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Initial Excited-State Structural Dynamics of Thymine Are Coincident with the Expected
Photochemical Dynamics
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To explore the excited-state structural dynamics of thymine, a DNA nucleobase, we measured the resonance
Raman spectra of thymine in aqueous solution at wavelengths throughout the lowest-energy absorption band.
Self-consistent analysis of the resulting resonance Raman excitation profiles and absorption spectrum using
a time-dependent wave packet formalism yielded the excited-state structural dynamics. The photochemically
relevant G=C stretching and €H deformation vibrational modes were found to exhibit maximum resonance
Raman intensity and structural change upon photoexcitation for thymine, suggesting that the initial dynamics
of thymine lie along the photochemical reaction coordinate.

Introduction SCHEME 1

Deoxyribonucleic acid (DNA), which stores genetic informa-
tion, and ribonucleic acid (RNA), which mediates translation
of the genetic code into proteins, are composed of two purines, HN
adenine and guanine, and three pyrimidines, cytosine, thymine, |
and uracil* Thymine (Scheme 1) is found only in DNA. It is )\
well-known that upon UV irradiation, thymine dinucleotides o N
preferentially form the cyclobutyl photodimer (CPD) with a H
quantum yieldg, of 0.013 as a result of [2- 2]-cycloaddition Thymine
between the &C bonds of adjacent thymines or the {6
4]-photoproduct¢ = 0.003) as a result of [ 2]-cycloaddition  parrier followed by a well at the transition state, and then rises
between the €C bond of one thymine and the<D bond of ~ sharply toward the photodimer minimum. Also, B3LYP DFT
the adjacent thyminé? Earlier investigatiorfshave shown that  cajculations predict a transition-state structure in noncovalently
molecular oxygen and isoprene, two triplet quenchers, do not 5ssociated thymine dimers where the two rings are puckered
have any effects on the quantum yield of photodimers and g the Gand G carbons are more pyramidaliz&Resonance
photohydrates, suggesting that the photochemistry arises frompaman spectroscopy is a uniquely appropriate method for testing
the singlet state. Moreovegsc = 10~* for thymine is much  {he validity of these predictions, particularly near the Franck
lower thangphotoproducts Condon region.

An argument used to justify the evolution of these nucleobases Resonance Raman vibrational scattering spectroscopy is a
in modern DNA is their rapid excited-state relaxation, resulting powerful probe of excited-state molecular structure and initial
in efficient dissipation of energy. Femtosecond UV multiphoton  dynamicst By tuning the exciting laser into an absorption band,
ionization has measured gas-phase excited-state lifetimes ofresonant enhancement of those normal vibrational modes
thymine of 6.4 pS.Time resolved absorption and fluorescence coupled to the electronic excitation occurs. A resonance Raman
show much shorter lifetimes of 0-3.7 and 0.51 ps for vibrational band intensity is directly proportional to the slope
aqueous thymidine and thymidine monophosphate, respediffely.  of the excited-state potential energy surface along that vibra-
However, these rates represent electronic relaxation only, with tional coordinate; the greater the change in molecular structure
little information about molecular structural changes occurring in the electronic excited-state along a particular nuclear

in the photochemically active excited state. coordinate, the greater the resulting resonance Raman intensity
A number of computational studies has been performed on in that vibrational band? Thus, the resonance Raman intensities
the photochemical reaction coordinate of thyming B3LYP directly reflect the conformational distortion of the molecule

DFT!1.12and CASSCF/cc-pVDZab initio calculations predict  along each normal mode upon excitation to an electronic excited

an excited-state photochemical reaction coordinate for thymine state.

that is quite flat at the FranekCondon region, has a small Resonance Raman studies of several deoxyribonucleotides
and ribonucleotides at different excitation wavelengths have

