
CHAPTER 9

EXCITED-STATE STRUCTURAL DYNAMICS OF NUCLEIC
ACIDS AND THEIR COMPONENTS
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Abstract: Nucleic acids are the very essence of life, containing the genetic potential of all
organisms. However, the sheer size of nucleic acids makes them susceptible to a variety of
environmental insults. Of these, ultraviolet-induced damage to nucleic acids has received
extensive attention due to its role in disease. The primary step in ultraviolet-induced
damage is the absorption of light and the subsequent electronic and structural dynamics
on the excited-state potential energy surface. In this chapter, we will review the use of
Raman and resonance Raman spectroscopy as a means of obtaining excited-state structural
dynamics. Specifically, the application of Raman and resonance Raman spectroscopy to
determine the excited-state structural dynamics of nucleic acids and their components
will be discussed
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9.1. INTRODUCTION

9.1.1. Nucleic Acids

Nucleic acids form the essential potential of life. Deoxyribonucleic acid (DNA)
carries all of the developmental potential of an organism within its genes. Ribonu-
cleic acid (RNA) has long been thought of simply as an intermediary between DNA
and the proteins, which carry out all of the function of the cell. However, recent
evidence indicates that RNA may have many other functions, including catalytic
and self-catalytic properties [1] and a role in gene expression [2].
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Figure 9-1. Structures and atomic numbering schemes of the five nucleobases. Numbers are given only
for the ring atoms

The structures of the nucleobases are shown in Figure 9-1 and the primary
structures of DNA and RNA are shown in Figure 9-2. Both nucleic acids are
polymers, consisting of an alternating sugar/phosphate backbone and a nucleobase
(adenine, cytosine, guanine, thymine and uracil) attached to each sugar. The sugar
in RNA is ribose and the sugar in DNA is 2′-deoxyribose. The sugars are connected
via phosphate groups bonded to the 3′ carbon of one sugar and the 5′ carbon of an
adjacent sugar. Because the phosphate groups have a single negative charge, both
DNA and RNA carry a significant negative charge. The nucleobases are usually
grouped into the purines (adenine and guanine) and the pyrimidines (cytosine,
thymine, and uracil), based on their parent structures. Both RNA and DNA contain
the same purines, adenine and guanine. Both RNA and DNA also contain cytosine.
However, thymine is used almost exclusively in DNA and uracil is used almost
exclusively in RNA.
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Figure 9-2. Primary structure of DNA and RNA. Letters are the one-letter abbreviation of the
nucleobases

Apart from the primary structures of DNA and RNA, they also form distinctive
and different secondary structures. DNA is almost always found in the double
stranded form, i.e. the nucleobases hydrogen bond to their complementary nucle-
obases on another strand of DNA. In normal Watson-Crick pairing [3], adenine
forms two hydrogen bonds with thymine, and guanine forms three hydrogen bonds
with cytosine. This base pairing and the geometry constraints imposed by the glyco-
sidic bond between the sugar and the nucleobase lead to the famous double helix
structure of DNA. Surprisingly, this double helix structure is independent of the
nucleobase sequence of the DNA. The double helix can take three different forms,
A-form DNA, B-form DNA, and Z-form DNA, dependent on the humidity and salt
concentration [4]. The most common form at physiological conditions is B-form
DNA. A-form and B-form DNA are right-handed helices, while Z-form DNA is
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a left-handed helix. An important consequence of the right-handed double helix
structure is the resulting stacking of the nucleobases.

In contrast to DNA, RNA is almost always found in the single stranded form.
Although, nominally single stranded, different regions of a single RNA strand may
base pair, forming such structures as bulges, cloverleaves, hairpin loops and a
variety of other structures. Other base-pairing schemes, such as Hoogsteen pairing
or guanine tetraplexes, are also possible in DNA and RNA, but will not be discussed
further here.

9.1.2. Nucleic Acid Excited-State Electronic Structure

In recent years, the ground-state and excited-state electronic structure of nucleobases
and short oligonucleotides has become much clearer. Because other chapters in this
book review the experimental, theoretical and computational aspects of nucleobase
and oligonucleotide electronic states, only a very brief review will be given here.

A number of researchers, including Kohler [5–13], Gustavsson [14–22], Kong
[23, 24], Roos [25–27], Jean [28], Ericksson [29, 30], and others [17, 31–57] have
probed the ground and electronic states of nucleobases, nucleosides, nucleotides,
and short oligonucleotides with experimental and computational techniques. The
consensus is that initial excitation occurs to a state of predominantly (��∗) character
and that the excited states live for a very short time before mostly internal conversion
and vibrational relaxation occurs to bring most of the population back to the initial
ground state. The most recent measurements cite excited-state relaxation times of
�1 0.34 ps/ �2 0.64 ps for adenine [36], ∼100 fs for cytosine [8], 3.2 ps [8] or 0.8
ps [57] or 0.1 ps [8] for guanine, �1 0.195 ps/ �2 0.633 ps for thymine [8, 14] and
0.096 ps for uracil [8, 14]. Very low (<0.05) quantum yields for triplet formation,
photochemistry, and fluorescence are observed in all of the naturally-occurring nucle-
obases, nucleosides, nucleotides, and larger oligonucleotides. The rapid excited-state
relaxation via internal conversion, resulting in the very low quantum yields for other
photophysical and photochemical processes, has been cited as one criterion which
led to the natural selection of these nucleobases [13, 58]. A number of factors,
including base pairing, base stacking, and the presence of other moities on the
nucleobase have all been determined to play a role in the excited-state dynamics.

9.1.3. Nucleic Acid Photochemistry

Although the photochemical quantum yields are low, nucleic acids and their compo-
nents have a rich palette of photochemistry. Different photoproducts are formed
dependent on whether the nucleic acid is irradiated with ultraviolet (UV) light or
ionizing radiation, and whether the irradition occurs in the presence or absence
of oxygen. Since this review is concerned only with UV irradiation, the range of
photoproducts is more limited. Figure 9-3 shows most of the primary photoproducts
formed in DNA from each of the pyrimidine nucleobases [59]. It should be noted
that most of the photochemical mechanisms and quantum yields are dependent on the
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Figure 9-3. Structures of the UV photoproducts of the pyrimidine nucleobases. See text for details

size of oligonucleotide [59]. For example, thymine cyclobutyl photodimer formation
proceeds from the monomeric nucleobase with a very low quantum yield via the triplet
state indilute solution,while thequantumyield increases to0.065and themechanismis
thought to proceed via the singlet state for 1,3-dimethylthymine in stacked aggregates
inmoreconcentratedsolutions.Since thephotochemistryofDNAhasbeenextensively
reviewed [59–64], we will only briefly review the salient points here.

