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Mad about U: The initial excited-state structural dynamics of C5 and C6 uracil derivatives derived
from absorption and UV resonance Raman spectroscopy are compared. By calculating the
reorganization energies on an internal coordinate basis, a clearer understanding of the role of the C5
and C6 substituents on the initial excited-state structural dynamics and the resulting photochemistry
emerges.
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Abstract

Resonance Raman-derived initial excited-state structural dynamics provide insight into the
photochemical mechanisms of pyrimidine nucleobases, in which the photochemistry appears to be
dictated by the C5 and C6 substituents. The absorption and resonance Raman spectra and excitation
profiles of 5,6-dideuterouracil (5,6-d>-U) are measured here to further test this photochemical
dependence on C5 and C6 substituents. The resulting set of excited-state reorganization energies of
the observed internal coordinates are calculated and compared to those of other 5- and 6-substituted
uracils. The results show that the initial excited-state dynamics along the C5C6 stretch responds to
changes in mass at C5 and C6 in the same manner, but that the in-plane bends at C5 and C6 are
more sensitive to substituents at the C5 position than at C6. In addition, the presence of two
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deuterium substituents on C5 and C6 decreases the initial excited-state structural dynamics along
these in-plane bends, in contrast to what is observed in the presence of two CH3 groups on C5 and

C6. The results are discussed in the context of DNA nucleobase photochemistry.

Introduction

Nucleobase photochemistry is the initial step in the complex chain of events that results in UV-
induced DNA damage, and ultimately carcinogenesis [1]. Nucleic acid photochemistry is primarily
localized in the pyrimidine nucleobases, thymine and uracil, which have a very similar structure.
They differ only in their C5 substituents, which is H in uracil and CHj in thymine. However, the
photoproducts and their yields for uracil and thymine are different (Chart 1). Thymine yields the
cyclobutyl photodimer (CPD) and uracil yields the photohydrate as the major photoproducts,
respectively, of UVC irradiation. It seems that C5 and C6 substituents may play a significant role

in the initial excited-state structural dynamics and resulting photochemistry [2].
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Scheme 1. Photochemistry of uracil and thymine [2].

Many studies of the electronic excited-state dynamics have been performed, both theoretically
and experimentally [3-6]. Fluorescence lifetime studies and femtosecond transient absorption
spectroscopy report very short excited singletstate lifetimes of <100 and 540 fs for uracil and
thymine [4,7], respectively, which result from ultrafast internal conversion [5,6]. Thymine and all
the CS5-substituted uracil derivatives exhibit longer excited-state lifetimes and biexponential
fluorescence decays [4]. Also, the So/Si conical intersection is predicted to be reached on the
excited-state surface via pyramidalization and bending motions of the C5 substituents [4].
Therefore, more excited-state structural dynamics studies are needed to understand the role of C5
and C6 substituents on the excited-state structural dynamics. The ultrafast excited-state lifetimes of
uracil and thymine in the condensed phase [8,9] restrict the probes available for studying the initial
excited-state structural dynamics.

The initial excited-state structural dynamics of nucleobases with short-lived excited-states can be
obtained by using resonance Raman intensities, absorption spectra and a self-consistent time-
dependent wavepacket formalism. Such an analysis has been performed on numerous uracil
derivatives [10-14] in an attempt to elucidate photochemical mechanisms in DNA components.
Previous elucidation of the initial excited-state structural dynamics of C5 and C6 methylated uracil
derivatives have shown that methyl substitution increases the initial excited-state structural
dynamics along the C5C6 bond lengthening coordinate [10,11,13,14]. Similarly, methyl
substitution at C6 shows lower initial excited-state distortional forces along the C5X and C6X in-
plane bends than substitution at C5 [13]. We here examine the initial excited-state structural
dynamics of 5,6-d>-U (Scheme 1) using resonance Raman and absorption spectroscopy to further

test this model of C5/C6 substituent-dependent initial excited-state structural dynamics.



