70 - 4.68 (m, 2H), 4.62 – 4.58 (m, 1H), 4.55 - 4.50 (m, 1H), 4.34 (m, 2H), 4.21 
(m, 5H), 3.79 - 3.72 (m, 1H), 3.75 (s, 3H), 3.66 – 3.61 (m, 1H), 2.32 – 2.28 (m, 1H), 
2.16 – 1.98 (m, 3H), 1.46 (d, J = 6.8 Hz, 3H), 1.40 (d, J = 7.2 Hz, 3H); TLC : Rf ! 0.3 
(CH2Cl2/MeOH – 95/5). 
 

 Figure 41: Chemical structure of N-(ferrocenylcarbonyl)-L-alanyl-L-prolinyl-L-
alanine methyl ester. Abbreviation: Fc-(L)-Ala-Pro-Ala.

added. The resulting mixture was stirred for 30 min, after which a solu-
tion of the peptide ester (100- 150 mg) in acetonitrile (5 ml) was added.
After checking the conversion, the reaction mixture was concentrated
in vacuo, and the residue was dissolved in EtOAc (50 ml) and Et2O
(50 ml), followed by addition of a few milliliters of CH2Cl2. This mix-
ture was washed twice with 5%aqueousbicarbonate(20 ml), once with
water (20 ml), twice with 17% aqueous NH4Cl, six times with water
(20 ml) and once with brine (20 ml), then dried (Na2SO4) and con-
centrated in vacuo. The residue was purified by flash chromatography
(SiO2, CH2Cl2/MeOH - 98/2 v/v). Yields ranged from 30 to 67%.

8.2.1.2 Characterization

1 . n-(ferrocenylcarbonyl)-l-alanyl-l-alanine methyl es-
ter . 1H NMR (400 MHz, CDCl3) � 6.65 (d, J = 6.5 Hz, 1H), 6.23 (d, J
= 7.6 Hz, 1H), 4.72 (s, 1H), 4.66 (s, 2H), 4.65- 4.55 (m, 2 H), 4.37 (s, 2H),
4.21 (s, 5H), 3.77 (s, 3H), 1.47 (d, J = 7.0 Hz, 3H), 1.45 (d, J = 7.2 Hz, 3H);
TLC : Rf ⇡ 0.4 (CH2Cl2/MeOH - 95/5).

2 . n-(ferrocenylcarbonyl)-d-alanyl-d-alanine methyl es-
ter . 1H NMR (400 MHz, CDCl3) � 6.75 (d, J = 6.9 Hz, 1H), 6.28 (d, J
= 7.4 Hz, 1H), 4.72 - 4.65 (m, 3H), 4.58 (p, J = 7.2 Hz, 1H), 4.36 (s, 2H),
4.21 (s, 3H), 3.77 (s, 3H), 1.47 (d, J = 6.8 Hz, 3H), 1.45 (d, J = 7.2 Hz, 3H);
TLC : Rf ⇡ 0.5 (CH2Cl2/MeOH - 95/5).

3 . n-(ferrocenylcarbonyl)-l-alanyl-l-prolinyl-l-alanine

methyl ester . 1H NMR (400 MHz, CDCl3) � 7.02 (d, J = 7.1 Hz,
1H), 6.59 (d, J = 7.6 Hz, 1H), 4.90 (p, J = 6.8 Hz, 1H), 4.70 - 4.68 (m, 2H),
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4.62 - 4.58 (m, 1H), 4.55 - 4.50 (m, 1H), 4.34 (m, 2H), 4.21 (m, 5H), 3.79
- 3.72 (m, 1H), 3.75 (s, 3H), 3.66 - 3.61 (m, 1H), 2.32 - 2.28 (m, 1H), 2.16
- 1.98 (m, 3H), 1.46 (d, J = 6.8 Hz, 3H), 1.40 (d, J = 7.2 Hz, 3H); TLC : Rf
⇡ 0.3 (CH2Cl2/MeOH - 95/5).

8.2.2 Spectroelectrochemical VCD measurements

All VCD spectra displayed in this Chapter have been measured using
the VCD–OTTLE[75] cell. For experimental details see Chapter 3 (Sec-
tion 3.2). Working with ferrocene as the molecular entity that can be
electrochemically switched between redox states (Fe2+/Fe3+), allows us
to use the normal short-path OTTLE[39] configuration but keeping the
circular aperture in the working electrode according to the design of the
VCD-OTTLE[75] cell. In this manner, we decrease the optical pathlength
and increase the concentration of the sample solutions. Due to the per-
formance of the short-path OTTLE cell we can oxidize quickly and keep
the product stable for many averaging scans to improve the signal-to-
noise ratios. In Fig. 42 we show thin-layer cyclic voltammograms of the
Fc-(L)-Ala-Ala and Fc-(L)-Ala-Pro-Ala compounds. In both cases we ob-
serve full chemical reversibility (despite the irregular shapes of anionic
waves and cathodic counter-waves) i.e., stability of both redox states.
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Figure 42: Thin-layer cyclic voltammograms (v = 5 mVs-1) of Fc-(L)-Ala-
Ala (right) and Fc-(L)-Ala-Pro-Ala (left) obtained using the VCD-
OTTLE cell. Both solutions were prepared in dry CD3CN (10-1 M
Bu4NPF6).
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8.3 theoretical methods

Density Functional Theory (DFT) calculations were carried out with
Gaussian 09[23]. Ground-state geometry optimizations and harmonic
vibrational frequencies were computed using the B3LYP hybrid func-
tional, which includes the Becke three-parameter exchange [105] and
the Lee, Yang and Parr correlation functionals [107]. The LANL2DZ ef-
fective core potential (ECP) was used for the Fe core element, whereas
the 6-31+G(d) basis set was used for all other elements. Solvent effects
were simulated with a polarizable continuum model (PCM). Excitation
energies and electronic magnetic transition-dipole moments were calcu-
lated using time-dependent DFT.