The pyrimidine nucleobases have the highest quantum yields for photoreactivity,
with thymine ∼ uracil > cytosine. The purine nucleobases have much lower quantum
yields for photochemistry, but can be quite reactive in the presence of oxygen. As can
be seen from Figure 9-3, thymine forms primarily cyclobutyl photodimers (T<>T)
via a [2�+ 2�] cycloaddition, with the cis-syn photodimer most prevalent in DNA.
This is the lesion which is found most often in DNA and has been directly-linked
to the suntan response in humans [65]. A [2�+ 2�] cycloaddition reaction between
the double bond in thymine and the carbonyl or the imino of an adjacent pyrimidine
nucleobase can eventually yield the pyrimidine pyrimidinone [6–4]-photoproduct via
spontaneous rearrangement of the initially formed oxetane or azetidine. This photo-
product has a much lower quantum yield than the photodimer in both dinucleoside
monophosphates and in DNA. Finally, thymine can also form the photohydrate via
photocatalytic addition of water across the C5 = C6 bond.

Uracil has a similar photoreactivity to thymine, but in RNA. Although the rate
of photoreaction is similar, the photoproduct partitioning is different. While uracil
forms the cyclobutyl photodimer and photohydrate, there is no evidence that it forms
the pyrimidine-pyrimidinone [6–4] photoproduct. Also, the major photoproduct in
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uracil is the photohydrate, not the cyclobutyl dimer as in thymine. The photohydrate
has been predicted to form from a zwitterionic excited-state structure [66]. Thus, it
is even more surprising that the photohydrate is the major photoproduct in uracil,
as the tertiary carbon at C5 in thymine is expected to stabilize better a carbocation
in the zwitterionic excited state. The origin of these differences in photochemistry
remains largely unsolved and is one of the motivating factors in the work presented
by the authors below.

Finally, cytosine is the least reactive of the pyrimidine nucleobases. It also forms
the cyclobutyl photodimer and the pyrimidine-pyrimidinone [6–4]-photoproduct,
but no evidence of the photohydrate has been found for cytosine. Cytosine, uracil,
and thymine can form heterophotodimers (e.g. T<>C and U<>C) in addition to
the homophotodimers. The purines can also participate in photochemical reactions.
Some evidence has been found that adenine and thymine can form a heteropho-
todimer [67]. However, the purines appear to be more susceptible to oxidative
damage as a result of their much lower oxidation potentials [68]. Of the purines,
guanine is most susceptible and forms primarily 8-oxo-guanine. However, 8-oxo-
guanine is somewhat unstable and can rearrange to a number of different products.
Because guanine has the lowest oxidation potential of all the nucleobases and acts
as an electron sink, it has been implicated as a reactive hotspot in electron transfer
models of DNA damage [69, 70].

For all of these types of DNA damage, the initial step in the photochemical
reaction is absorption of an ultraviolet photon. The lowest-lying, allowed state is
thought to have primarily (��∗) character for all of the nucleobases [25, 71–76],
although there is thought to be one or more (n�∗) states which are nearly degenerate
with the initially excited (��∗) state. After excitation, an incompletely understood
combination of electronic and structural dynamics occurs on the excited state. While
significant progress has been made in understanding the electronic dynamics of
excited-states, primarily through ultrafast time-resolved absorption and fluorescence
spectroscopy (see above), very little is known about the structural dynamics. There
are several reasons for this. As mentioned above, the excited state lifetimes of the
nucleobases are quite short, typically on the order of a picosecond or less. This short
lifetime makes it difficult to resolve the vibrational dynamics before relaxation. The
low quantum yields of the photoproducts also make it difficult to distinguish the
photochemical reaction dynamics in the excited-state from those that simply lead to
relaxation back to the original ground state. Finally, the difficulty of working in the
ultraviolet region with ultrafast lasers provides a significant technical challenge in
measuring the excited-state structural dynamics. Nevertheless, ultraviolet resonance
Raman spectroscopy has provided recent insight into the excited-state structural
dynamics and the factors which affect them.

9.1.4. Raman Spectroscopy

Raman spectroscopy is the inelastic scattering of light by the molecular vibra-
tions of the sample (Figure 9-4A). It is similar to infrared (IR) spectroscopy in
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that it provides vibrational information, but the Raman light is neither absorbed
nor emitted. Indeed, if a transparent sample is illuminated with monochromatic,
polarized light, the vast majority of the light is transmitted through the sample and
exits unchanged. An additional fraction of the light is scattered, but the wavelength
remains unchanged. This light is called Rayleigh scattered light and is the elastic
component of the scattered light, i.e. carries no molecular information. The amount
of Rayleigh scattered light is dependent on the excitation wavelength and the relative
size of the scatterers compared to the wavelength of the excitation light, but does
not depend on the molecular vibrations of the sample. Of the light that enters the
sample, the tiniest fraction that exits is the inelastically scattered light, i.e. the
Raman scattered light. The scattered light can be either higher or lower in energy,
depending on whether the molecule is initially vibrationally excited or not. If so,
the molecule may give up some energy to the electromagnetic field, resulting in
scattered light at higher energy (lower wavelength) than the exciting light. This type
of Raman scattering is called anti-Stokes scattering. In anti-Stokes scattering, the
Raman intensities depend on the population in the higher-lying vibrational levels,
which usually decreases with a Boltzmann dependence for vibrations significantly
greater than the approximately 200 cm−1 of thermal energy available at room
temperature. If the molecular vibrations are all predominantly in their lowest level,
the electromagnetic field transfers energy to excite the molecule to a higher-lying
vibrational level and the scattered light is at lower energy (higher wavelength) than
the exciting light (Figure 9-4A). This latter case is called Stokes scattering and is
more typically measured in a Raman spectroscopic experiment.