Experimental

A solution of 5,6-dideuterouracil (5,6-d>-U, 99%, C/D/N isotopes, Pointe-Claire, Quebec) and
0.3 M lithium sulfate (99%, EMD Chemicals Inc., Gibbstown, NJ) was prepared by dissolving the
solid samples in nanopure water obtained from a Barnstead (Boston, MA) water filtration system.
The addition of lithium sulfate did not noticeably change the absorption or resonance Raman
spectra of 5,6-d>-U. The UV resonance Raman spectra of solutions containing 1 mM 5,6-d>-U and
0.3 M lithium sulfate internal standard were obtained at excitation wavelengths of 250, 257, 266
and 275 nm with laser powers of 5-12 mW, as previously described [13,15,16]. Spectral slit widths
were 5-7 cm’! and the total accumulation time was 20-30 min for each spectrum. The same solution
conditions were used in a UV resonance Raman microscope (Renishaw, Chicago, IL) to obtain the
257 nm resonance Raman spectrum in the overtone and combination band region with a laser

power of 5-8§ mW [11].

Absorption spectra (Hewlett-Packard, model 8452A, Sunnyvale, CA) of the samples were taken
before and after each Raman spectrum [13]. A few solvents (cyclohexane, ethanol, N,N-
dimethylformamide, acetic acid) with known peak positions were used for frequency calibration

with an accuracy of +5 cm™. The data were analysed as described previously [13].

The methods used for converting the resonance Raman intensities to differential cross-section
have been described previously [10-16]. The experimental resonance Raman differential cross-
sections of sulfate used for the calculations were 3.30 x 1072, 2.87 x 10°'2, 2.42 x 1072 and 2.05 x

10712 A2 molecule™! st™! at 250, 257, 266 and 275 nm, respectively [10-13].

The equations [17-20] and their implementation [10-17,19-22], in the analysis of resonance

Raman intensities to yield initial excited-state structural dynamics have been described extensively.

4



All experimentally observed fundamental modes of 5,6-d>-U were considered in the time-dependent

calculation.

Table 1: Harmonic Mode Parameters of 5,6-d»>-U?
Mode . h
v(em™) Assignment® (PED%) ?cm'l)
571 Ring def 3 [53], be(C208) [-10], v(N3C4) [-7], v(C4C5) [6], be(C4010) [-6] 108
777 be(C5D11) [52], be(C6D12) [31], v(C5C6) [-6] 178

V(C2N3) [17], V(C4C5) [14], be(N1H7) [12], v(N1C2) [-11], be(C5D11) [-9], 202
1191 v(C5C6) [-8], be(C6D12) [8], be(C208) [6], v(N1C6) [5]

1274 v(C2N3)[20], v(N1C2) [-16], v(C4C5) [-10], be(C4010) [-9] 369
1403 be(N1H7) [47], v(N1C6) [24], v(C208) [-10] 168
1593 v(C5C6) [63], vN1C6) [-11], be(C6D12) [6] 382
1661 v(C4010) [71], v(C4C5) [-8], Ring def 2 [5] 448

# Normal modes listed here are the experimental wavenumbers of 5,6-d>-U. The excited-state slopes
(B/h) were obtained by fitting the excitation profiles and absorption spectra in Figs. 2 and 3 with
Equations 1 and 2 in reference 13 using the following parameters: temperature T = 298 K,
Brownian oscillator line shape k¥ = A/D = 0.1, Gaussian homogeneous line width I'c =1310 cm,
inhomogeneous line width © = 1150 cm™!, zero-zero energy Eo = 37280 cm’!, and transition length
M= 0.67 A. The errors in the parameters are estimated in the calculation as follows: zero-zero
energy (Eo), £1%; transition length (M), £1%; homogeneous line width (I'), +5%; inhomogeneous
line width (0), £5%; and displacements, +5%.

®A Gaussian09 and GAR2PED computation was used to obtain mode assignments and internal
coordinates. Abbreviations: v, stretch; be, bend; def, deformation. The numbers in square brackets
represent the potential energy distributions (PEDs) of the internal coordinate(s) in %. The internal
coordinates with PEDs < 5% are not reported. The sign refers to the relative phase of the internal
coordinate.

The mode assignments were obtained by a density functional theory (DFT) computation at the

B3LYP/6-311G(d,p) level of theory using the default gradients in the Gaussian09 package [23] and



performed on the initial planar Cs structure of uracil to give the minimum energy structure. Both
Singh et al. [24] and Khaikin et al. [25] have shown that DFT computations for these uracil-like
systems are in great agreement with restricted Hartree-Fock and DFT methods using different basis
sets, as well as with experimental IR and Raman spectra. The isotope effect on the uracil
frequencies was determined from a single point calculation on the optimized structure, replacing the
natural abundance mass of H with the isotopic mass of 2 for deuterium at both C5 and C6.
Frequencies were not scaled. The set of non-redundant symmetry coordinates of 5,6-d>-U was

constructed by GAR2PED [26].