8.4 results

In the following, the designations OFF and ON will be utilized to de-
scribe the two relevant electronic configurations of the electroactive
group (Fc). We will thus refer to ferrocene in its neutral closed-shell
configuration (Fe2+, singlet, no unpaired electrons) as the OFF config-
uration, whereas the oxidized, cationic open-shell configuration (Fe3+,
doublet, one unpaired electron) will be referred to as the ON config-
uration. The ON configuration generates an electronic manifold with
low-energy electronically excited states, i.e., it "activates" the VCD am-
plification, whereas the OFF configuration turns off the amplification by
returning the electronic manifold to its original configuration, without
low-lying electronically excited states.

8.5 fc-ala-ala

In Fig. 43 we show the molecular structure of the first prototype, a fer-
rocene moiety connected to L-Ala-L-Ala-methyl-ester (Fc-(L)-Ala-Ala).
The chemical groups that serve as a probe for the spatial extension of
VCD enhancement are labeled based on their increasing distance from
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the electroactive group and referenced by the ruler plotted next to the
molecular structure as a guide to the eye.

1

2

3

1

3

Å Figure 43: Optimized molecular
structure of Fc-(L)-Ala-
Ala obtained at the
DFT level of theory. A
schematic ruler is plot-
ted next to the peptide
backbone to highlight
the distance between
the ferrocene moiety,
and the amide and ester
groups. The numbers
correspond to the as-
sociated vibrational
modes of amide and
ester groups assigned in
Fig. 44.

Fig. 44A shows infrared absorption spectra of Fc-(L)-Ala-Ala in the
OFF (solid line) and ON (dashed line) configurations. We can promptly
assign three vibrational modes, which are labeled in Fig. 44 according
to their position as displayed in Fig. 43. In the OFF configuration, there
are two amide I’ vibrational modes (1 and 2) at 1650 and 1684 cm-1,
respectively. Band 3 at higher frequency (⇡1750 cm-1) is assigned to the
methyl ester C=O-stretching. Upon electrochemical switching to the ON
configuration, amide I’ mode 1 is shifted to the blue by 19 cm-1, while
amide I’ mode 2 is blue shifted by only 3.5 cm-1. The C=O methyl ester
vibrational mode (3) does not undergo any frequency shift (see Table 7).
Our spectral window shows well separated bands for the vibrational
modes under investigation, thus allowing for a clear comparison of VCD
intensities (Fig. 44).

Fig. 44B displays the VCD spectra for the OFF/ON configurations.
Comparison of the VCD signal intensities for vibrational modes 1, 2 and
3 (OFF) and corresponding 1 0, 2 0 and 3 0 (ON) readily indicates an am-
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Figure 44: Infrared absorption (A) and VCD spectra (B) of 10-2 M Fc-(L/D)-
Ala-Ala-Ester in CD3CN (10-1 M Bu4NPF6, 200 µm optical path-
length). The VCD spectra of the ON configuration are offset for clar-
ity. Panel C displays the difference spectrum of the VCD spectra in
the ON and OFF configurations.

plified VCD response in the ON configuration. As a direct measure of
the amplification magnitudes we use the anisotropy factors g = �✏/✏
of each vibrational mode. The results reported in Table 7 indicate that
the signal intensity of the amide I’ (Ala1) vibration is amplified most,
while amide I’ (Ala2) is only slightly enhanced. The C=O methyl ester
(Ala3) VCD intensity lies within the noise of the measurement and there-
fore can not be evaluated accurately. The amplification thus seems to be
stronger for the amide I’ mode closest to the ferrocene moiety as com-
pared to the other amide I’ and C=O methyl-ester modes. In Fig 44C the
difference spectrum ON-OFF is depicted. Since the intensities of bands
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in the VCD spectrum of the system in the ON configuration are strongly
dependent on the distance from the amplifying unit, this spectrum is
in fact zooming in on that part of the system that is within amplifying
range. As a result, signals from the ester moiety are suppressed, while
the amide I’ oscillators in position 1 and 2 are highlighted.

Table 7: Frequency shifts and anisotropy factors (g=�✏/✏) for the vibrational
modes 1, 2 and 3 in the OFF and ON configurations of Fc-(L)-Ala-Ala.

OFF ON

Modes �⌫(cm-1) ✏ �✏ g ✏’ �✏’ g’

Amide I’1(Ala1) 19.0 1024 0.01 9.7⇥ 10-6 1380 0.10 7.2⇥ 10-5

Amide I’2(Ala2) 3.5 820 0.02 2.4⇥ 10-5 840 0.05 5.9⇥ 10-5

Ester (Ala3) 0 640 0.01 1.6⇥ 10-5 650 NA NA

8.6 fc-ala-pro-ala

The above observations indicate that the oscillators close to the ferrocene
are mostly subject to VCD enhancement. We extended the probing range
to gain further insight in the distance dependence of the VCD enhance-
ment. To that purpose, we compared the amplification factors of VCD
signals in a tripeptide (Ala-Pro-Ala) attached to ferrocene. Fig. 45 shows
the molecular structure of Fc-(L)-Ala-Pro-Ala (OFF) obtained after geom-
etry optimization at the DFT level of theory. Ala-Pro-Ala was specifically
chosen for this study because of its well separated amide I’ frequencies,
allowing us to separate the VCD peaks for better evaluation of the signal
intensity and amplification. In this particular case, the proline residue
has a distinct red-shifted amide I’ vibrational frequency compared with
that of Alanine. Moreover, the electron-withdrawing character of the
amide functionality Ala1 leads to distinct amide I’ frequencies for the
alanine moieties. Fig. 46A shows the infrared absorption spectrum of Fc-
(L)-Ala-Pro-Ala (OFF configuration) which shows three amide I’ (Ala1,
Pro2 and Ala3) and one methyl-ester C=O-stretching (Ala4) modes in the
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Figure 45: Optimized molecular
structure of Fc-(L)-Ala-
Pro-Ala obtained at the
DFT level of theory. A
schematic ruler is plot-
ted next to the peptide
backbone to highlight
the distance between
the ferrocene moiety,
and the amide and ester
groups. The numbers
correspond to the as-
sociated vibrational
modes of the amide and
ester groups assigned in
Fig. 46.