Classically, Raman spectroscopy arises from an induced dipole in a molecule
resulting from the interaction of an electromagnetic field with a vibrating molecule.
In electromagnetic theory, an induced dipole is a first-rank tensor formed from the
dot product of the molecular polarizability and the oscillating electric field of the
photon, � = �·E. Assuming a harmonic potential for the molecular vibration, and
that the polarizability does not deviate significantly from its equilibrium value (�0)
as a result of the vibration

�k =�0 +
(

��

�Qk

)

0

Qk0 cos 2�c�̃kt (9-1)

E =E0 cos 2�c�̃0t (9-2)

where Qk is the kth normal mode of vibration, Qk0 is the normal coordinate
amplitude, E0 is the electric field amplitude of the photon, �̃0 is the incident laser
wavenumber, and �̃k is the vibrational wavenumber. Solving for the induced dipole
yields

	 =�0E0 cos 2�c�̃0t + 1
2

(
��

�Qk

)

0

Qk0E0 
cos 2�c ��̃0 − �̃k� t

+ cos 2�c ��̃0 + �̃k� t (9-3)
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Figure 9-4. The Raman and resonance Raman scattering processes. In this figure, �i > and �f >

refer to the initial and final states, respectively, in the Raman or resonance Raman scattering process.
(A) In the Raman process, the molecule is initally in its ground vibrational level of the ground electronic
state. An excitation photon (up arrow) carries the molecule to a virtual level (dashed line) from which it
immediately scatters inelastically (down arrow), leaving the molecule in an excited vibrational level of
the ground state. The difference between the excitation and scattered photon is measured. (B) Resonance
Raman scattering follows the same process, except that the virtual level (dashed line) is coincident with
a real excited vibronic level of the molecule. Again, the difference between the excitation and scattered
photon is measured

In Eq. (9-3), the first term describes Rayleigh scattering at the incident laser
wavenumber, the second term is Stokes Raman scattering at wavenumber �̃0 − �̃k
and the third term is anti-Stokes Raman scattering at wavenumber �̃0 + �̃k.

Thus, in the Stokes case, the molecule is initially in its lowest-lying vibra-
tional levels. The incident photon, at an energy much lower than necessary to
reach the lowest-lying excited electronic state (i.e. the sample is transparent at this
wavelength), excites the molecule to a virtual state (dashed line in Figure 9-4A)
from which it immediately scatters inelastically. The scattered photon is at lower
energy than the exciting photon and the molecule is vibrationally excited in one or
more vibrational modes.

Raman vibrational spectroscopy and infrared spectroscopy are usually presented
as complementary vibrational techniques because the processes are different,
absorption for infrared and scattering for Raman. This difference in process
has important consequences that reinforce the idea that infrared and Raman are
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complementary spectroscopies. The gross selection rules are different. Infrared
intensities are dependent on a change in permanent dipole moment with the
vibration, while Raman intensities depend on a change in the polarizability with
the vibration. Thus, water is a strong infrared absorber but is a weak Raman
scatterer, making Raman spectroscopy much more useful for biological samples.
Most functional groups are dipolar, making infrared spectroscopy a very useful
technique for the identification of unknown compounds. In fact, this difference
yields the mutual exclusivity principle which states that if a molecule contains a
center of symmetry, the vibrations that are infrared allowed are Raman forbidden
by symmetry and vice versa.

A critical pre-requisite to using Raman and resonance Raman spectroscopy to
examine the excited-state structural dynamics of nucleic acids and their compo-
nents, is the determination of the normal modes of vibration for the molecule of
interest. The most definitive method for determining the normal modes is exhaustive
isotopic substitution, subsequent measurement of the IR and Raman spectra, and
computational analysis with the FG method of Wilson, Decius, and Cross [77].
Such an analysis is rarely performed presently because of the improvements in
accuracy of ab initio and semi-empirical calculations. Ab initio computations have
been applied to most of the nucleobases, which will be described in more detail
below, resulting in relatively consistent descriptions of the normal modes for the
nucleobases.

Although both infrared and Raman spectroscopy equipment share the general
characteristics of having a light source, wavelength dispersion device and detector,
the specific equipment used for infrared and Raman spectroscopy also differs.
Infrared spectroscopy is an absorption technique, and therefore requires a light
source operating in the infrared region of the spectrum, typically between 15000
and 10 cm−1 (667 nm to 1000 �m). Prism and grating monochromators, wavelength
dispersion devices for infrared spectroscopy, have been largely supplanted by inter-
ferometers and Fourier transform infrared spectroscopy (FT-IR) is commonplace.

Raman vibrational spectroscopy is performed in the visible and near-infrared
regions of the spectrum. Since Raman vibrational spectroscopy is a light scattering
technique, only the wavelength shift of the scattered light from the excitation
wavelength is measured; thus the absolute wavelength of the light is somewhat less
important. However, the intensity of scattered light depends on 1/�4, so a lower
excitation wavelength is useful in most cases. Fluorescence can be a significant
interference in Raman spectroscopy, since it occurs in the same spectral region
and can be much more intense than the Raman signal. Thus, a judicious choice
of excitation wavelength will ensure that the Raman intensities are optimized.
Lasers are typically used to provide the excitation in a Raman spectroscopy exper-
iment, as they are highly collimated, monochromatic, polarized sources, ideal for
Raman spectroscopy. Grating-based monochromators are used almost exclusively
in Raman spectroscopy, usually with one or more filters to remove the higher-
intensity Rayleigh scattering. The most popular detectors are charge coupled device
(CCD) detectors, but photomultiplier tubes and photodiode arrays are still used.



246 G. R. Loppnow et al.

9.1.5. Resonance Raman Spectroscopy and Excited-State
Structural Dynamics

Because of the inherent weakness of Raman scattering, several techniques have been
employed to improve the Raman signal. These include coherent Raman scattering,
e.g. coherent anti-Stokes Raman scattering (CARS) and coherent Stokes Raman
scattering (CSRS), surface-enhanced Raman scattering (SERS), resonance Raman
scattering (RRS) and surface-enhanced resonance Raman scattering (SERRS). Of
these, only resonance Raman scattering will be discussed, because it yields the
excited-state structural dynamics which is the topic of this review.

Resonance Raman vibrational scattering spectroscopy is illustrated in
Figure 9-4B. Resonance Raman scattering is essentially the same as Raman
scattering, except the energy of the excitation photon is coincident with a vibronic
transition in the molecule, i.e. the sample is absorbing at the wavelength of
excitation. Although this resonance can lead to a number of undesirable effects,
such as increased fluorescence interference, self-absorption of both the excitation
and scattered photons, sample heating, and photochemistry, an advantage of the
resonance condition is that the Raman signal is significantly enhanced compared
to that of unenhanced Raman scattering. It was noticed early on that the relative
intensities may also be significantly different in a resonance Raman experiment
compared to those obtained off-resonance.

Quantum mechanically, resonance Raman cross-sections can be calculated by
the following sum-over-states expression derived from second-order perturbation
theory within the adiabatic, Born-Oppenheimer and harmonic approximations

�R = 8�e4M4E3
s EL

9�4c4

∣
∣
∣
∣
∑

v

< f �v >< v�i >
�v −�i +E0 −EL − i�

∣
∣
∣
∣

2

(9-4)

where the resonance Raman cross-section, �R, is directly proportional to the absolute
measured resonance Raman intensity. In this expression, M is the transition length,
Es and EL are the scattered and incident photon energies, respectively, �f >, �v >
and �i > are the final, intermediate, and initial vibrational states, respectively, �v

and �i are the energies of the intermediate and initial vibrational states, E0 is the
zero-zero energy between the lowest vibrational levels of the ground and excited
electronic states, and � is the homogeneous linewidth [78]. While theoretically
elegant, this equation is computationally intensive to evaluate in practice.