* To whom correspondence should be addressed. E-mail: glen.loppnow@ P€en preViOUS'V_ performed-!" There has_ been 0”_|y one
ualberta.ca. attempt to quantify the observed changes in the excited states
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of these species. Peticolas and co-worke?8 used the Kram-
ers—Kronig transform technique to estimate the amount of
geometry change on excitation for uracil and thymine. However,
the experimental and calculated resonance Raman spectra did
not agree. Specifically, the 1235 ciband of uracil was
underestimated and the 1662 thmband of thymine was 290 nm :
overestimated with this procedu#®No systematic quantitative
analysis of the excited-state dynamics of thymine have been
performed to date. This early work, while substantial for its
time, suffered from an incomplete understanding of the vibra-
tions of the nucleobases and a lack of quantitative measurementz
of the excited-state structural dynamics. It is fundamentally 2
important to understand the structural and photochemical g
behavior of simple molecules like nucleobases to understandc
the photochemistry of complex molecules like DNA and RNA.
In this paper, the initial excited-state dynamics of thymine
were determined from its UV resonance Raman spectra excited
within the intense, longest-wavelength absorption band centered
at 260 nm. The results show the ability of resonance Raman
spectroscopy to distinguish the important structural and envi- 250 nm
ronmental determinants of excited-state dynamics. The observed
excited-state structural dynamics of thymine, which ultimately *
lead to nonradiative de-excitation, are coincident with those
expected for the photochemical products. In other words, these
excited-state relaxational modes are localized at the site of
photochemical reactivity. The experimental excited-state struc-
tural dynamics measured here are compared to those predicted
from computational studies of thymine excited states and — T T—T7
photoreactivity. 600 800 1000 1200 1400 1600 1800
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g
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233 nm

Experimental Procedures Energy (cm”)
. ) o ) . Figure 1. UV resonance Raman spectra of 3 mM thymine in water at
Thymine (5-methyl-2,4-dioxopyrimidine, 99%, Sigma, Oakville, ~ excitation wavelengths within the 260 nm absorption band. The spectra
Ontario) and sodium sulfate (99%, Merck KgaA, Darmstadt, are the sum of three to nine scans. The ca. 0.4 M sulfate internal
Germany) were obtained commercially and used as supplied.standard Raman peak is indicated by an asterisk.
Nanopure water from a Barnstead water filtration system
(Boston, MA) was used to prepare the thymine solutions.
Sodium sulfate was used as an internal intensity standard an
did not have a noticeable affect on either the absorption or
resonance Raman spectra of thymine. Typical concentrations The resonance Raman spectrum of thymine in the overtone
of thymine were 3-5 mM and of sulfate were 0-40.5 M. and combination band region was recorded with a UV Raman
Resonance Raman scattering was excited by sphericallymicroscope (Renishaw, Chicago, IL). Resonance Raman scat-

focusing the |ase.r onto an open stream OfﬂOW|ng solution |n a tering was excited by focusing the UV laser beam at 257 nm
135’ backscattering geometry. Laser excitation was obtained gnto a drop of thymine or uracil (67 mM) in an aqueous

with an Art pumped or doubled Nd:YV&pumped, picosecond
mode-locked Ti:sapphire laser and harmonic generator (Coher-

ent, Santa Clara, CA). Wavelengths of 233, 250, 257, 266, 275,~. . .
and 290 nm were obtained by doubling the Ti:sapphire vibration of diamond. Measurement of the resonance Raman

fundamental in a lithium triborate (LBO) crystal followed by spectra and determination of 'Fhe intensitigs were repeated on
third-harmonic generation intbarium borate-BBO) crystal. three fresh samples of thymine. Analysis of the data was
Typical laser powers were-20 mW. The laser system and Performed as previously describ&d.

spectrometer have been described in detail previcidhye-
quency calibration was performed by measuring Raman scat-
tering of solvents of known frequencies (acetonitrile, dimeth-
ylomaride, carbn, lhlone, Sbarol S10 P T upeinena sl cios setons usedvefa 40 1
recorded on a diode array spectrophotometer (Hewlett-Packard 27 X 107 2.28 1071, 2.0 x 1071, 1.7 x 1071, and 1.3
model 8452A, Sunnyvale, CA). Measurement of the resonance * 1611_'&2/”‘0'90“'6 at 233, 250, 257, 266, 275, and 290 nm,
Raman spectra and determination of the intensities were repeatedespectively.

on three fresh samples of thymine at each wavelength. Analysis

of the data was performed as previously descride&leaching

of the sample was corrected by averaging the measured solution! "€0ry

absorbance before and after each scan. The observed bleaching

in a 60 min scan was<5%, suggesting that the bulk photo- The resonance Raman excitation profiles were simulated with
alteration parameter is smah:2> Similarly, the low photo- the time-dependent wavepacket propagation formafigfn

dphemistry quantum yield of0.02 suggests a negligible single-
pass photoalteration parametér.