Results

The resonance Raman spectra of 5,6-dideuterouracil (5,6-d>-U) as a function of excitation
wavelength are shown in Figure 1 and all the mode assignments and excited-state slopes are
described in Table 1. The most intense modes observed in the resonance Raman spectra of 5,6-d>-
U include the 1661 cm! peak corresponding to the C4010 stretch, the 1593 cm™ peak
corresponding to the C5C6 stretch, the 1274 and 1191 cm™! peaks corresponding to ring stretches,
the 777 cm™! peak corresponding to the C5D11 and C6D12 in-plane bends, and the 571 cm™ peak
corresponding to a ring deformation. The similar frequencies and similar relative intensities at the
different excitation wavelengths indicate that the Raman spectra are resonant with a single, allowed

excited state. The spectra exhibit good signal-to-noise quality.

The experimental and simulated absorption spectra of 5,6-d>-U are shown in Figure 2, which also
shows the excitation wavelengths used for measuring the resonance Raman spectra. Deviations
between the experimental and calculated absorption spectra (Figure 2) at wavenumbers greater than

38,000 cm™! are due to transitions to higher electronic excited states that were not considered in this
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model (vide infra).
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Figure 1. Resonance Raman spectra of 1 mM solutions of 5,6-d>-U containing 0.3 M lithium
sulfate as an internal standard at excitation wavelengths throughout its ~ 260 nm absorption band.
Asterisks (*) indicate the internal standard bands. The spectra all have been scaled by the most

intense peak and offset along the y axis for clarity.

Figure 3 shows the experimental and simulated resonance Raman excitation profiles. The
resonance Raman excitation profiles in Figure 3 clearly reproduce the relative intensities observed
in the resonance Raman spectra in Figure 1; the most intense modes in Figure 1 lead to the largest
excitation profiles. The experimental cross-sections are reproduced well by the simulated

excitation profile.

The overtones and combination bands between 1700 and 3000 cm™' were obtained by the UV

resonance Raman microscope at an excitation wavelength of 257 nm and the results are shown in
7



Table 2. The overtone and combination band intensities are more sensitive to the excited-state
parameters than the fundamental resonance Raman intensities. By demonstrating that the
fundamental vibration excited-state parameters (Table 1) also reproduce the overtone and
combination band intensities as for the fundamental vibrations, the robustness of the excited-state
parameters is confirmed. The observed errors between the observed and simulated overtone and

combination band cross-sections are within experimental error and are attributed to the high

o, (A’/molecule)

34 36 38 40 42 44
Energy /1000 (cm™)

Figure 2. Experimental (solid line) and simulated (dashed line) absorption spectra of 5,6-d>-U. The
simulated absorption spectrum was obtained by using the parameters in Table 1 in Equation 1 of

reference 13.

dependence of the peak intensities on the focusing point in the Raman microscope. For the 2337
cm’' overtone/combination band, the most likely source of error is other overtones and
combinations in this band that were not included in the model, as this is the only band we were

unable to successfully model. We therefore believe the harmonic parameter set is accurate.
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Figure 3. Calculated (solid line) and experimental (points) resonance Raman excitation profiles of
5,6-d>-U. The excitation profiles were calculated with Equation 2 of reference 13 by using the
parameters in Table 1. For greater clarity of presentation, the excitation profiles have been offset

along the y axis.

Table 2: Experimental and Calculated Absolute Resonance Raman Overtone and Combination

Band Cross-sections of and 5, 6-d»>-U?

Mode Mode dGexperimental/dQ docalculated/dQ2
(cm™) assignment (A%/molecule x 10'%)  (A%/molecule x 10'%)
2081 1273 + 777 0.41+0.37 0.49

2337 (1593 +777) + (1191 * 2) 0.92+0.13 0.41

2480 (1661 +777) + (1191 + 1273) 0.72+0.17 0.85

2589 (1191 + 1403)+ (1273 *2) 0.63+0.11 0.74

#Excitation wavelength was 257 nm. Cross-sections were calculated using Equation 2 of reference
13 with the parameters in Table 1.