Of more utility is the time-dependent analogue of Eq. (9-4), shown in Eq. (9-5)
below.

�R =8�E3
s ELe

4M4

9�6c4

∫ �

0
dE0H�E0�

∣
∣
∣
∫ �

0
< f �i�t� >

exp �i �EL +�i� t/�� G�t�dt�2 (9-5)

In this equation, G(t) is a homogeneous linewidth function, H�E0� =
�2���−1/2 exp �− �< E0 > −E0�

2/2�2� is the inhomogeneous linewidth function
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with standard deviation � and average energy <E0 >, and �i�t� >= e−2� iHt/h�i > is
the initial vibrational wavefunction propagated on the excited-state potential energy
surface [78–83]. For molecules interacting with a solvent bath, G(t) represents the
dynamics of the chromophore-solvent coupling [84] and takes the form e−gR�t�−igI�t�,
where gR�t� = D2
e−2�� t/h −1+2��t/h/�2, D is the coupling strength between
the electronic transition and the solvent coordinate, k is the Boltzmann constant,
h is Planck’s constant, T is the temperature, h/2�� is the characteristic solvent
timescale, and gI�t� = � D2t/kTh in the strongly overdamped, high temperature
limit. The inhomogeneous linewidth function is simply a Gaussian distribution of
zero-zero energies and assumes the electronic zero-zero energy is more susceptible
to solvent interactions.

The absorption cross-section, directly proportional to the molar extinction coeffi-
cient �, is given by

�A =4�ELe
2M2

6�2cn

∫ �

0
dE0H�E0�

∫ �

−�
dt < i�i�t� >

exp �i �EL +�i� t/��G�t� (9-6)

Within the separable harmonic approximation, the < f �i�t� > and < i�i�t� >
overlaps are dependent on the semi-classical force the molecule experiences along
this vibrational normal mode coordinate in the excited electronic state, i.e. the
slope of the excited electronic state potential energy surface along this vibrational
normal mode coordinate. Thus, the resonance Raman and absorption cross-sections
depend directly on the excited-state structural dynamics, but in different ways
mathematically. It is this complementarity that allows us to extract the structural
dynamics from a quantitative measure of the absorption spectrum and resonance
Raman cross-sections.

The resonance Raman cross-section, �R, can be measured experimentally from
the resonance Raman intensity by the following equation

�Nucl = �Std

INucl
StdEStdLNuclnNucl

(
1+2�
1+�

)

Nucl

IStd
NuclENuclLStdnStd

(
1+2�
1+�

)

Std

10dc��Nucl−�Std� (9-7)

where � is the absolute Raman cross-section, I is the resonance Raman intensity,
E is the spectrometer efficiency, L = 
�n2 + 3�/34 is the internal field correction,
n is the refractive index, � is the depolarization ratio, d is the Raman sample
pathlength, c is the absorbing species concentration, and � is the molar extinction
coefficient. The subscripts Nucl and Std refer to the nucleobase and intensity
standard, respectively, present in solution at concentrations [Nucl] and [Std]. If an
internal intensity standard is used, LNucl = LStd and nNucl = nStd. In this method, an
internal standard is used whose cross-section has been measured previously. Typical
internal standards used are benzene, acetonitrile, cacodylate, sulfate and nitrate.
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Besides the sum-over-states and time-dependent models for the resonance Raman
cross-section, other models can be used to calculate resonance Raman cross-
sections, such as the transform and time correlator models. In the transform model,
the resonance Raman cross-sections as a function of excitation energy, the excitation
profiles, can be calculated from the absorption spectrum within the separable
harmonic oscillator approximation directly by the following relationship [85–87]

�R = ELE
3
s n

2M4�2

4�2c2�3
����L�−���L −���2 (9-8)

where � is the difference between the ground and excited-state equilibrium geome-
tries for that particular vibrational normal mode, �L is the incident laser frequency,
� is the frequency of the Raman mode of interest,

���L� = P
∫

d�I�����−�L�
−1 + i�I��L� (9-9)

and

I��L� =
[∫

d�/���′�/�′
]−1

���L�/�L (9-10)

where P denotes the principal part of the integral and I(�L) is the normalized
absorption spectrum. Thus, the value of � for each Raman mode can be obtained
directly from the absorption spectrum and the Raman cross-section at a single
excitation wavelength. For each vibrational mode, the slope of the excited-state
potential energy surface can be easily obtained from � within the harmonic oscil-
lator approximation. Note that these expressions do not include inhomogeneous
broadening and are strictly correct only for a single molecule. However, decon-
volution of the experimental absorption spectrum can be performed prior to the
transform to obtain a pseudo-single molecule absorption spectrum. The advantage
of the transform method is that the Raman cross-section needs to be obtained at
only a single excitation wavelength. Indeed, the � for a mode can be obtained from
this method simply by measuring the overtone to fundamental ratio in the absence
of absolute Raman cross-sections.

The time correlator method [85, 88, 89] has not been used as frequently as the
other methods described here, and has not been used for nucleic acids and their
components. It will therefore not be discussed further. The experimental methods
for determining absolute Raman and resonance Raman cross-sections have been
extensively reviewed [90–93]. Similarly, the methods for practical use of the sum-
over-states, time-dependent, and transform methods for determining excited-state
structural dynamics have been extensively reviewed [78–83].

9.2. NUCLEOBASES

The topic of this review is the excited-state structural dynamics of nucleic acids and
their components. As stated above, the excited states of nucleic acid components
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are very short-lived, making them difficult to study. Techniques which have been
successful at probing the structural dynamics of these short-lived states are UV
resonance Raman spectroscopy, computations, and, very recently, time-resolved
infrared (IR) spectroscopy. This review will focus mainly on UV resonance Raman
determinations of excited-state structural dynamics, but will include discussions of
other techniques as appropriate. UV resonance Raman spectra of the nucleobases
are shown in Figure 9-5.

Previous reviews of UV resonance Raman spectroscopy applied to nucleic acids and
their components were done in 1987 [94] and 2005 [95]. This review will focus exclu-
sively on the application of UV resonance Raman spectroscopy in determining excited-
state structure and dynamics of nucleic acids and their components. This review will
cover the nucleic acid components first and gradually build up to nucleic acids.