spectral window. As expected, all three modes have distinct frequencies
as evidenced by the Lorentzian curves that fit the FTIR spectrum. We
assign the frequencies of the four modes as follows: Pro2 (1642 cm-1),
Ala1 (1657 cm-1) Ala3 (1687 cm-1) and Ala4 (1745 cm-1). The num-
bers as subscripts corresponding to the numbered positions in Fig. 45.
In Fig. 46B we show the VCD spectrum of Fc-(L)-Ala-Pro-Ala with fer-
rocene in the OFF configuration. Three features are readily identified
in the spectrum and assigned according to the numbering in Figs. 46B
and 45. The extinction coefficients (✏) and differential extinction coeffi-
cients (�✏) are listed in Table 8.

Figs. 46C-D show the infrared absorption and VCD spectra of Fc-(L)-
Ala-Pro-Ala in the ON configuration. All infrared bands are blue-shifted
except for Ala4 (see Table 8), although the modes are not equally af-
fected by the oxidation of the ferrocene moiety (Table 8). As expected,
the overall VCD signal intensities (Fig. 46D) are considerably enhanced
compared with those of the the bands in the OFF configuration. How-
ever, the amplification factors for the individual modes differ consid-
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Figure 46: Infrared absorption (A,C) and VCD spectra (B,D) of 10-2 M Fc-(L)-
Ala-Pro-Ala in CD3CN (10-1 M Bu4NPF6, 200 µm optical path-
length), for the OFF and ON configurations, respectively. Panel E
displays the difference spectrum of the VCD spectra in the ON and
OFF configurations.

erably. In Table 8 we list the extinction coefficients (✏) and differential
extinction coefficients (�✏) for the vibrational modes of Fc-(L)-Ala-Pro-
Ala. Again, in order to accurately compare the intensity enhancement
for each mode, we determine their anisotropy factors (g = �✏/✏) in the
OFF and ON configurations. In Fig. 47 we plot the amplification factor,
defined as the ratio g 0/g, as a function of the distance of the oscillator to
the electroactive moiety for Fc-(L)-Ala-Ala and Fc-(L)-Ala-Pro-Ala. The
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Table 8: Frequency shifts and anisotropy factors (g=�✏/✏) for the vibrational
modes 1, 2, 3 and 4 in the OFF and ON configurations of Fc-(L)-Ala-
Pro-Ala.

OFF ON

Modes �⌫(cm-1) ✏ �✏ g ✏’ �✏’ g’

Amide I’ (Ala1) 17.84 534 0.03 5.6⇥ 10-5 476 0.26 5.4⇥ 10-4

Amide I’ (Pro2) 9.88 738 0.07 9.4⇥ 10-5 875 0.26 2.9⇥ 10-4

Amide I’ (Ala3) 2.32 348 0.02 5.7⇥ 10-5 354 0.02 5.6⇥ 10-5

Ester (Ala4) 0 483 NA NA 478 NA NA

correlation between g 0/g and the distance of the amide groups to the Fc
moiety provides clear evidence that the enhancement phenomenon de-
cays strongly with increasing distance to the amplifier. Fig. 46E displays
the ON-OFF difference VCD spectrum. In this case we observe that the
signals from oscillators 3 and 4 are suppressed, and that the amplifying
unit once again zooms in on oscillators 1 and 2.
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Figure 47: VCD amplification factors (g 0/g) as a function of the distance (num-
ber of covalent bonds) from the electroactive group to each of the in-
dicated functional groups of Fc-(L)-Ala-Ala and Fc-(L)-Ala-Pro-Ala
(for numbering see Figs. 43 and 45).
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8.7 low-lying electronically excited states

The results presented above convincingly give evidence for the local
character of the VCD enhancement in these peptides. In the following,
we will analyze the amplification mechanism in terms of the effect of
low-lying electronically excited states. For this purpose we use time-
dependent DFT to evaluate the electronic-dependent terms in Eq. 43.
In Chapter 2, we have shown how the intrinsic low intensity of VCD
signals is strongly dependent on the weak contribution of the electronic
component of the magnetic transition-dipole moment to the rotational
strength (Eq. 16). Vibronic coupling is responsible for an increased mix-
ing of BO states with the ground state, and leads to an enhancement of
VCD signals. The electronic contribution to the magnetic component of
the rotational strength is described by Eq. 43. We can thus evaluate the
relative contributions of each electronic state to the VCD signal intensity,
by determining their electronic excitation energy, WK -WG, and asso-
ciated magnetic transition-dipole moment from the electronic ground-
state | Gi.