To understand the role of substituent numbers and position on the resonance Raman spectra and
subsequent initial excited-state structural dynamics of uracil, we have compared the spectra of all
C5- and C6- methylated and deuterated derivatives in Figure 4 [10-14]. The spectra show good
signal-to-noise, facilitating comparisons of frequencies and relative intensities. Similar main peaks
in the fingerprint region (1000-1660 cm™') are observed in all the methylated and deuterated

derivatives of uracil, though they differ in frequency, relative peak intensity and mode assignment.
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Figure 4. Resonance Raman spectra of aqueous solution of (A) uracil [11], 5-d-U [12], 5,6-d>-U
and 6-d-U [13], and (B) uracil [11], 5-MeU (T) [10], 5,6-Me;U [14], and 6-MeU [13] excited at 275
nm. The asterisks (*) indicate the sulfate internal standard peak used in all the compounds except
5,6-Me>U, in which sodium nitrate was used as the internal standard. The spectra have been offset
along the y axis for clarity. Intensities have been normalized to the most intense peak in each

spectrum.

10



The spectral properties, such as the relative intensities, number of peaks and peak frequencies, of
all the uracil derivatives exhibits a gradual change as the number and/or position of substituents
change. As observed in Figure 4, the comparison of resonance Raman spectra of the deuterated
uracil derivatives shows that the spectrum of 5,6-d>-U is a combination of 5-d-U and 6-d-U in the
range 1200-1400 cm™'. This range corresponds to the C5X and C6X bending coordinates. However,
more similarity is generally observed in this spectral region between the spectra of 5-d-U and 5,6-
d>-U than between those of 5-d-U and 6-d-U and between those of 5,6-d>-U and 6-d-U. Similar
behavior is observed among the methylated derivatives in the same region. This result shows that
the C5 substituent is more significant in affecting the resonance Raman spectra, and subsequent
initial excited-state structural dynamics, of uracil derivatives.

The 1600 and 1660 cm™ peaks correspond to the C5C6 and C4010 stretches, respectively (Table
1). For the deuterated uracil derivatives in Figure 4A, no significant trend with substitution is
observed among these modes, although small changes in relative intensities and frequencies are
observed. However, much larger changes are seen in these peaks for the methylated uracil
derivatives. Methylation at either C5 or C6 causes the two stretches to occur closer in frequency,
with only a single peak observed in 5,6-Me.U and 5-MeU. Vibrational spectra of the isotopic
derivatives of 5-MeU (thymine) [27,28] show that the ca. 1630 cm™ peak is composed of only the
CS5C6 stretch; the C4010 stretch has lost all intensity. This result shows the importance of C5, more
than C6, substituents on the initial excited-state structural dynamics.

Discussion

Each normal mode is constructed of a few internal coordinates (Table 1), including the
photochemically active coordinates, such as the C5C6 stretch and C5X and C6X bends, and the
non-photochemical internal coordinates, such as the C4010 stretch and the ring breathing modes.
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However, the internal coordinates mix differently in the normal modes dependent on the uracil
analogue being examined. Therefore, it is more appropriate to discuss the structural dynamics from
the internal coordinate perspective [13,14], rather than the normal modes, to facilitate the
comparison between different uracil analogues and identify trends in their initial excited-state

structural dynamics.

The reorganization energy (E) along each internal coordinate from electron transfer theory
[20,29] is a useful quantitative measure to compare initial excited-state structural dynamics among
the different uracil analogues. The percent reorganization energy of each internal coordinate can be
obtained from the excited-state slope (3/h) along each normal mode, ground-state wavenumber (D),

and that internal coordinate’s contribution to normal mode (cjj) by Eq. 1:

% reorganization energy = W X 100% (1)
)]

The reorganization energies of the photochemically active internal coordinates of the uracil
derivatives are shown in Table 3. Many interesting trends in the internal coordinates as a function
of the uracil derivative become clear. Note that no difference in the ring deformation appears to
occur with any substituent. For the C5C6 stretch, Table 3 shows that the reorganization energy
increases from 6% in uracil [13] to 12-25% when any substitution occurs at C5 and/or C6. For a
single deuterium substitution, the reorganization energy along this coordinate increases to 16% and

12% in 5-d-U [13] and 6-d-U [13], respectively. Interestingly, the presence of the second deuterium
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has no additional effect on the initial excited-state structural dynamics of C5C6 stretch coordinate

(14% in 5,6-d>-U) and its reorganization energy is intermediate between that of 5-d-U and 6-d-U.