solution containing 0.40.5 M sulfate in a 18Dbackscattering
geometry. Frequencies were calibrated against the 1332 cm

The methods used here for converting the resonance Raman
intensities of thymine into absolute cross-sections and for self-
absorption correction effects have been described previdushy.
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or(E) = of the better spectral signal-to-noise ratios here. Apart from
BTECE, €M o . i(E, + et , excitation at 233 nm, there are no frequency shifts or relative
— fo dEOH(EO)‘ ﬁ) i (t) Cex —H G(t) intensity changes as the Raman excitation wavelength is scanned
9h’c through the absorption band, indicating that the Raman spectra
(1) are enhanced by a single electronic transition. At 233 nm, the
0n(E) = relative intensities observed in the resonance Raman spectra
AL change, suggesting that resonance enhancement of the vibrations
4\71ELe2M2 w0 o ) i(E_+ et by the ca. 200 nm absorption band is occurring. Thymine
Wfo dEH(Ey) f ", dtfli(t)Tex —75 G0 exhibits three main, intense bands, aCHy/ring stretch at 1237

@) cm~1, a coupled @H bend/G=Cs stretch at 1359 cri, and a
primarily Cs=C;s stretch at 1662 cr.
Quantitative measurement of the resonance Raman cross-
section of each fundamental vibration as a function of excitation

length,¢; is the energy of the initial vibrational statéland|f(] \évavelength_twtl_thln thfe_zl abT:qrptlor; bsnd yt'ﬁlds the_ resotn?ncg
are the initial and final vibrational wavefunctions in the Raman ~aman excitation profiies. Figure  Shows thé experimental an
processH(Eg) = (276)~12 expl —(Eo — E)2/26% is a normal- simulated absorption spectra of thymine, while Figure 3 shows
ized inhomogeneous distribution (;)f zergero energies around the experimental and simulated resonance Raman excitation
an average energfo, [i(t)0= e-H¥|iTis the initial ground- profiles (RREPS) of thyminfe modeled with egs 1 and 2 and the
state vibrational wavefunction propagated on the excited-stateParameters in Table 1. F|gures 2 and 3 illustrate the good
potential surface, and(t) is the homogeneous line width agreement .befrween gxpenmental anq calculated resonance
function. For molecules interacting with a ba@(t) represents Raman excitation profiles and absorption spectra. Deviations

: . o in the simulated absorption spectrum at energies greater than
the dynamics of chromophoresolvent coupling. Significantly, n 1 . . - -
the [i(hTand (D overlaps are only sensitive ta, the 42 000 cnt are due to higher electronic transitions, which were

difference in ground- and excited-state equilibrium geometries not modeled (vide infra). The different relative Raman intensities

along each normal mode, within the separable harmonic of vibrational bands seen in Figure 1 are directly reflected in
oscillator approximation. Thus, the resonance Raman intensitiesthe _(tjlf;erttantt experlm;antzl_ Rela\man crotss-_[s_egForis (Figure 3) and
directly reflect the structural dynamics of the excited state. excited-state geometry displacements (Table 1). .
The Brownian oscillator model developed by Mukafieés To better constrain the parameter set that accurately describes
used here to model the solutsolvent interactions that con- € absorption spectra and fundamental resonance Raman
excitation profiles, the overtones and combination bands

tribute to the solvent-induced homogeneous broadening. The o
general implementation of these equations for absorption andP&ween 1700 and 3000 cihwere also measured at 257 nm.

ibefithough some overtones are expected at frequencies greater

) ; . e 1
in detail2® This model treats the solvent response as arising than 3000 cm’, these were obscured by the broad-1®
from one or more linearly coupled vibrational modes each stretching vibrations of water. It is well-known that the overtone

characterized by a frequency, and a coupling strength. In the@nd combination band intensities are much more sensitive to
analysis presented here, the strongly overdamped and highh€ excited-state geometry displacemerity gnd provide an
temperatureHA < kT) limits have been used. additional constraint on the excited-state parameters. The