8.7.1 Fc-Ala-Ala, Fc-Ala-Pro-Ala

In Figs. 48A and 48C we show the predicted excitation energies of the
first ten electronically-excited states of Fc-(L)-Ala-Ala and Fc-(L)-Ala-
Pro-Ala, respectively, for the OFF and ON configurations. Interestingly,
we find that in the ON-configuration the two lowest electronic transitions
are at much lower energies compared than in the OFF-configuration. It
is thus reasonable to expect a strong contribution from those two elec-
tronic transitions to the observed enhanced VCD intensities. In Figs. 48B
and 48D we plot the calculated electronic magnetic transition-dipole mo-
ment for each of the electronic excitations divided by their respective
excitation energies. These ratios are simply the expansion coefficients in
Eq. 43. Figs. 48B and 48D strongly suggest that the first electronically
excited state has a dominating role in the VCD amplification. Moreover,
evaluating the ratio of the coefficients in the OFF and ON configurations
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Figure 48: Excitation energies (A,C) and amplification coefficients (B,D) for the
first ten electronically excited states of Fc-(L)-Ala-Ala and Fc-(L)-Ala-
Pro-Ala, respectively. The black squares represent the OFF configu-
ration while the red circles represent the ON configuration.

for the first electronic excitation yields an amplification factor ON/OFF
of 28.7. It is interesting to note that solely on account of the first elec-
tronic state one can expect amplification of the VCD intensity by more
than one order of magnitude. This result is in agreement with previous
conclusions indicating that in some cases the VCD magnitudes can be
accurately estimated using a simple two-level system (see Chapter 6).
Fig. 48 shows that the second electronic transition is also considerably
lowered in excitation energy upon switching from the OFF to ON con-
figuration. However, the magnetic transition dipole moment to this state
is significantly smaller than the transition moment to the first state, and
its contribution can thus be neglected.

Considering the electron-withdrawing property of amide groups, it is
surprising to see that for both peptides the ON configuration relaxes to
a geometry in which the angle between the amide plane and the aro-
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matic rings of ferrocene is larger than for the OFF configuration (see
Fig. 49 and Table. 9). This indicates a weaker electron-withdrawing ef-
fect in the ON configuration. Nevertheless, comparison of the angle in
the relaxed geometry for Fc-(L)-Ala-Pro-Ala and Fc-(L)-Ala-Ala shows
a much smaller angle for the latter. Although not substantial, this dif-
ference might explain the smaller amplification observed for the amide
functionality in the Ala directly connected to Fc in Fc-(L)-Ala-Ala com-
pared with that in Fc-(L)-Ala-Pro-Ala (see Fig. 47).

Table 9: Angles (�) between the Amide I’ (C=O) plane and the ferrocene aro-
matic rings for the Ala-Ala and Ala-Pro-Ala peptides in the OFF and
ON configuration.

� OFF ON
Ala-Ala 6.1� 24.6�

Ala-Pro-Ala 4.7� 11.1�

�

��

�

Figure 49: Overlap of the OFF/ON (white/blue) calculated structures of Fc-
Ala-Ala (top) and Fc-Ala-Pro-Ala (bottom). The angles between the
amide functionality and the ferrocene aromatic ring are given in Ta-
ble. 49.
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8.8 conclusions and outlook

In the present chapter we have shown how amplified VCD can be used
to zoom in into specific parts of biomolecular systems. To this purpose,
we have investigated switchable ferrocenyl-based peptides, which are
prototypical examples of how an amplifying unit (ferrocene) would be
incorporated into a larger structure. In the OFF configuration no ampli-
fication occurs, in the ON configuration low-energy excited states are
created that were found to enhance the VCD by more than an order of
magnitude. The observed distance dependence of the VCD enhancement
along the peptide backbone provides strong evidence that the amplifica-
tion is a local phenomenon.

We have shown how subtraction of VCD spectra obtained under am-
plifying and non-amplifying conditions allows us to suppress signals
from oscillators that are further removed from the amplifying unit. As
a perspective for the future, Fig. 50 shows a schematic outlook for the
application of locally amplified VCD for the investigation of site-specific
chiral molecular targets. The highlighted region of the molecule contains
the electroactive group (Fig. 50, top panel) which is embedded within
the molecule. Subtracting the VCD spectra in the ON and OFF states
(Fig. 50, lower panel) gives rise to signals that are associated with oscil-
lators in the near vicinity of the electroactive group. The incorporated
VCD amplification switch thus effectively allows us to turn VCD into a
zero-background technique (subtraction of the ON and OFF VCD spec-
tra leads to null signals for spatial regions not connected to the switch),
and paves the way towards a unique way to spectrally resolve protein
local structure both under static as well as dynamic conditions.
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OFF ON ON-OFF

Figure 50: Schematic figure describing amplified VCD as a zero background
technique using ON/OFF subtraction to zoom in into large biomolec-
ular systems. This protein, catalytic antibody Fab 1345 (PDB 1A3L),
contains a ferrocene moiety in its active site. [171].
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summary This thesis is concerned with the development and appli-
cation of novel strategies to amplify the vibrational circular dichroism
(VCD) of chiral molecules. Since its first experimental observation, it
has been clear that VCD has tremendous potential as a spectroscopic
tool in the investigation of molecular stereochemistry in general, and
of chirality in biomolecular systems in particular. Various experimental
breakthroughs as well as advances in the theoretical description of VCD
and their implementation in quantum chemical programs have revolu-
tionized the field in the last two decades, and by now VCD has become
a powerful analytical tool of the pharmaceutical industry in the determi-
nation of absolute configurations of chiral drugs in early and late stages
of synthesis and production. At the same time, it is generally acknowl-
edged that the use of VCD is still far from what it potentially offers.
The underlying reason is simple: VCD signals are generally very small,
so it is difficult to obtain acceptable signal-to-noise ratios. There is thus
much to gain if one could overcome the intrinsic small-signal limitations
of VCD. This is an ambitious goal, but one that can be reached, as is
demonstrated by the work in this thesis.