Table 3: Internal Coordinate Reorganization Energies of C5- and C6-Deuterated and Methylated

Uracil Derivatives?

Compound C5C6 C5 C6 C5+C6 active ring C4010
str. be. be. be. def. str.
Uracil® 6 13 9 22 28 5 23
5-d-U" 16 2 16 18 34 4 21
6-d-U'3 12 13 3 16 28 4 20
5,6-d>-U 14 6 2 8 22 4 22
5-MeU (T)" 24 8 15 23 47 5 2
6-MeU"3 26 7 3 10 36 5 4
5,6-Me U 25 7 6 13 38 4 2

n this Table, all reorganization energies are in percentages (%) and calculated by Eq. 1. “C5C6
str.” is the C5C6 stretch, “C5 be.” is either the C5H, C5C and C5D bending coordinate depending
on derivative, “C6 be.” is either the C6H, C6C and C6D bending coordinate depending on
derivative, “C5 +C6 be.” is the sum of the C5X and C6X in-plane bends, “active” is the sum of the
C5C6 stretch and C5X and C6X bending coordinates, “ring def.” is the ring deformation, and
“C4010 str.” is the C4010 stretch.

A similar effect is observed in the methylated uracils; the presence of a single methyl group
increases the reorganization energy along the C5C6 stretch from 6% in uracil to 24% and 26% in 5-
MeU (T) [13] and 6-MeU [13], respectively, but the presence of a second methyl group does not

lead to any significant increase in the reorganization energy along this internal coordinate (25% in

5,6-MexU) [14]. Again, the reorganization energy along the C5C6 stretch in doubly methylated
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uracil is the average percentage reorganization energy of the singly methylated uracil derivatives.

The C5X and C6X bends are another photochemically active internal coordinate. A significant
decrease is expected in the reorganization energy of the C5X or C6X bends when X#H due to the
heavier mass of the substituent compared to H. It is observed that the reorganization energy along
the C5X bend in uracil reduces from 13% to 2% in 5-d-U. Similarly, the reorganization energy
along the C6X bend in uracil reduces from 9% to 3% in 6-d-U. With deuteriums on both C5 and
C6, the reorganization energies along both the C5X and C6X bends reduces more considerably
from 13% and 9% in uracil to 6% and 2% in 5,6-d>-U, respectively. These decreases appear along
the C5 + C6 bends sum, in which the reorganization energy is reduced from 22% in uracil to 18%
and 16% in 5-d-U and 6-d-U and to 8% in 5,6-d>-U. These results seem to be due to the presence of

the heavier mass on the respective site [10-14].

A similar behavior is expected along the C5X and C6X in-plane bending coordinate in the
methylated uracil derivatives. The 13% reorganization energy along the C5X bend in uracil
decreases to 8% in 5-MeU and the 9% reorganization energy along the C6X bend in uracil
decreases to 3% in 6-MeU. Similar to 5,6-d>-U, the reorganization energy along the C5 + C6 bends
sum is reduced from 22% in uracil to 13% in 5,6-Me>U. However, less of a decrease along the C5 +
C6 bends sum is observed in the C5-substituted derivatives — 18% for 5-d-U and 23% for 5-MeU
[13] - compared to the C6-substituted uracil derivatives, 16% for 6-d-U and 10% for 6-MeU. All
these results confirm the greater significance of the C5 position in increasing the initial excited-

state structural dynamics along the C5 and C6 in-plane bending coordinates.

Comparison of the sum of the reorganization energies of C5C6 stretch and C5 + C6 bends sum

(represented as “active” in Table 3) in all the deuterated and methylated uracil derivatives indicates
14



that the highest reorganization energies along these photochemical active internal coordinates
belong to the C5 substituted uracil derivatives (34% and 47% in 5-d-U and 5-MeU(T), respectively)
in their respective series. This result confirms the significance of C5 in the initial excited-state
structural dynamics of these internal coordinates. Also, the reorganization energies of the
methylated uracil derivatives are higher than those of the deuterated uracil derivatives, primarily
due to the increase in the C5C6 stretching reorganization energy. This result indicates that the
initial excited-state distortion seems to be larger when a methyl group is attached to the C5C6

double bond.