For this analysis, the initial guesses for the displacements experimental and calculated cross-sections for all of the obser-
along each normal coordinata)were found from the relative ved overtones and combination bands of thymine are given in
resonance Raman vibrational intensities excited at 266 nm 'aPle 2. . ) )
assuming that the intensities were proportionahfaand with Self-consistent analysis of the absorption and resonance
the intensity of the 1662 cnd mode set arbitrarily to 1. The =~ Raman excitation profiles with eqs 1 and 2 permits the
relative A values were scaled to give the experimentally Partitioning of the spectral breadth into inhomogeneous and
observed absorption and resonance Raman excitation profilen0mogeneous components. These two factors affect the observed
bandwidths. All nine observed fundamental vibrational modes absorption and resonance Raman excitation profile differently.
in thymine were used in the time-dependent calculations. The The inhomogeneous component arises from ensemble site effects
overtone vibrations below 3000 crhof thymine were used to ~ @nd only broadens the absorption spectrum and resonance
further constrain the simulation. Other parameters were selected?@man excitation profiles, while the homogeneous line width
to give the best calculated absorption spectrum and resonanc&®Presents co_ntnbuno_ns from excited-state population decay and
Raman excitation profiles. The parameters were then optimizedPuré dephasing, which dampens out the resonance Raman
iteratively as described previoudlyuntil the calculated and ~ Scaftering intensity and broadens both. As one can see from

experimental absorption spectrum and resonance Raman excital @P/e 1, both homogeneous and inhomogeneous line widths
tion profiles were in agreement. used need to be fairly large to reproduce both the absolute

Raman intensities and the absorption band shape.

whereE, andEs are the energies of the incident and scattered
photons, respectivelyis the refractive indexyl is the transition

Results

. ._Discussion
The UV resonance Raman spectra of thymine are shown in

Figure 1. Nine bands for thymine are observed between 500 Photochemistry. The primary photoproducts of thymine, the
and 1700 cm?! and have been previously assigffetd (Table cyclobutyl photodimer and the [6 4]-pyrimidine pyrimidinone,

1). The assignments listed here are from the most recent DFTboth involve a change in the bond order of the€gbond from
computatiod® and appear to be consistent with the largest set a double bond to a single bond. Therefore, if the initial excited-
of isotopomers ever measured for thymfAé! although they state structural dynamics lie along the photochemical reaction
differ somewhat from previous assignments of thymine vibra- coordinate, it is reasonable to expect that excited-state distortions
tions. Weaker bands in the 58800 cnt? region are clearer  should involve a lengthening of thesCs bond and greater

in Figure 1 than in previously reported specia3* as a result pyramidalization of gand G as the hybridization changes from
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TABLE 1: Harmonic Mode Parameters of Thymine?2

mode (cnT?) mode assignmeht |A|
563 90/(N1H7) — 6y(N3Hg) 0.12
616 28be(@010) — 27be(GOs) + 14be(GC1a) + 6ring def 2 0.17
752 60/(C20s) — 12ring def 6+ 8ring def 4+ 6y(C4O10) — 5y(N3Hg) 0.2
813 45ring def H 20v(CsCi1) — 11v(N1Cy) 0.17
1168 2(C5N3) + 20be(GH12) — 16be(NH7) — 12v(N3Cs) — 11v(CeN2) 0.34
1237 29(CsC11) — 21v(CeN1) — 12ring def 1+ 10v(N1Cy) — 10v(CaCs) — 8v(C2oNg) 0.66
1359 42be(GH12) + 12v(CsCs) + W(N1Cs) — 9(CoNa) 0.81
1412 15(CoN3) — 13v(CsCs) — 11CH; umb+ 9be(NH7) — 8v(N1Cy) + 7be(CGO1q) + 7be(GOs) — 6ring def 2— 6be(NsHg)  0.35
1662 61/(C5C5) - 13be(CéH12) - 8V(C5N1) - 5V(C5C11) 0.84

aFrequencies listed are the experimental frequencies reported here. Displacefeats in units of dimensionless normal coordinates and
were obtained by fitting egs 1 and 2 with the following parametérs: 0 K, Brownian oscillator lineshape= A/D = 0.1, Gaussian homogeneous
line width T's = 355 cnt?, inhomogeneous line wid® = 1200 cn?, E; = 36 525 cn?, and transition lengtiv = 0.735 A. The estimated errors
in the parameters used in the calculation are as follows: -z&gm energy o) +£1%, transition lengthNl) 1%, homogeneous line widtH’)
+5%, inhomogeneous line widt®) £5%, and displacements5%. ® Mode assignments from ref 35. Abbreviations:stretching; def, deformation;
y, wagging; umb, umbrella; and 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 5% have been listed. Positive and negative PEDs represent the phases of the respective
internal coordinate contributions.
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Figure 2. Experimental (solid line) and simulated (dotted line) Figure 3. Experimental (points) and calculated (solid line) resonance

