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Observation of Ultraviolet Rotational Band Contours of the DNA Base Adenine:
Determination of the Transition Moment
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We report the first observation and analysis of rotational band contours of the jet-cooled DNA base adenine
for three vibronic bands at 36 062, 36 105, and 36 248crihe lowest m* and zzr* states have been
labeled with their excited-state vibronic symmetry, and a stramty—ns* vibronic coupling via an out-of-

plane vibrational mode has been revealed. The rotational band contours have been recorded by resonant
two-photon ionization (R2PI) and analyzed by a genetic algorithm (GA) based fit to obtain the optimum
band parameters. The vibronic band at 36 062 csmows dominant-type character with transition dipole
moment (TDM) components.Zup?uc® = 0.09:0.17:0.74 and those at 36 105 and 36 248cshow abc

hybrid character with predominantly in-plane TDM components. The band at 36 06zhas been assigned

as the n— z* transition, and the 36 105 cmiband as ther — z* transition by the symmetry analysis. The

band at 36 248 cni provides evidence of the stromge* —nz* vibronic coupling via an out-of-plane vibrational
mode.

I. Introduction identified. One is a transition to a vibronic state of an in-plane
The nature of electronically excited states of the DNA and ViPrational mode (Asymmetry) and the other is to an out-of-

RNA bases determines their photophysical and photochemicalP!lane mode (A symmetry). Thus we obtained evidence for
properties. In view of the importance of UV absorption by DNA close-lying 7z and n7* states and their strong vibronic
resulting in mutagenic and carcinogenic effects, much effort COUPIing Wl'th'n a narrow spectral window between 36062 and
has been devoted to learn more about the electronically excited36248 cm™.

states of the nucleobases on a detailed molecular 1eAtsio,

the excited-state study of clusters of these biological building i . . )
blocks such as base pairs provides valuable information on _Details of the experimental setup for R2PI time-of-flight
hydrogen-bonding interactions as well as radiation-induced DNA (TOF) mass spectroscopy have been published elsewhere.
damage pathwaysThe R2PI and double resonance spectra of Briefly, gas-phase adenine molecules were produced by heating
isolated adenine in a supersonic jet near 277 nm have beer hlg_h-_temperature pulsed nqzzle that Wasa_mod|f|ed_ automobile
investigated by several groups. The observed vibronic fuel injection valve. By cooling the solenoid part W|th water,
structure has been attributed either to transitions to exaited ~ We could heat the pulsed nozzle to 600. In this experiment

or ror* states or to mixed states thereof. All these experiments @denine powder was heated to 27Q, because adenine
were done in low resolution and definite evidence to reveal the Molecules decomposed at higher temperatures. The molecular
nature of the excited states is neededtZiuand Kleinermanns ~ Péam was formed by expansion of a mixture of adenine vapor
tried to assign the vibronic states based on the rotational contour2nd Ar carrier gas through a pulsed nozzle into the vacuum.
shapes of adenine, but the observed rotational contours could! "€ pulsed jet was collimated by a 1.2 mm diameter skimmer
not be analyzed because of insufficient resolufidtim et al. at 7 cm from the nozzle. The molecular beam was then crossgd
assigned the bands at 36 062 and 36 105cas an out-of- by the frequency-doubled output of a dye laser (Lambqla Physik
plane vibronic band of the n- 7* transition and the origin Scanmatg 2E).at 20 cm from the nozzle. The resultlpg ions were
band of ther — x* transition, respectively, based on dispersed detected in a linear TOF mass spectrometer. A typical pressure
fluorescence spectfaThe present work provides a new assign- Was 3x 107° Torr for the source chamber andx110°7 Torr

ment of the three strong bands near the~ * origin based for the detection _chamber, while the pulsed nozzle was
upon the high-resolution rotational band contour analysis of OPerated at 5 Hz with 160 Torr of Ar backing pressure, which
adenine. The rotational band contours resolved with 0.04tcm  Provided the best signal-to-noise ratio for adenine ions. Figure
UV bandwidth reveal their characteristic band types. The fit of 1 compares TOF mass spectra obtained at one-color R2PI by a
the observed band contours yields TDM components, which UV laser tuned to 'ghe strongest vibronic band of adenine at
enable us to assign their excited-state vibronic symmetries. 36105 cn* expanding with (a) 760 and (b) 160 Torr of Ar