The higher reorganization energies of C4010 stretch coordinates in uracil and all the deuterated
derivatives (~ 20%) clearly indicate their resemblance to uracil in the initial excited-state dynamics,
which is also obvious on the spectra (1660 cm™). Considering the relative high reorganization
energy along the C5C6 stretch in all the methylated derivatives (< 20%), we propose that the
methyl group on C5 or C6 channels the reorganization energy from the C4010 stretch to the C5C6
stretch, a more photochemically active internal coordinate, and is one of the factors which then

dictates the photoproduct differences between uracil and thymine.

The interesting comparison is between the dideutero and dimethyl analogues of uracil.
While 5,6-Me,U demonstrates behavior intermediate between that of 5-MeU and 6-MeU in the
C5C6 stretch, in-plane bend and photochemically active internal coordinates [14], 5,6-d>-U
demonstrates cumulative effects of the deuterium substitution in the in-plane bend and
photochemically active internal coordinate. Like 5,6-Me,U, the dideutero substitution leads to an
intermediate effect on the C5C6 stretch between that of 5-d-U and 6-d-U. This effect on the initial
excited-state structural dynamics of 5,6-d>-U was difficult to predict. Although both 5-d-U and 6-
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d-U show reductions in the individual in-plane bend reorganization energy of the substituted
carbon, 5,6-Me;U shows an intermediate behavior in the bend reorganization energy. The result
presented here demonstrates that the deuterium-induced reduction in in-plane bend reorganization

energies is the dominant effect in determining the initial excited-state structural dynamics.

From these results, a model for the different photochemistry in uracil and thymine emerges. In
forming the photochemical products, uracil and thymine both undergo bond lengthening at C5C6
and pyramidalization of the C5 and C6 carbons. In uracil, the excited-state structural dynamics are
dominated by the C5 and C6 in-plane bends, as well as the C4010 stretch. While the role of the
C4010 stretch in uracil’s photochemistry is not currently understood, since this bond is unaffected
in all photochemical products of uracil, the C5 and C6 in-plane bends may reflect the formation of
the zwitterionic state that has been implicated in the pyrimidine photohydrate formation [30].
Ideally, we would be able to observe the out-of-plane bends, as these internal coordinates may be
more diagnostic for pyramidalization motions of the C5 and C6 carbons. Unfortunately, these
motions are not resonance Raman active in the C; symmetry of the pyrimidine ring, and not

observed in the spectra.

In thymine, however, the initial excited-state structural dynamics are dominated by
distortion along the C5C6 stretch and equivalent distortions along the C5 and C6 in-plane bends.
These distortions may prime the transition state for formation of the CPD, which time-resolved
infrared spectroscopy has shown [31] to occur within the extremely short electronic lifetime of
thymine (540 fs) along an essentially barrierless trajectory [31,32]. Within this timeframe, there is
very little time to undergo significant additional structural dynamics other than those probed in the

Franck-Condon region. More probing of the excited-state structural dynamics, both along the
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C4010 stretching coordinate and at timescales intermediate to those in this study (~10-30 fs) and
the previously reported time-resolved infrared study (~100-1000 fs) are required to more fully

describe the photochemical pathways in uracil and thymine.

Conclusion

We have compared the initial excited-state structural dynamics of C5 and C6 uracil derivatives
derived from the absorption and UV resonance Raman spectra. The substituent rearrangement alters
the normal modes, their frequencies, their excited-state slopes and the resulting initial excited-state
structural dynamics. By calculating the reorganization energies on an internal coordinate basis, a
clearer understanding emerges of the role of the C5 and C6 substituents on the initial excited-state
structural dynamics and the resulting photochemistry. The higher sensitivity of the initial excited-
state structural dynamics to methyl substituents and to substituents at the C5 position is
demonstrated. In addition, deuterium substitution leads to a cumulative reduction on the initial
excited-state structural dynamics, compared to an intermediate effect for methyl substitution. This
dependence leads to a clear dynamics of in-plane bending and carbonyl distortion for uracil, but in-

plane bending and C5C6 double bond distortion for thymine.
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