absorption spectra of thymine. Simulated absorption spectra were Raman excitation profiles of thymine. Excitation profiles were calcu-

calculated by using eq 2 with the parameters of Table 1. Discrepancieslr?;\elg ‘t')vggnegﬁls :ty {;(s)lnng ttr?: c?r?jriﬁglzt?cgf Orfe;?grlecé{rfngtat:ggepgg{:f)ﬁ
at energies greater than 42 000 ¢rare due to higher energy electronic 9 9 ty of p ’

transitions that were not modeled here.

. TABLE 2: Experimental and Calculated Absolute
sp? to sp. These structural dynamics are exactly those reflected Resonance Raman Overtone and Combination Band

in the predicted transition-state structdfdyut it is not clear as Cross-Sections for Thyminé
to whether these occur early or late on the excited-state potentialnoge (cm1) gy (A2moleculex 10°9) oeaca(A2moleculex 10-%)
energy surface. Since the resonance Raman intensities are

proportional to the excited-state slope (i.e., the classical force) 2?33 gg% 8'% g'gg
along each vibrational normal mode, an analysis of the resonance  5ggg 4.35+ 0.98 291
Raman intensities can distinguish between these two models 3014 5.68+ 0.90 5.19

of the excited-state structural dynamics in thymine. Indeed, from
the UV-induced photochemical products of thymine, one can ;
predict which vibrational bands in a resonance Raman spectrum
will have intensity, if the initial excited-state structural dynamics that yield the photochemical products occur early on the excited-
lie along the photochemical reaction coordinate. For thymine, state potential energy surface near the Frar@&ndon region).
the formation of either the cyclobutyl photodimer or the-{6 Table 1 shows that the structural dynamics for thymine lays
4]-photodimer results in lengthening of the=€Cs bond due to primarily along the 1662, 1359, and 1237 cmmodes,
the change from double bond to more single bond character.respectively, since these have the largest The projection of
Therefore, we would expect intensity in thg=€Cs stretching these excited-state displacements on the photochemical reaction
mode in the resonance Raman spectrum for thymine. Similarly, coordinate depends on accurate descriptions of the vibrational
because of the hybridization change fron? sarbons to sp modes*® For thymine, these vibrations at 1237, 1359, and 1662
carbons at €and G, one can expect intensity in the;-€H cm~! are assigned to as€Me + ring stretch, a @-H bend+
and G—CHjs bending, deformation, and wagging modes. Cs=C;s stretch, and the £=C; stretch, respectively (Table 1),
The major conclusion of this work is that the resonance all vibrations localized near the photochemical reaction site and
Raman spectra demonstrate that the derived excited-stateexpected to exhibit significant resonance Raman intensity. The
structural dynamics for thymine lie coincidentally with the resonance Raman spectrum of thymine (Figure 1) corresponds
photochemical reaction coordinate (i.e., the structural dynamicswell with our predictions; the &=Cs stretching and ¢&-H

a Excitation wavelength is 257 nm. Cross-sections were calculated
th eq 1 by using the parameters of Table 1.
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deformation modes are the most intense bands in the resonance It should be noted that the experimentally determined excited-
Raman spectrum and have the largest excited-state geometrygtate structural dynamics presented here are at odds with the

changes. CASSCF and DFT predictions of the excited-state potential
Another way to quantify these results is to borrow the idea energy surface along the photochemical reaction coordinate.
of reorganization energies from electron transfer théd#yThe ~ These calculations of the excited-state potential energy surface

reorganization energy along each vibrational normal mode can of thymine along the photochemical reaction coordinate predict
be calculated fronE = vA%2, whereE is the reorganization a shallow, almost flat, potential energy surface from the Franck
energy of a particular mode in crh v is the wavenumber of Condon region to the transition state, with a slight barrier just
that vibration, and\ is the excited-state equilibrium geometry Pefore reaching the transition st&te:'The resonance Raman
displacement in dimensionless normal coordinates. Using this INtensity analysis p_resented here demonstrates that t_he_ |_n|t|al
equation, 87% of the excited-state reorganization energy is in exm_ted-state potential energy slopes are nonzero and significant,
the 1237, 1359, and 1662 cfmodes, while only 13% is in particularly along the normal modes at 1662, 1359, and 1237
the more dissipative modes, again reinforcing the conclusion €M - More recent SA-CASSCF calculations of uracil, an

that most of the initial excited-state structural dynamics are 2nalogous pyrimidine nucleobase, with the doublglus
directed along the photochemical reaction coordinate. polarization Gaussian basis sets predict an excited-state potential