Interestingly, two kinds of n— z* transitions have been  9as. At higher backing pressure the aderiAe mass peak
(15.70us) was strongly enhanced and also the mass peak of

*To whom correspondence should be addressed. E-mail: bongsoo@ adenine+ 1 (12.67 us) became stronger than that of bare

II. Experiment

kaist.ac.kr. Tel:+82-42-869-2836. Faxt82-42-869-2810. adenine (12.6&s). Probably, collision-induced processes such
T Gwangju Institute of Science and Technology. . .
f Heinrich Heine Universita as cluster formation seemed to deplete the population of bare
SKAIST. adenine at higher Ar backing pressure. Figure 2 compares low-
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Time of flight (sec) Figure 3. Low-resolution R2PI spectrum of adenine between 35 400

and 36 900 cm. The inset shows the band shape of C band recorded
in low resolution (0.24 cmt). The labeling of vibronic bands (AE)
is according to ref 3.

Figure 1. TOF mass spectra obtained by one-color R2PI expanding
with (a) 760 and (b) 160 Torr of Ar. The excitation laser was tuned to
the strongest transition of adenine at 36105 tm
excitation laser is about 0.25 cth The strong vibronic bands
at 36 062, 36 105, and 36 248 ciare labeled as C, D, and E,
respectively. The labeling is according to a previous report.
(c) Ar 80 Torr We could detect very weak signals between 35 400 and 36 050
cm, which was labeled as A and B previously, without
increasing the power or focusing the laséfsGenerally, the
observed spectral features in the low resolution spectrum are
in agreement with those reported previously by other gréups.
(b) Ar160 Torr Se\_/eral sharp vibronic_ bands are observed within a narrow
region followed by a diffuse and broad spectral feature. For
L the assignments of the excited states and the interpretation of
the irregular vibronic structure in this narrow UV window,

researchers have agreed that the strongest D band is the
sr* origin, C and E bands belong to the same-nt* transition,

(a) Ar 360 Torr i N i
and the observed dense and irregular vibronic structure has been
JL attributed to the strong vibronic coupling between the close-
plact bttt s IJ‘] o lu‘;‘] ond o, lying 7zzz* and nt* states. The weak band observed at 35 503
= ) R . 3
36050 36100 36150 36200 36250 cm~! was assigned to the- z* origin by Kim et al2 Most of

the observed vibronic structure is due to the 9H-tautomer, except
Figure 2. R2PI spectra of adenine obtained expanding with (a) 360, tsr?m7eHv¥eal( bands _aro:j:\I;ISVSS Si?émhmh are asstlgne%to

(b) 160, and (c) 80 Torr of Ar. The vertical scale of each spectrum € ha automer using ) ou e resonance spec rosc,py' .
was modified to compare signal-to-noise ratio. Despite the reasonable interpretations of the observed vibronic
structure of adenine, definite assignments of the close-lyirfy

resolution R2PI spectra of adenine obtained upon expanding@nd nr* states and their vibronic coupling have not been
with (a) 360, (b) 160, and (c) 80 Torr of Ar. When the backing repc_thed yet. . . .

pressure was decreased lower than 160 Torr, the signal-to-noise Figure 4 shows high-resolution rotational contour spectra of
ratio was also decreased. The UV line width of the frequency- the C, D, and E bands. Interestingly, the observed contour shapes
doubled dye laser was about 0.04 dmwhen an’&lon was of the C and E bands are very different, although they are
inserted in the oscillator cavity for high resolution scans. The thought to share the same upper electronic state,First visual
fundamental line width was monitored simultaneously by an inspection of the gross shape of the contours in the low
external monitof &lon (FSR= 0.25 cnr?). A pulse energy of resolutl_on spectrum (see the inset in Figure 3) already reveals
about 50QuJ/pulse was used to obtain the low resolution R2P| @ prominent Q-branch and therefore a predomiratype of
spectrum of adenine and about 3@0/pulse for the high  the C band. A genetic algorithm basedfitvas used to obtain
resolution scans. To check if the absorption band was saturatedhe optimum molecular parameters. The genetic algorithms
in the case of high resolution contours, we took several spectrabased fitting strategy was recently improv&dnd used suc-