9.2.1. Thymine

One of the most interesting nucleobases in which to study the excited-state structural
dynamics is thymine, as thymine photoproducts account for >95% of the lesions
found in DNA upon either UVB or UVC irradiation [59]. Excited-state structural
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Figure 9-5. UV resonance Raman spectra of the four nucleobases and guanosine excited with 25 mW
of 270 nm light. Spectra were obtained as described previously [119], [120], [137], [141], [142]
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dynamics occur along the excited-state potential energy surface(s) directly upon
absorption of a photon and play a large role in determining the photochemical
products and quantum yields.

The ground-state vibrational normal modes of thymine have been extensively
studied, both experimentally and computationally. Vibrational spectra of thymine
in the polycrystalline state [96–104], in Ar and N2 matrices [105–109], and in the
gas phase [110] have been measured. In the least interactive environments, only the
1-d, 3-d, and 1,3-d2 derivatives have been measured, while a number of 2H and
15N isotopomers in the polycrystalline state have been measured for thymine [104].
Semi-empirical [111, 112] and ab initio [98, 113–115] calculations have been used to
assign the vibrational bands for natural abundance thymine. However, the most robust
reconciliation of experiment and computation is a recent attempt to computationally
reproduce theexperimentallyobserved isotopicshifts in10different isotopomers [116]
of thymine. The success of that attempt is an indication of the reliability of the resulting
force field and normal modes. The resonance Raman vibrations of thymine, and their
vibrational assignments, are given in Table 9-1.

With this normal mode description, then, it is instructive to review the resonance
Raman intensity-derived excited-state structural dynamics. The first UV resonance
Raman study of thymine was not done until 1994 by Lagant, et al. [113], Although
Raman and IR spectra of thymine had been recorded much earlier. Most earlier
studies of nucleic acid components focussed on the nucleosides and nucleotides.
Indeed, much of the earlier research on nucleic acid components was done by the
groups of Peticolas and Spiro, working independently. Spiro focussed more on nucle-
osides and larger nucleic acid structures (see below), while Peticolas examined the
nucleobases initially. Peticolas’s approach was to combine ab initio computations
of the ground-state and excited-state structures and vibrational frequencies, with

Table 9-1. Resonance-enhanced Vibrations of Thyminea

Mode (cm−1� Mode Assignmentb

1662 61  (C5C6�−13 be(C6H12�−8�(C6N1�−5�(C5C11�

1412 15  (C2N3�−13 (C4C5�−11 CH3 umb + 9 be(N1H7�−8 (N1C2�+7 be(C4O10�+
7 be(C2O8�−6 Ring def 2 − 6 be(N3H9�

1359 42 be(C6H12�+12 (C5C6�+9 (N1C2�−9�(C2N3�

1237 29  (C5C11�−21 (C6N1�−12 Ring def 1 + 10  (N1C2�−10 (C4C5�−8 (C2N3�

1168 21  (C2N3�+20 be(C6H12�−16 be(N1H7�−12 (N3C4�−11 (C6N1�

813 45 Ring def 1 + 20  (C5C11�−11 (N1C2�

752 6!(C2O8�−12 Ring def 6 + 8 Ring def 4 + 6 !(C4O10�−5!(N3H9�

616 28 be(C4O10�−27 be(C2O8�+14 be(C5C11�+6 Ring def 2 [6]
563 9!(N1H7�−6!(N3H9�

a Frequencies listed are the experimental frequencies reported here;
b Mode assignments from ref. [116]. Abbreviations:  , stretching; def, deformation; !, wagging; be,
bending; umb, umbrella. Numbers represent the total percentage potential energy distribution (PED) of
the listed internal coordinate(s) to the normal mode. Only PEDs greater than 10% have been listed.
Positive and negative PEDs represent the phases of the respective internal coordinate contributions.
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experimental measurement of the UV absorption spectrum. A transform calculation
was performed on the absorption spectrum to yield the UV resonance Raman inten-
sities of the 3N-6 vibrational modes [113, 114, 117, 118]. For thymine, the 6-31G∗

basis set at the Hartree-Fock level was used for the ground-state and the same
basis set was used with the ground-state minimized geometry in a CIS cacluation
for the excited-state. The results were encouraging in that the resonance Raman
frequencies were accurately calculated. However, the relative resonance Raman
intensities did not match well the experimentally-observed resonance Raman inten-
sities [117]. These discrepancies were attributed to a number of possible factors,
including calculation inaccuracies and solvent effects, but the lack of absolute
cross-section measurements left some ambiguity as to the exact cause.

The UV resonance Raman spectrum of thymine was revisited in 2007, with a
slightly different approach, by Yarasi, et al. [119]. Here, the absolute UV resonance
Raman cross-sections of thymine were measured and the time-dependent theory
was used to experimentally determine the excited-state structural dynamics of
thymine. The results indicated that the initial excited-state structural dynamics of
thymine occurred along vibrational modes that are coincident with those expected
from the observed photochemistry. The similarity in a DFT calculation of the
photodimer transition state structure [29] with that predicted from the UV resonance
Raman cross-sections demonstrates that combining experimental and computa-
tional techniques can be a powerful approach in elucidating the total excited-state
dynamics, electronic and vibrational, of complex systems.

Where the results of the experimental and the computational approaches differ for
thymine is in the vibrational dynamics near the ground-state equilibrium geometry
on the excited-state potential energy surface, the Franck-Condon region. The DFT
calculations predict a fairly flat excited-state potential energy surface, while the
intense resonance enhancement of the Raman vibrations suggest that a significant
slope to the potential energy surface is present along normal modes with large
projections on the photochemical reaction coordinate. The latter is more consistent
with the rapid excited-state lifetimes of the nucleobases and further suggests that
the photochemical and internal conversion reaction coordinates are coincident in
thymine. The resonance Raman cross-sections thus support an “early” model of
excited-state structural distortions which lead to the photochemical transition state
structure. However, greater elucidation of the excited-state potential energy surface
will require resonance Raman measurements of at least dinucleotides, to determine
whether the presence of the second nucleobase significantly alters the experimental
excited-state surface. In this model, then, rapid internal conversion is accomplished
by rapid relaxation to lower-lying electronic states which funnel back to the original
ground-state equilibrium structure.

9.2.2. Uracil

Uracil replaces thymine as the fourth nucleobase in RNA and is a common damage
product in DNA and RNA from the deamination of cytosine. The physiological
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consequences of uracil photochemistry have not been studied as extensively as those
of thymine, as RNA is more difficult to work with, given its inherent chemical
lability. Nevertheless, uracil provides a fascinating case study for understanding the
determinants of excited-state structural dynamics and the resultant photochemistry,
given its structural analogy to thymine and, yet, its inexplicably strict separation
from thymine in biology to RNA.