These results on thymine provide support for the DFT energy surface with nonzero slopes at the Frar@indon

o . . geometry along several normal mod&sThis approach may
pred|ct|or_1 .Of the tra_nS|t|on statg ofthe UV photom(_jucedﬂ-_ provide a greater consistency with experimental results for
cycloaddition reaction of thymin¥.These calculations predict thymine as well
a transition state for the photodimerization of thymine with a . ' . .
puckered geometry where the-6Cs bond has been lengthened Excited-State Photophysics The analysis presented here
the most of all bonds, from 1.35 to 1.49 A. The bond length provides insight into the excited-state photophysics of thymine.
change ¢R) for thymi,ne from. the gr(.)und-.state equilibrium Rigorous ab initio calculations on the electronic spectra and
geometry to the transition-state geometry can be calculated fromtranSItlon moments of thymine have reported that the lowest

Ny . A 0
e Gimhsircss Gepacemend n e famonc apponims:  ¢rol oS e Soiion S a7 st The s poseriod,
tion by using the relatio®R = (A/uw)Y2A, whereu is the ; Y, y

. , . of 3.5 D, supports the conclusion of this previous calculation;
reduced mass (kg) and is the vibrational frequency {3) w* states glroe expected to be symmet?y allowed and have

Assuming a wavenumber of 1662 chfor the C=C stretch, significant absorption oscillator strength and transition moment.
adRof 0.05 A is obtained. This crude calculation assumes that In the condensed phase, solvent dynamics may significantly

the C=C stretch is localized in the 1662 crimode, that this contribute to the breadth of the absorption spectrum, either

is the only internal coordinate in thIS. harmonic mode, and that. through inhomogeneous or homogeneous mechanisms. Homo-
the C atoms are not bound to anything else. Nevertheless, this

. . geneous broadening in the condensed phase is normally
bond_ length change compares favorably W't_h the 0.14 A INCrease 4o minated by solvent-induced dephasing, although population
predicted for the transition state. Interestingly, the resonance

R £ thvmi lculated iously f decay may also be important for thymine. To accurately model
aman spectra o tf ymln(? hca Ctl: ated previously rogw 8 the magnitude of the resonance Raman cross-sections and the
Kramers-Kronig transform of the absorption spectrum and ab it ,seness of the absorption spectrum, it is necessary to include

initio calculations ozfothe ground- and excitedjstate _structl_Jres a Gaussian homogeneous line width of 355 &im thymine.
of the nucleobasé¥ 2° could not accurately predict the intensity e jarge homogeneous line width value for thymine represents
of the 1359 cm* band of thymine, suggesting that DFT methods yhe contributions from both population decay and dephasing. It
combined with experimental measures of the ground- and js \yell-known that nonradiative processes, primarily internal
excned-statg dynam[cs may ylelq more accurgte predictions of conversion, are the primary population decay mechanism for
photochemical reaction mechanisms in thymine. the excited-state of thymine, with a quantum yield~ef0-4
Recently, ultrafast time resolved infrared (IR) spectroscopy for fluorescence and a nonradiative rate congtaht~10"12
was used to determine the time scale of thymine dimerizdfion. s~1. Similarly low quantum yields for the formation of various
The results show that marker bands for the photodimer were photoproducts of thymine (0.0£$.007) indicate that internal
apparent within~1 ps after excitation. The authors conclude conversion dominates the excited-state relaxation of their first
that thymine dimerization is essentially barrierless in the excited excited staté.The exponential, first-order excited-state decay
state and ascribe the relatively low quantum yield for photodimer constant of thymine 4102 s') would yield a Lorentzian
production to a paucity of ground-state structures with the homogeneous line width in energy o6 cn1t. However, the
correct orientation to form the photodimer within such a rapid absorption spectrum and resonance Raman excitation profiles
time. This result is consistent with the preponderance of excited- of thymine indicate that the homogeneous line width in energy
state structural dynamics along the photochemical reactionis much larger and primarily Gaussian in shape. The exponential
coordinate reported here from the UV resonance Ramanline shape can be converted to a Gaussian by assuming that the
spectrum. Specifically, the possible formation of the transition- time integrals of both functions are identical. This yields a
state structure, at least along the<Cs bond, within the period relation between Lorentzian and Gaussian line widthEgf
of the 1662 cm! mode (20 fs) predicted here allows for  I'L(/4)*2and a Gaussian line width of 3.5 cfa This Gaussian
several crossings of the transition state and subsequent vibrapopulation decay line width is insufficient to account for all of
tional relaxation within the~1 ps formation time for the the homogeneous broadening necessary to reproduce the spectral
photodimer observed in the ultrafast IR spectrum. It is interesting diffuseness of the absorption spectrum and magnitude of the
to note the consistency between the structural dynamicsresonance Raman cross-sections of thymine. Thus, the primary
measured here for the isolated thymine nucleobase in solutioncontribution to the homogeneous line width is solvent-induced
and the dynamics measured in the ultrafast IR spectra foidT) dephasing.
suggesting that the excited-state structural dynamics measured The inhomogeneous broadening arises from probing an
here for the nucleobases is relevant to DNA photochemistry. ensemble of molecules, which have different solvation structures
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tion would predict a high value of the inhomogeneous line width