at laser powers of 1/2 and 1/4. When the ion signal decreasedcessfully for the automated assignment of very dense rovibronic
proportionally to the square of the laser power, we recorded Spectrat® Even when no single line could be identified because
the spectrum. Wavelength calibrations for high resolution scans ©f heavy overlapping of lines and large line widths, the absolute

were performed by simultaneously recording the LIF spectrum Minimum of the cost function could be found by the GA, which
of I, within +£0.006 cnT1.10 were based on nature’s principle to optimize qualities of

individuals over many generations by reproduction, mutation,
and selection of the most fittest ones. Therefore, the parameters
that have to be fit are binary encoded and added to a string,
Figure 3 shows the low resolution R2PI spectrum of adenine which is called a chromosome. The quality of the individual
between 35 400 and 36 900 ck The UV bandwidth of the solutions is evaluated using a weighted cross correlation of the

Frequency (cm'1)

Ill. Results and Discussion
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(a) C band TABLE 1: Molecular Parameters of Adenine Obtained from
a Fit to the Experimentally Observed Rotational Contours of
C, D, and E Bands (Rotational Constants of the Ground
State from Ref 14)

parameters C band D band E band
AA (MHZ) 50(50) 2(20) —2(20)
AB (MHz) —90(150) —43(10) —32(10)
AC (MHz) —1(50) —20(10) —26(10)
ETY Y VYV VY VYV YV YV Vvy ¢ (deg) 31(2) 64(2) 63(2)
L M Mo, 6 (deg) 54(2) 62(2) 55(2)
2T L L L B L ﬂaz(:ﬂbzzliszza g-soogéo-é7:0-74 56-1310-3?310-19 3%-226:0-5330.21
vo (™ 1. 104. 47.7
36060 36062 36064 Acass(MHZ)? 1800 1200 1500
Avorenz(MHZ)  3100(200) 3100(200) 3500(400)
(b} D band Trot (K) 6.1(5) 4.9(2) 5.3(2)

a Calculated from the spherical coordinaggsand 6. See text for
details.? Fixed in the fit to the values determined from a simultaneously
taken ¢alon scan.

listed in Table 1. From the TDM components of the C, D, and
E bandsyua?up®u = 0.09:0.17:0.74, 0.18:0.63:0.19, and 0.26:
? ' ! l.' |' ' I ' | ﬂ! 'i I ! m k ' 0.53:0.21, respectively, it is found that the TDM for the C band
is mainly polarized along the-axis perpendicular to thab-
' ' ' ' ' ' ' ' plane, and those for D and E bands are polarized mainly in the
36102 36104 36108 36108 ab-plane but show some-type character. When we tried to
limit the TDM orientation for these two bands purely in plane
(¢ = 90°), as expected for & — x* transition of a planar
molecule, the results of the fits with this constraint were of
considerably lower quality than those given in Table 1. This
fact points to a considerable mixing of the’hand the wa*
states, as was predicted by Marf&rin this case, the lack of
symmetry for the excited states facilitates the vibronic coupling

and explains the rather large intensity of the-nz* transition
; : ; } ; : R ; : by intensity borrowing.

LB L B R SR RN R LR Adenine in its electronic ground state is a planar molecule,

(c) E band

36246 36248 36250 as can be inferred from the small inertial defect, calculated from
p the microwave rotational constants (cf. Table 1). If the geometry
Frequency (cm ) distortions of adenine in its electronically excited states are

F'igure 4 High-resolution rotational band contours (black) and their small, we can use approximate selection rules for its vibronic
simulations (red) of the (a) C, (b) D, and (c) E bands of adenine. Each transitions. When we assume th& point group (planar
contour is shown together with the simultaneously recoftdrefringe geometry of adenine in all states), the vibronic symmetries of
scan (ET) andALIF spectrum. the states responsible for the C, D, and E bands are determined

experimental and the simulated spectrum. Details of the GA fit PY the selection rule for vibronic transitions:

can be found in ref 12. The microwave values determined by . .