The ground-state vibrational normal modes of uracil have also been extensively
studied, both experimentally and computationally. The IR and Raman spectra in
Ar matrix have been measured for the 5-d, 6-d, 5,6-d2, 1,3-d2, 1,3,5-d3, 1,3,6-
d3, and d4 isotopomers [120–122]. Vibrational spectra in the crystalline phase
have been reported for the 5,6-d2, 1,3-d2, and d4 isotopomers of uracil [123]
and of the 2-18O, 4-18O, 3-d, 5-d, 6-d, 5,6-d2 and 1-methyl-d3 isotopomers of
1-methyluracil [124]. UV Resonance Raman spectra have been reported for natural
abundance, 2-18O, 4-18O, and 2,4-18O2 uracil in neutral aqueous solution [125].
These data have been modeled successfully by both ab initio [94, 117, 126–132] and
semi-empirical [133, 134] calculations. However, most of these caculations ignore
electron correlation effects on the vibrational properties of uracil, particularly the
Raman and resonance Raman spectra. However, the most robust reconciliation of
experiment and computation is a recent attempt to computationally reproduce the
experimentally observed isotopic shifts in 4 different uracil isotopomers [116]. The
success of that attempt is an indication of the reliability of the resulting force field
and normal modes for uracil. The resonance Raman vibrations of uracil, and their
vibrational assignments, are given in Table 9-2.

Much of the early UV resonance Raman spectroscopy and determination of the
excited-state structure of uracil was also performed by Peticolas [96, 113, 114, 117,
118], using a similar approach to that described above for thymine. In addition to uracil,
the calculated and experimental UV resonance Raman spectra of 1-methyluracil and

Table 9-2. Resonance-enhanced Vibrations of Uracila

Mode (cm−1� Mode Assignmentb

1664 71  (C4O10) − 8  (C4C5) + 5 ring def 2
1623 61  (C5C6) − 14 be(C6H12) − 8  ( C6N1)
1388 18  (C2N3) + 17 be(N3H9) − 15  (N1C2) + 13 be(C5H11) − 12 be(C6H12)

− 8  (C5C6) + 5 be(C4O10)
1235 33 be(C5H11) + 18 be(C6H12) − 15  (C6N1) + 10 be(N1H7) + 7  (N3C4)

+ 5  (N1C2)
1093 33  (C6N1) + 23 be(C5H11) + 9  (C5C6) − 9  (N3C4) − 6  (N1C2)
789 45 !(C2O8) + 29 Ring def 4 − 12 !(N3H9)
579 84 !(N1H7) − 6 !(C5H11) − 5 !(C4O10)

a Frequencies listed are the experimental frequencies reported here;
b Mode assignments from ref. [116]. Abbreviations:  , stretching; def, deformation; !, wagging; be,
bending. Numbers represent the total percentage potential energy distribution (PED) of the listed internal
coordinate(s) to the normal mode. Only PEDs greater than 10% have been listed. Positive and negative
PEDs represent the phases of the respective internal coordinate contributions.
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the 1,3-dideuterio isotopomers of each were also compared. The results show that the
ab initio + transform strategy for finding the UV resonance Raman spectra-and, in
the process, confirming the excited-state structural dynamics predicted from the ab
initio computations-works well for the deuterated species, but does not predict well the
UV resonance Raman spectra of the parent species. This discrepancy was attributed to
vibrational resonances involving the N3-H bending motion [114].

The UV resonance Raman cross-sections and experimentally derived excited-
state structural dynamics of uracil were measured independently in 2007 by Yarasi,
et al. [119]. The results indicate that the initial excited-state structural dynamics of
uracil are significantly different than those in thymine and occur along vibrational
modes that are delocalized over the entire molecule, rather than localized at the
photochemically active C5 = C6. This rather surprising result, given the structural
similarities between uracil and thymine, was attributed to the effect of a large mass
at C5 which localized the vibrations [119] more in thymine than in uracil. This
model has been confirmed in a number of analogues of uracil with various heavy
substituents at C5, yet all show similar UV resonance Raman spectra (see below).
The similarity in ab initio multireference configuration interaction calculations of the
excited-state potential energy surface of uracil [135, 136] with that predicted from
the UV resonance Raman cross-sections demonstrates that combining experimental
and computational techniques can be a powerful approach in elucidating the total
excited-state dynamics, electronic and vibrational, of complex systems. In particular,
the theoretical prediction and experimental verification of non-zero slopes along
various vibrational modes in the excited-state potential energy surface is consistent
also with the rapid excited-state lifetime of uracil.

The difference in excited-state structural dynamics between uracil and thymine
leads to a different model for the photochemistry in these two nucleobases. In
thymine, the initial excited-state structural dynamics, derived from the resonance
Raman intensities, have a large projection along the photochemical reaction
coordinate. In this “early” model of the photochemistry, the photochemical yields
would be quite high, except for the rapid deactivation of this excited electronic state
back to the original ground state via facile internal conversion processes. A different
picture emerges for the photochemistry of uracil. In uracil, the initial excited-
state structural dynamics do not have a large projection along the photochemical
reaction coordinate. In fact, the majority of the excited-state structure distortion
appears along delocalized modes, as if the energy is being dissipated. Thus, the
excited-state structural dynamics which yield the photohydrate major product and
photodimer minor product must occur “late” on the excited-state potential energy
surface. Further experimental probing of the excited-state structural dynamics is
necessary to further elucidate the mechanism of photohydrate formation.

9.2.3. Cytosine

Much less UV resonance Raman work has been done on cytosine than the other
pyrimidine nucleobases. Only Billinghurst and Loppnow [137] have determined the
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excited-state structural dynamics for cytosine bases from the UV resonance Raman
intensities. They found that the structural dynamics for cytosine were intermediate
between those of thymine and uracil, perhaps accounting for the intermediate nature
of the photochemistry; cytosine forms the photodimer as the major product, but the
photohydrate is the minor photoproduct.