In Chapter 2 we derive the theoretical expressions for the so-called ro-
tational strength of transitions, which not only reveal the physical origin
of the low intensity of the VCD signals, but also hold the key for devis-
ing a strategy to overcome the problem. We find that a vibronic coupling
mechanism governs the intensity of VCD, and thus that manipulation of
the energies of the electronic-state manifold leading to electronically ex-
cited states with low energies can theoretically induce large VCD signal
enhancements.

In Chapter 3 we explain the fundamentals of how to perform VCD
measurements using a Fourier-Transform spectrometer. We also report
the design and incorporation of an electrochemical instrument into the
VCD spectrometer that allows us to optimize the electronic manifold of
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the target molecular systems in a controlled manner by changing their
redox state using electrochemistry.

Chapter 4 reports on the application of conventional VCD in the study
of synthetic foldamers, a class of artificial molecular architectures ex-
hibiting helix-coil conformational changes upon photo-excitation with
ultraviolet light. We investigate the conformational changes occurring
during the unfolding process by probing changes observed in the VCD
spectrum of oscillators in the backbone of the foldamer. Using a simple
coupled-oscillator model we can assign changes in the VCD spectrum to
specific structural changes. This study demonstrates the power of VCD
to determine the conformation of large molecular systems containing
helical arrangements.

Chapter 5 reports the first experimental demonstration of amplified
VCD in electrochemically generated radical anions in solution. The VCD-
spectroelectrochemical cell used in this experiment has been developed
with the primary purpose of achieving reversible conversion between re-
dox states, that are stable long enough to measure their VCD. Using this
cell, chiral molecules can be reduced to their radical-anion form which
generally have electronically excited states at much lower energies than
their neutral counterparts. In agreement with theoretical predictions we
find that the electrochemically generated anions exhibit a VCD response
that is one order of magnitude larger than the response of the neutral
species. Although the theoretical expressions for the VCD intensity in-
volve an infinite sum over electronic states, we show that an expansion
limited to the lower two excited states already gives quantitative agree-
ment between the predicted and observed amplification factors and that
the difference in amplification factor for different vibrational bands can
be completely understood on the basis of vibronic coupling.

In Chapter 6 we employ a combination of experimental techniques
and theoretical methods to address both the question of the amplified
VCD response and enhanced second-harmonic generation in a chiral salt
containing L-histidine and 5-nitrouracil as precursors. Here, the amino
acid L-histidine provides the chiral crystalline environment whereas 5-
nitrouracil is the auxiliary source of low-energy electronically excited
states. The VCD response of the salt is strongly amplified compared with
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that of other salts containing the same chiral precursor. Moreover, the
same polycrystalline form of the salt shows an unusually large second-
harmonic generation efficiency compared with other L-histidinium salts
that lack low-lying electronically excited states. Evaluation of the physi-
cal quantities governing both linear and nonlinear optical responses re-
veals a common origin for their enhanced response. The results indi-
cate that a single low-lying electronically excited state of charge-transfer
character is responsible for most of the linear and nonlinear amplified
responses.

In Chapter 7, non-covalent coupling of a transition metal auxiliary -
providing low-lying electronically excited states - to amino acids and
peptides is shown to lead to VCD enhancements up to two orders-of-
magnitude. For that purpose, cobalt ions were used to generate an elec-
tronic manifold with the appropriate properties to induce an amplified
VCD response for these biological systems in aqueous solutions. Com-
parison of the relative amplification observed for the different vibra-
tional modes suggests that the enhancement is dependent on the dis-
tance of the oscillator to the amplifying centre, which suggests that one
can derive the coordination geometry of the binding pockets using the
relative VCD amplification of the different modes.

In Chapter 8 we implement a local VCD amplifier, a molecular entity
that can be covalently coupled to a target region within a larger molecu-
lar system. Using the VCD-spectroelectrochemical cell we can reversibly
alter the redox-state of the amplifying switch and thus also alter its elec-
tronic structure in order to have a normal or amplified VCD response.
Studies on the relative amplification of each oscillator with respect to
its distance to the amplifying centre confirms our previous conclusions
regarding the local character of the amplification. We show that incorpo-
ration of such an amplifying unit can be used to locally probe active sites
in relevant biological targets. The possibility of covalently attaching the
amplifying unit to any user-defined location within a large biomolecu-
lar system could ultimately lead to an ideal probe of chirality on a local
scale.

In many aspects the development of VCD parallels that of Nuclear
Magnetic Resonance (NMR). Both techniques started as scientific curiosi-
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ties, but in the course of time have become tools with so much added
value that they have become indispensable. NMR has been developed
much further than VCD and is now at the basis of many applications of
direct importance for society, in particular in the health sciences. The
present thesis gives reasons to believe that in contrast to NMR, the
development and application of VCD - and in this context other tech-
niques based on vibrational optical activity should also be kept in mind
- are still far from finalized. These are exciting times for chiroptical tech-
niques, the studies presented in this thesis provide a first glance on what
is still ahead of us.

resumo Esta tese descreve o desenvolvimento e aplicação de novas
estratégias para a amplificação de sinais de dicroísmo circular vibra-
cional (VCD) em moléculas quirais. Desde a primeira observação exper-
imental, tornou-se evidente o tremendo potencial que VCD tem para a
investigação de estereoquímica em geral, e em particular, para o estudo
de quiralidade em sistemas biomoleculares. Avanços tanto a nível exper-
imental como a nível teórico levaram a uma revolução na área da es-
pectroscopia óptico-quiral nas últimas duas décadas. A implementação
teórica de VCD em programas de cálculo permite hoje em dia determi-
nar a configuração absoluta de moléculas quirais através da simulação
de espectros de VCD e comparação com as observações experimentais.
Esta metodologia tornou-se numa poderosa ferramenta analítica para a
indústria farmacêutica, usada durante vários estágios desde a síntese á
produção de medicamentos. Ao mesmo tempo, é geralmente aceite que
a utilização de VCD ainda está longe de atingir os patamares que po-
tencialmente se prevêm no horizonte. A razão para isto é simples: os
sinais de VCD são geralmente pouco intensos, tornando-se muitas vezes
difícil obter factores sinal/ruído aceitáveis para medição. Ultrapassar as
limitações que VCD tem devido á baixa intensidade dos sinais é um
objectivo ambicioso, mas que pode ser alcançado, como é demonstrado
pelo trabalho desenvolvido nesta tese.