Brown et al4 were adopted for the ground-state rotational FL.QC® Ff,ib ® Ty ® Toec® Ty 2 A’

constants A' = 2371.873(4),B" = 1573.3565(8),C" =

946.2576(4) MHz). We fit the changes of the rotational constants Because the ground vibronic state (initial state) is totally
(A A=A — A", AB=B — B",andAC = C' — C") upon symmetric (A), the final vibronic state should havé gymmetry
electronic excitation, the rotational temperature, the Lorentzian for an in-plane polarized TDM (4, and A’ symmetry for a
width of the spectral lines, and the spherical coordinate anglesTDM polarized along the-axis (A").

of the TDM vectorsp andé in the molecular fixed frame. The Because the D band was assigned tosthe- 7% origin by
angles determine the TDM components with respect to the the previous investigations, and the TDM is in-plane polarized,
inertial axes via the relations: vibronic symmetry of the upper state of D band is assigned to

TeiedA') ® Tyip(A'). Plitzer and Kleinermanns showed that the

C and E bands had the same spectral isotopic shift pattern for

the two amino deuterated (NHD and NDH), the N9H deuterated,

and the CH deuterated species, whereas the D band had a
Ue = U*COSP different isotopic patteriThey observed that the spectral shifts

depended on the differences of zero-point energies in the ground

whereu is the absolute value of the TDM,is the angle between  and excited state and concluded that the C and E bands shared

the projection of the TDM on thab-plane and tha-axis, and the same electronically excited state;* nConsidering the n*

¢ is the angle between the TDM and theaxis. The uncertainties  state has A symmetry and’pmy = A", the symmetry of the

of the parameters were estimated from five independent fits upper vibronic state of the C band is assigned'ipdA") ®

using different initial seeds in the GA procedure and are given I'yip(A"). Despite sharing the same upper electronic state with

in parentheses as a rough estimate of the reliability and thethe C band, the TDM orientation of the E band is polarized in

reproducibility of the fit. The fitted molecular parameters are theab-plane, as that of the D band. Most of the previous studies

U, = usin¢g coso
Uy = using sin



11822 J. Phys. Chem. A, Vol. 110, No. 42, 2006

E nTC* A 1—‘elec (A”) ® l—‘vib (A”)
nrn* — nm*
vibronic coupling

D TCTC* Y v 1—‘elec (A,) ® 1—‘vib (A,)

C nTC* Felec (A”) ® 1—‘vib (A’)

n— m* n— n*
rTDM (A”) rTD]V[ (A,)
SO 1_‘elec (A,) ® 1_‘vib (A,)

Figure 5. Summary of the symmetries of vibronic transitions corre-
sponding to the C, D, and E bands.

attribute the rather dense and irregular vibronic structure
observed on the blue side of the D band to out-of-plane
vibrational modes of the at state due to strong vibronic
coupling betweent* and nr* states. This interpretation is
clearly confirmed by the observation of a predominantly in-
plane polarized TDM for the E band. The intensity borrowing
of the E band is rationalized by the strong* —nz* vibronic
coupling via out-of-plane vibrational modes. The vibronic

symmetry of the excited state of the E band should become

TeledA") ® Tyin(A"), because the upper electronic state of the
E band is m* and the TDM is in-plane polarized (A The
out-of-plane A’ vibrational mode mediates the intensity bor-
rowing of the E band from the D band. The excitation df A
vibrational modes in the #f state is forbidden, if vibronic
mixing is negligible. When a forbidden transition occurs by
means of vibronic coupling, the band structure is entirely
determined by the vibronic species of the upper and lower
states'® Therefore, the observed band contour of the E band
looks very similar to that of the D band. The spectral intensities

Lee et al.