9.2.4. Pyrimidine Derivatives

Peticolas [113, 114, 117, 118, 138], Spiro [139] and Harada [140] have all looked
at the UV resonance Raman spectra of pyrimidine derivatives. Spiro and Harada
focused mainly on ground state properties, identification and solvent affects on
frequencies, respectively. Peticolas’s focus was primarily on developing a robust
force field for the pyrimidine nucleobases, by using the UV resonance Raman
intensities as a check on the validity of the force field. As described above,
this effort resulted in good simulations of the UV resonance Raman spectra of
the deuterated pyrimidine nucleobases, but relatively poorer simulations of the
naturally-occurring nucleobase spectra. A more recent calculation of the vibra-
tional assignments using DFT methods at the B3LYP level with the 6-31G(d,p)
basis set shows that the natural abundance and isotopomer vibrational frequency
shifts for both uracil and thymine can be accurately calculated [116]. This recent
calculation shows a difference in vibrational assignment from the earlier calcu-
lations in the fingerprint (500–1400 cm−1� region of the Raman spectrum, which
may explain why some of the UV resonance Raman intensities in the earlier
calculation were inaccurately simulated. Very recently, Fraga, et al. [141] have
used UV resonance Raman spectroscopy to determine the excited-state struc-
tural dynamics of 1-methylthymine. The results indicate a substantial change in
the vibrational assignments compared to thymine, and some delocalization of the
dynamics over the entire molecule. Thus, the excited-state structural dynamics
are more similar to those found in uracil, than those found in thymine. This was
attributed to the lower frequencies of the N-methyl group vibrations, compared to
the normal proton vibrations at N1, facilitating greater coupling of the N-methyl
group with the ring vibrations. Thus far, no determination of the excited-state
structural dynamics of isotopically-substituted pyrimidine nucleobases has been
performed.

UV resonance Raman spectra of chemical analogues of the pyrimidine nucle-
obases have been recently reported. Billinghurst et al. [142] have recently reported
the UV resonance Raman intensity-derived excited-state structural dynamics of
5-fluorouracil, and have shown them to be essentially identical to those of thymine.
In that paper, they also report the UV resonance Raman spectra of 5-chlorouracil,
5-bromouracil, and 5-iodouracil, and show that the spectra all are similar. By
extension, they argue that the excited-state structural dynamics of the 5-halouracils
are all similar to each other and to those of thymine, supporting their model that
the excited-state structural dynamics of uracil and thymine nucleobases are dictated
by the mass of the substituent at the 5 position.
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9.2.5. Purines

Very few reports of the excited-state structural dynamics of the purine nucleobases
have appeared in the literature. This lack of research effort is probably due to a
number of factors. The primary factor is the lack of photochemistry seen in the
purines. Although adenine can form photoadducts with thymine, and this accounts
for ∼0.2% of the photolesions found upon UVC irradiation of DNA [67], the
purines appear to be relatively robust to UV irradiation. This lack of photoreactivity
is probably due to the aromatic nature of the purine nucleobases. A practical issue
with the purine nucleobases is their insolubility in water. While adenine enjoys
reasonable solubility, it is almost an order of magnitude lower than that of thymine
and uracil, the two most soluble nucleobases [143]. Guanine is almost completely
insoluble in water at room temperature [143].

Nevertheless, a few reports of UV resonance Raman spectra of the purine nucle-
obases and their derivatives have appeared. Peticolas’s group has reported the
identification of resonance Raman marker bands of guanine, 9-methylguanine and
9-ethylguanine for DNA conformation [118, 144]. In the process of doing that
work, very rudimentary excitation profiles were measured, which yielded prelim-
inary structures for two of the ultraviolet excited electronic states. Tsuboi has also
performed UV resonance Raman on purine nucleobases in an effort to determine the
resonance enhanced vibrational structure [94]. Thus far, no excited-state structural
dynamics for any of the purine nucleobases have been determined.

9.3. NUCLEOSIDES AND NUCLEOTIDES

In contrast to the isolated nucleobases, a significant amount of work has been done
on the excited-state structural dynamics and UV resonance Raman spectroscopy of
the nucleotides. The excited-state structural dynamics of nucleosides have not been
determined to date, although some UV resonance Raman spectra of the nucleo-
sides have been measured [139, 145, 146]. This work on the nucleosides has been
primarily for the application of UV resonance Raman spectroscopy in the determi-
nation of ground-state structure, rather than excited-state structural dynamics. This
emphasis on the nucleotides is no doubt driven by their greater solubility, as well
as their immediate relevance to the nucleic acids. In addition, it was believed that
the vast majority of the intensity observed in the UV Raman spectra arose through
resonance enhancement of the nucleobase chromophore. Much of the early work
on the UV resonance Raman spectra of nucleotides and nucleosides was completed
by the groups of Tsuboi, Spiro and Peticolas.

The vibrational structure of the nucleosides and nucleotides has been a subject
of great research effort. The early work on the vibrational structure of nucleosides
performed up to 1987 has been extensively reviewed [94]. The net conclusion was
that the vibrational modes of the nucleosides are essentially unchanged from those
of the nucleobase chromophore, i.e. the sugar contributes very little to the resonance
enhanced vibrations of the nucleobase chromophore. More recent work [144, 145]
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has shown that, in fact, the sugar vibrations of thymidine are coupled to those
of the thymine nucleobase, even in resonance with the 260 nm absorption band.
Nevertheless, the most intense resonance Raman vibrations appear to derive all of
their intensity from the nucleobase chromophore alone [141].

Peticolas was the first to measure the UV resonance Raman spectrum and
excitation profile (resonance Raman intensity as a function of excitation wavelength)
of adenine monophosphate (AMP) [147, 148]. The goal of this work, besides
demonstrating the utility of UV resonance Raman spectroscopy, was to elucidate
the excited electronic states responsible for enhancement of the various Raman
vibrations. In this way, a preliminary determination of the excited-state structures
and nature of each excited electronic state can be obtained. Although the excited-
state structural dynamics could have been determined from this data, that analysis
was not performed directly.

This initial report was followed closely by the UV resonance Raman spectra
of uridine (UMP), cytidine (CMP) and guanidine (GMP) monophosphates by
Nishimura, et al. [149] and the application of UV resonance Raman spectroscopy
to nucleic acids and their components started in earnest. In the years that followed,
Peticolas and Spiro provided much of the research effort in this area. For nucle-
osides and nucleotides, Peticolas studied guanosine [150], UMP [151–154], GMP
[152, 155], AMP [144, 152, 156] and CMP [153]. Spiro was the only one to
measure the UV resonance Raman spectra of TMP, in addition to those of all the
other naturally occurring nucleotides [157, 158]. For all of these nucleotides, UV
resonance Raman excitation profiles have been determined.

What is remarkable is that all of these early measurements of the UV resonance
Raman spectra of nucleic acid components involved computational and theoretical
support to their experimental findings. For example, Spiro used CINDO calculations
to determine the nature of the excited electronic states of the nucleotides [157].
In the early and mid 1970’s, many researchers were also attempting to understand
resonance Raman spectroscopy, the types of information it could provide, and a
unifying theoretical framework to the intensities [147, 159–172]. UV resonance
Raman spectra provided some of the first experimental evidence to test the various
theoretical models. Peticolas attempted to fit the observed experimental excitation
profiles of AMP [156], UMP [151, 154] and CMP [152, 153] to the sum-over-
states model for the resonance Raman cross-sections. From these simulations, they
were able to obtain preliminary excited-state structural dynamics of the nucleobase
chromophores of the nucleotides for UMP [151, 153, 158] and CMP [153].
For AMP, the experimental excitation profiles were simulated with an A-term
expression, but the excited-state structural changes were not obtained. Rather, the
goal of that work was to identify the electronic transitions within the lowest-energy
absorption band of adenine [156].