No capítulo 2 derivamos as expressões teóricas para a força rotacional
para transições moleculares, que não só revelam a origem física para a
baixa intensidade dos sinais de VCD, mas ao mesmo tempo são a chave
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para traçar uma estratégia para ultrapassar o problema. Verifica-se que
um mecanismo de acoplamento vibrónico (vibracional-electrónico) con-
trola a magnitude dos sinais, e que dessa forma a manipulação das en-
ergias to níveis electrónicos de forma a criar estados electrónicos com
baixas energias de excitação, pode em teoria induzir um aumento signi-
ficativo na intensidade dos sinais de VCD.

No capítulo 3 descreve-se os essênciais para a realização de medições
de VCD usando um espectrómetro de Transformadas de Fourier. De
seguida reporta-se o design e incorporação de uma célula espectro-
electroquímica no espectrómetro VCD. A célula permite manipular elec-
troquímicamente o "manifold" electrónico das moléculas de uma forma
controlada com a alternância entre estados redox.

O capítulo 4 descreve a aplicação de VCD no estudo de Foldamers,
uma classe de arquitecturas moleculares artificiais que têm a capacidade
de alterar a sua conformação após fotoexcitação com luz ultravioleta. As
modificações conformacionais que ocorrem durante o processo de desdo-
bramento do Foldamer são seguidas através da observação do espectro
de VCD dos osciladores na espinha do Foldamer. Usando um modelo
de osciladores acoplados demonstra-se aqui ser possível relacionar as
alterações no espectro de VCD com modificações estruturais específicas.
Este estudo demonstra o poder de espectroscopia VCD na determinação
da conformação de sistemas moleculares de grande dimensão quando
estes contém conformações em forma de hélice.

O capítulo 5 descreve a primeira demonstração experimental de di-
croísmo circular vibracional amplificado, observado em aniões radicais
gerados electroquímicamente em solução. A célula electroquímica uti-
lizada nesta experiência foi especialmente desenvolvida para realizar a
conversão entre estados redox de uma forma reversível, mantêndo am-
bas as espécies estáveis por tempo suficiente para medir os seus espec-
tros. Com esta célula, moléculas quirais podem ser reduzidas para a
forma de aniões radicais, que em geral têm estados electrónicos exci-
tados com energias muito mais baixas que a forma neutra. De acordo
com previsões teóricas, demonstra-se aqui que os aniões gerados electro-
químicamente exibem sinais de VCD que são amplificados em uma or-
dem de grandeza em relação aos sinais observados com a espécie neutra.
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Embora as expressões teóricas que definem a magnitude dos sinais VCD
envolvam uma soma infinita de estados excitados, é aqui demonstrado
que usando uma expressão que incluí apenas os dois níveis de energia
mais baixos, é possível prever quantitativamente os factores de ampli-
ficação observados experimentalmente. Para além disso, demonstra-se
que os factores de amplificação observados para diferentes modos vibra-
cionais podem ser compreendidos em termos de acoplamento vibrónico.

No capítulo 6 é empregado um conjunto de técnicas experimentais e
métodos teóricos para avaliar a amplificação de sinais de VCD e de ger-
ação de segundo harmónico, observados num sal cristalino contendo
L-histidina e 5-nitrouracilo como percursores. Neste caso, L-histidina
torna o cristal quiral, e o 5-nitrouracilo fornece os níveis electrónicos
de baixa energia. A magnitude dos sinais de VCD é fortemente amplifi-
cada em comparação com outros sais constituidos pelo mesmo percursor
quiral. Além da amplificação de VCD, a amostra policristalina exibe uma
rara eficiência na geração de segundo-harmónico quando comparada
com outros sais de L-histidina que não possuem estados excitados de
baixa energia. Avaliação das quantidades físicas que controlam tanto a
resposta linear a não-linear, revela que ambas possuem a mesma origem.
Os resultados obtidos aqui revelam que um único estado electrónico de
transferência de carga é responsável pela maior parte da magnitude das
respostas ópticas.

No capítulo 7 demonstra-se que o acoplamento de um metal de tran-
sição paramagnético com aminoácidos e peptidos resulta na amplifi-
cação de VCD até duas ordens de grandeza. Desta forma, iões de cobalto
foram utilizados para gerar uma estrutura electrónica com as caracterís-
ticas necessárias á amplificação dos sinais de VCD neste tipo de sistemas
biológicos em soluções aquosas. Ao analisar a amplificação relativa dos
diferentes modos vibracionais, constatamos que a magnitude da ampli-
ficação varia com a distância entre o oscilador e a fonte de amplificação.
Esta fenómeno sugere que é possível derivar a geometria de coordenação
dos ligandos com o metal através da amplificação relativa observada
para os diferentes modos vibracionais.

No capítulo 8 é implementado um amplificador local, uma entidade
molecular que pode ser ligada covalentemente a regiões específicas num
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sistema molecular de maiores dimensões. Fazendo uso da célula elec-
troquímica, demonstra-se aqui ser possível alternar reversívelmente o
estado redox da unidade de amplificação. Esta unidade, que funciona
como um interruptor, permite manipular a estrutura electrónica do sis-
tema de forma a obter sinais de VCD em modo normal e em modo
amplificado. Estudos sistemáticos com o intuíto de determinar a corre-
lação entre a amplificação relativa de cada oscilador e a distância do
mesmo á unidade de amplificação, confirmam o carácter local da ampli-
ficação. Consequentemente, demonstra-se que através da incorporação
de uma unidade de amplificação, é possível examinar posições chave em
sistemas biológicos de interesse. A possibilidade de anexar a unidade de
amplificação em locais predefinidos no interior de sistemas moleculares
de maior dimensão pode proporcionar uma forma única de examinar
localmente a quiralidade de sistemas biológicos.