The minimum energy geometry for thar* state is found to
be planar for the ring system, whereas the amino group is
pyramidal. For the lowestrr* state a strong puckering of the
six-membered ring is found. It is found that this state is strongly
mixed with thelnz* state. If the excited states of adenine were
nonplanar, thénz* state could borrow its intensity directly from
the 1za* state; thus the unexpectedly high intensity of the C
band can be explained. By taking the geometry of the ground
state, thelnz* state and thelza* state from ref 15, we
calculated the changes of the rotational constants for the
transitionzzt* <— S to be—9, —45, and—18 MHz, and those
for the transition n* <— S are—28,—25, and—13 MHz. These
values are close to the experimentally determined changes of
the rotational constants, given in Table 1. The orientation of
the TDM of the optimizednz* state from ref 15 gives a band
type of 6%a-, 4% b- and 90%c-type, close to the experimen-
tally determined values for the C-band given in Table 1. The
Iza* state, which is observed in our experiment as D-band,
has to be compared to the adiabatically lowest state from ref
15. Thelza* <— S transition has mainly LUMO— HOMO
character and shows nearly equal amounts-oénd b-type,
with somec-type contribution from the mixing of thir* state.
Theoretically determined values predict that the D-band would
have similara- andb-type charactet®

Hochstrasser and Marzzaé€and Andiasson et at° sug-
gested that coupling ofz* and nt* states is responsible for
the fluorescence quenching of the* states of the DNA bases
and other heterocyclic compounds. Lim showed the effect of
vibronic coupling between nearbyr* and nt* states on the
radiationless transition ra.In his model the out-of-plane
vibration that couples thex* and n7* states acts as an efficient
acceptor mode for the radiationless decay to the ground state.

IV. Conclusions

We report the first observation and analysis of UV rotational
band contours of the vibronic transitions of adenine. From the
analysis we assigned the close-lying* and nr* states and
their strong vibronic coupling via out-of-plane vibrational modes
based on the assumption of a planar geometry of a purine
chromophore. Two kinds of f~ 7* transitions are identified.
One is the transition to an in-plane vibrational mode) (&nd
the other is the transition to an out-of-plane vibrational mode
(A") which mediates thez* — nz* vibronic coupling. Usually
the oscillator strength of the f z* transition is estimated to

of the D and the E bands are similar, which also points to strong 1 or 2 orders-of-magnitude smaller than that of the> z*

mixing of the wx* and nr* states. Consequently, we could
identify two different kinds of n— z* transitions. One is the
normal n— xz* transition to an A vibrational mode and the
other is the n— z* transition to an A' vibrational mode induced
by strong vibronic coupling to thes* state. The transition

transition. The intensity of the na~ x* transition can be
borrowed from ther — z* transition through vibronic mixing.
More experimental and theoretical works are required to
understand the excited states of adenine in detail. Unfortunately,
higher resolution experimental studies using a single mode ring

schemes of the C, D, and E bands are summarized in Figure 5dye laser or a pulse amplified ring dye laser may not be feasible

The inertial defect of adenine in its electronic ground states
calculated from the MW rotational constattamounts to-0.2
amuA2, showing the planarity of the structure of ground state.
According to the ab initio study of 9H-adenine reported by Perun
et al.}” the equilibrium geometry of thep@ndlza* states are
almost planar. The nonplanarity is confined to a slight pyra-
midalization of the amino group in both states. For the*
state, a significant out-of-plane deformation of six-membered
ring was predicted by calculation. The in-plane components of
the TDM in the rotational contour of the C band may be due to
this out-of-plane distortion of the chromophore.

A slightly different result for the excited-state geometries has
been found by Marian using time dependent DFT calculati®ns.

due to the very short excited-state lifetind& 27 of adenine,
although the information of detailed excitedtate geometries

of wa* and nr* states would be invaluable. Application of
MATI (or ZEKE) spectroscopy to adenine by atf1') two-
photon scheme via the C, D, E, and other bands are encouraged
to elucidate FranckCondon factors and selection rules involved

in both § — ax*/na* and ax*/Ina* — Do )/Dy(n™Y)
transitions.
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