(16) (a) Fodor, S. P. A.; Spiro, T. G. Am. Chem. Sod 986 108

3198-3205. (b) Perno, J. R.; Grygon, C. A.; Spiro, T. &.Phys. Chem.
1989 93, 5672-5678.

(17) Kubasek, W. L.; Hudson, B.; Peticolas, W. Rroc. Natl. Acad.

© for thymine, as observed. Since solvent-dependent dephasingsci. U.S.A1985 82, 2369-2373.
is the primary homogeneous broadening mechanism, the greater (18) Blazej, D.; Peticolas, W. L1. Chem. Phys198Q 72, 3134-3142.

interaction of solvent water molecules with the double bond in
thymine may also account for the larger homogeneous line width

(19) Peticolas, W. L.; Blazej, D. @hem. Phys. Letl979 63, 604—

(éO) (a) Chinsky, L.; Laigle, A.; Peticolas, W. L.; Turpin, P.-¥.Chem.

for thymine. Clearly, it would be useful to measure the excited- Phys.1982 76, 1-5. (b) Peticolas, W. L.; Rush, T., Il Comput. Chem.
state properties and line width values for uracil as a test of this 1993 16, 1261-1270. (c) Rush, T., III; Peticolas, W. Ll. Phys. Chem.

model.

Conclusion

1995 99, 14647 14658.

(21) Webb, M. A;; Fraga, E.; Loppnow, G. R. Phys. Chem1996
100, 3278-3287.

(22) Webb, M. A.,; Kwong, C. M.; Loppnow, G. Rl. Phys. Chem. B
1997 101, 5062-5069.

Self-consistent analysis of the resonance Raman spectra and (23) Loppnow, G. R.; Fraga, B. Am. Chem. Sod997, 119, 895—
absorption spectra is a powerful probe of excited-state structural905.

dynamics. The results presented here clearly demonstrate thaEJ

the excited-state structural dynamics of thymine are coincident
with the expected photochemical reaction coordinate, leading
toward the cyclobutyl dimer transition state. A comparison with
the excited-state structural dynamics of uracil should be
instructive in determining the factors that lead to different
quantum yields for the different photoproducts in these two

(24) Mathies, R. A.; Oseroff, A. R.; Stryer, [Proc. Natl. Acad. Sci.
S.A.1976 73, 1-5.
(25) Fraga, E.; Loppnow, G. Rl. Phys. Chem. B998 102 7659
7665.

(26) Lee, S.-Y.; Heller, E. . Chem. Physl979 71, 4777-4788.

(27) Mukamel, SPrinciples of Nonlinear Optical Spectroscopyxford
University Press: New York, 1995.

(28) Li, B.; Johnson, A. E.; Mukamel, S.; Myers, A. B. Am. Chem.
Soc.1994 116, 11039-11047.

analogous pyrimidine nucleobases. These results are significant (29) Shoute, L. C. T.; Loppnow, G. R. Chem. Phy2002 117, 842~

for developing a molecular mechanism of UV-induced nucleic

acid damage, with its important physiological consequences andp

implications for the origins of life.
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