O desenvolvimento de VCD pode comparar-se, em muitos aspectos,
ao de Ressonância Magnética Nuclear (NMR). Ambas as técnicas sur-
giram como resultado da curiosidade científica, mas que com o passar
dos tempos se tornaram ferramentas com tal valor acrescentado, que se
tornaram indispensáveis. NMR teve até hoje um desenvolvimento muito
mais significativo, e é hoje a base de inúmeras aplicações de extrema im-
portância para a sociedade, com foco nas ciências da saúde. Esta tese
apresenta razões para acreditar que, ao contrário de NMR, VCD - e
neste contexto também outras técnicas baseadas em actividade óptica vi-
bracional - ainda tem um longo caminho pela frente no que toca ao de-
senvolvimento e potenciais aplicações. Perspectiva-se um futuro promis-
sor para as técnicas óptico-quirais, e o trabalho apresentado nesta tese
permite vislumbrar esse horizonte.

samenvatting In dit proefschrift wordt onderzoek beschreven dat
gedaan is aan de ontwikkeling en toepassing van nieuwe strategieën
om het vibrationeel circulair dichroisme (VCD) van chirale moleculen
te versterken. Vanaf de eerste experimentele waarneming van VCD is
het duidelijk geweest dat VCD een enorm potentieel biedt als spectro-
scopisch instrument bij het onderzoek aan moleculaire stereochemie in
het algemeen, en chiraliteit in biomoleculaire systemen in het bijzon-
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der. Verschillende experimentele doorbraken alsmede ontwikkelingen
in de theoretische beschrijving van VCD en hun implementatie in kwan-
tumchemische programma’s hebben het veld de afgelopen twee decen-
nia radicaal veranderd. Inmiddels is VCD bijvoorbeeld een uitermate
effectief analytisch hulpmiddel van de farmaceutische industrie gewor-
den bij de bepaling van de absolute configuratie van chirale medicijnen
gedurende de vroege en late stadia van synthese en productie. Tegelijk-
ertijd is iedereen het erover eens dat het gebruik van VCD nog steeds
ver verwijderd is van wat deze techniek in potentie te bieden heeft. De
onderliggende reden is tamelijk banaal: VCD signalen zijn in het alge-
meen erg klein, en het is daarom moeilijk om acceptabele signaal-ruis
verhoudingen te krijgen. Er kan dus heel veel gewonnen worden als we
in staat zouden zijn om de intrinsieke beperkingen van VCD als gevolg
van deze kleine signalen te ondervangen. Dat is een ambitieus streven,
maar wel een streven dat binnen onze mogelijkheden ligt zoals het werk
beschreven in dit proefschrift laat zien.

In Hoofdstuk 2 worden de theoretische uitdrukkingen afgeleid voor
de zogenaamde rotatie sterkte van overgangen. Deze uitdrukkingen
laten niet alleen zien wat de fysische reden is voor de lage intensiteit van
VCD signalen, maar suggereren ook welke strategieën gekozen zouden
kunnen worden om dat probleem op te lossen. Het blijkt dat vibronische
koppeling een dominante invloed heeft op de VCD intensiteit. Op basis
hiervan concluderen we dat beïnvloeding van de energieën van elektro-
nisch aangeslagen toestanden op een zodanige manier dat aangeslagen
toestanden ontstaan met lage excitatie-energieën zou moeten leiden tot
een aanzienlijke versterking van VCD.

In Hoofdstuk 3 leggen we de concepten uit die aan de basis liggen van
het uitvoeren van VCD metingen met behulp van een Fourier-Transform
Infrarood spectrometer. We beschrijven tevens het ontwerp en het in-
bouwen van een elektrochemisch instrument in de VCD-spectrometer
waarmee we een moleculair elektronisch manifold op een gecontroleerde
manier kunnen optimaliseren door de redox toestand te veranderen.

Hoofdstuk 4 beschrijft de toepassing van conventionele VCD in een
studie aan synthetische foldameren, een klasse van kunstmatige molec-
ulaire architecturen waarvan de helix-structuur conformationele veran-

142



deringen ondergaat als ze met ultraviolet licht worden bestraald. We on-
derzoeken de veranderingen die optreden tijdens dit ontvouwingspro-
ces door te kijken hoe in het VCD spectrum de signalen veranderen
die afkomstig zijn van oscillatoren in de ruggengraat van het foldameer.
Gebruik makend van een simpel model gebaseerd op gekoppelde oscil-
latoren kunnen we de veranderingen in het VCD spectrum toekennen
aan specifieke structuurveranderingen in het molecuul. Deze studie laat
zien dat VCD een unieke meerwaarde biedt bij de bepaling van de con-
formatie van grote moleculaire systemen met een helix-structuur.