The major excited-state structural dynamics observed in UMP [173] were ascribed
to modes at 1231, 783, 1680, 1396, and 1630 cm−1, in that order, while the major
excited-state structural dynamics in the isolated chromophore occur along the 1231,
1680, 1396, and 1630 cm−1 modes in that order, with very minor contributions
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from modes below 1000 cm−1. Thus, the only difference is the contribution of the
783 cm−1 mode, which may carry a significant vibrational contribution from the
sugar in the nucleotide [94]. Therefore, the excited-state structural dynamics of
UMP appears to be dominated by the excited-state structural dynamics of the uracil
nucleobase chromophore.

In CMP, the excited-state structural dynamics were ascribed to modes at 784,
1243, 1294 and 1529 cm−1 [153], in that order, while the major excited-state struc-
tural dynamics in the isolated nucleobase chromophore occur along the 1283, 1364,
1651, 1523, 1224, and 1630 cm−1 modes [137], in that order; again, very minor
contributions to the excited-state structural dynamics are observed from the modes
below 1000 cm−1. Here, the excited-state structural dynamics of the nucleotide
appear to be very different from those of the cytosine nucleobase. A resolution
to those discrepancy between the excited-state structural dynamics of the nucle-
obase and nucleotide awaits definitive vibrational assignments of these modes in
cytosine.

Although the excitation profiles of TMP [157] are known, no attempt has been
made to extract the excited-state structural dynamics of these nucleotides until
recently [141]. This paucity of data is somewhat surprising, given the importance
of thymine photochemistry in DNA damage mechanisms. For TMP, the signif-
icant excited-state structural dynamics occur along the 1663, 1376, and 1243 cm−1

modes, with minor contributions from the other modes. These modes are tenta-
tively assigned as arising from vibrations solely of the thymine chromophore
[141], although it is somewhat unclear yet what the contributions to the resonance-
enhanced Raman vibrations are from the sugar and/or phosphate group of the
nucleotide.

The excitation profile of GMP is also known [157], but no reports of excited-
state structural dynamics for GMP have appeared in the literature. GMP can also
play a role in DNA damage, particularly in the presence of oxygen, where it forms
8-oxo-deoxyguanosine [174]. For GMP in the ca. 260 nm absorption band, the most
intense resonance Raman bands are observed at 1489, 1578 cm−1, with more minor
bands at 1326, 1603 and 1364 cm−1, suggesting that these are the modes along
which the major excited-state structural dynamics occur. The most intense modes
have been assigned to out-of-phase combinations of a C8H deformation + N9C8

stretch and a C4N3 stretch + C5C4 stretch, respectively, of the guanine nucleobase
chromophore. The excited-state structural dynamics at C8 may explain the formation
of the 8-oxo-deoxyguanosine photoproduct. Again, a precise description of the
normal modes of vibration of GMP is required to definitively describe the excited-
state structural dynamics.

9.4. OLIGONUCLEOTIDES

Much Raman and UV resonance Raman work has been done on polynucleotides and
oligonucleotides. Raman spectroscopy of polynucleotides has been used to examine
the conformation [95, 175] and melting of oligodeoxyribonucleotides [176].



258 G. R. Loppnow et al.

A number of marker bands have been identified to correlate with conformation,
base stacking and base pairing, and this topic has been reviewed recently [95]. UV
resonance Raman spectroscopy has also been used to examine the conformation
[177, 178], base stacking [177, 179], melting [180] and base pairing [146, 177, 181]
of natural and artificial oligodeoxyribonucleotides [95]. Much less work has been
done on the oligoribonucleotides, probably because of their chemical lability and
slightly more difficult synthesis. Most authors comment on the hypochromism
present in the UV resonance Raman spectrum. Because the resonance Raman inten-
sities are approximately proportional to �2, the square of the molar extinction
coefficient, hypochromic effects will decrease the resonance Raman intensities
proportionately more than the decrease in absorbance.

A few of these UV resonance Raman studies have reported excitation profiles
of oligonucleotides [158, 177]. These studies show that the hypochromism in
the resonance Raman intensities can be as large as 65% for bands enhanced by
the ca. 260 nm absorption band for poly(dG-dC) and that the hypochromism can
vary substantially between vibrational modes [177]. In the duplex oligonucleotide
poly(rA)-poly(rU) [158], similar hypochromism is seen. Although the UV resonance
Raman excitation profiles of oligonucleotides have been measured, no excited-state
structural dynamics have been extracted from them.

Thus far, the only excited-state structural dynamics of oligonucleotides have
come from time-resolved spectroscopy. Very recently, Schreier, et al. [182] have
used ultrafast time-resolved infrared (IR) spectroscopy to directly measure the
formation of the cyclobutyl photodimer in a (dT)18 oligonucleotide. They found
that the formation of the photodimer occurs in ∼1 picosecond after ultraviolet
excitation, consistent with the excited-state structural dynamics derived from the
resonance Raman intensities. They conclude that the excited-state reaction is
essentially barrierless, but only for those bases with the correct conformational
alignment to form the photoproducts. They also conclude that the low quantum
yields observed for the photodimer are simply the result of a ground-state population
which consists of very few oligonucleotides in the correct alignment to form the
photoproducts.

9.5. DNA AND RNA

Thus far, only one report of the UV resonance Raman excitation profiles of nucleic
acids has appeared in the literature. The excitation profiles of calf thymus DNA
[177] shows the same hypochromism as that observed in both single-stranded and
duplex oligonucleotides. Also as expected, the excitation profiles are quite complex.
Although an excitation profile is obtained for every vibrational mode, numerous
bases are contributing to the Raman intensity observed in every vibration, each
in its own microenvironment. Thus, the resonance Raman intensities currently
are not useful for elucidating the excited-state structural dynamics of nucleic
acids.
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9.6. CONCLUSIONS

The determination of excited-state structural dynamics in nucleic acids and their
components is still in its infancy. Although progress has been made in under-
standing the excited-state structural dynamics of the nucleobases, primarily with
UV resonance Raman spectroscopy, much work still remains to be done at that
level to be able to extract the structural determinants of the excited-state structural
dynamics and resulting photochemistry. Much less is known about the excited-state
structural dynamics of nucleotides, oligonucleotides, and nucleic acids, but the static
and time-resolved spectroscopic tools exist to be able to measure them.
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