In Hoofdstuk 5 rapporteren we de eerste experimentele demonstratie
van gecontroleerde versterking van VCD. Dit doen we aan de hand van
studies aan elektrochemische gegenereerde radicaal-anionen in oploss-
ing. Teneinde reversibele conversie te bereiken tussen redox-toestanden
die lang genoeg stabiel zijn om hun VCD te kunnen meten wordt ge-
bruik gemaakt van een speciaal voor dit doel ontwikkelde VCD spectro-
electrochemische cel. Met behulp van deze cel kunnen chirale moleculen
worden gereduceerd naar hun radicaal-anion vorm, waarin de elektron-
isch aangeslagen toestanden in het algemeen veel lager liggen dan in de
neutrale vorm. In overeenstemming met theoretische voorspellingen vin-
den we dat de elektrochemisch gegenereerde anionen een VCD respons
hebben die een orde van grootte sterker is dan de respons van het neu-
trale molecuul. De theoretische uitdrukkingen voor de VCD-intensiteit
bevatten een oneindige som over elektronisch aangeslagen toestanden.
In de analyse van de resultaten laten we zien dat een reeksontwikkeling
die beperkt is tot de twee laagst aangeslagen toestanden desondanks al
voldoende is om kwantitatieve overeenkomst te krijgen tussen de voor-
spelde en waargenomen versterkingsfactoren. Bovendien kunnen we het
feit dat de versterkingsfactor niet voor alle vibratiebanden hetzelfde is
volledig begrijpen op basis van het al eerder genoemde vibronische kop-
pelingsmechanisme.

In Hoofdstuk 6 gebruiken we een combinatie van experimentele tech-
nieken en theoretische methodes om zowel de versterkte VCD respons
als de versterking van tweede-harmonische generatie in een chiraal zout
opgebouwd uit L-histidine en 5-nitrouracil te bestuderen. In deze zouten
zorgt het aminozuur L-histidine voor een chirale kristallijne omgeving,
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terwijl 5-nitrouracil voor laag-liggende elektronisch aangeslagen toes-
tanden zorgt. De VCD respons van het zout is aanzienlijk sterker dan
de respons van andere zouten met dezelfde chirale precursor. Bovendien
vertoont dezelfde polykristallijne vorm van het zout een ongewoon grote
frequentie-verdubbeling efficiency vergeleken met andere L-histidinium
zouten waarin laag-liggende elektronische toestanden afwezig zijn. Een
analyse in termen van de fysische grootheden die de lineaire en niet-
lineaire respons bepalen maakt duidelijk dat één enkele laag-liggende
elektronisch aangeslagen toestand met charge-transfer karakter verant-
woordelijk is voor de waargenomen versterking van beide responsen.

In Hoofdstuk 7 laten we zien dat de VCD-signalen van aminozuren
en peptides met meer dan twee ordes van grootte versterkt kunnen wor-
den als ze niet-covalent worden gebonden aan een overgangsmetaal.
Het overgangsmetaal introduceert in dit geval laag-liggende elektron-
ische toestanden en kan dus als een hulp-eenheid beschouwd worden
waarmee VCD van de moleculen die daaraan gekoppeld zijn kan wor-
den versterkt. We illustreren dit aan de hand van kobalt-ionen waarmee
we een elektronisch manifold kunnen creëren met de juiste eigenschap-
pen om een versterkte VCD respons te induceren in biologische syste-
men zoals aminozuren en peptides in waterige oplossing. Door de ver-
sterking van verschillende vibratiemodes te vergelijken komen we tot de
conclusie dat de versterking afhankelijk is van de afstand van de des-
betreffende oscillator tot het overgangsmetaal. Deze waarneming geeft
aan dat de relatieve VCD-versterking van verschillende vibratiemodes
gebruikt kan worden om bijvoorbeeld de coördinatiegeometrie van
een bindingsholte in biologisch actieve metaal-bevattende eiwitten te
bepalen.

In Hoofdstuk 8 implementeren we het concept van een lokale, schakel-
bare VCD-versterker. Een dergelijke versterker is een molecuul dat co-
valent gekoppeld wordt aan een van te voren bepaald gedeelte van
een groter moleculair systeem, en waarvan de redox-toestand elektro-
chemisch veranderd kan worden. In één van de redox-toestanden zijn er
geen laag-liggende elektronische toestanden en worden VCD signalen
niet versterkt. In de andere redox toestand is dat juist wel het geval.
Studies waarin we onderzoeken hoe de versterking van een bepaalde vi-
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bratiemode afhangt van de afstand van de desbetreffende oscillator tot
de versterker bevestigen onze eerdere conclusies met betrekking tot het
lokale karakter van de versterking. We laten zien dat het inbouwen van
een dergelijke versterker een uitstekend hulpmiddel is om heel lokaal
de actieve gedeeltes van biomoleculen te onderzoeken. De conclusie van
dit hoofdstuk is dan ook dat dit concept waarin een schakelbare VCD-
versterker op een willekeurige plaats in een groot biomoleculair systeem
kan worden ingebouwd de ideale manier is om op een lokale schaal (ve-
randeringen in) de stereochemie en ruimtelijke structuur van dit soort
systemen te onderzoeken.

De ontwikkeling van VCD en NMR (Kern Magnetische Resonantie)
is in veel opzichten vergelijkbaar. Beide technieken zijn begonnen als
wetenschappelijke curiositeiten, maar ontwikkelden zich in de loop der
tijd tot instrumenten met zoveel toegevoegde waarde dat ze ondertussen
onmisbaar zijn geworden. NMR heeft zich veel al verder ontwikkeld
dan VCD en ligt tegenwoordig aan de basis van veel toepassingen die
van direct belang zijn voor de maatschappij, in het bijzonder binnen
de gezondheidswetenschappen. Dit proefschrift geeft aan dat, in tegen-
stelling tot NMR, de ontwikkeling en toepassing van VCD - en in deze
context moeten ook andere technieken gebaseerd op vibrationele optis-
che activiteit niet worden vergeten - nog lang niet is afgerond. Chirop-
tische spectroscopie is op dit moment volop in ontwikkeling, en het in
dit proefschrift beschreven onderzoek geeft een eerste blik van wat er
nog allemaal voor ons ligt.
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