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Intracluster photodimerization of thymine:
Size-dependent modes of cluster ion fragmentation

Nam Joon Kim, Hyuk Kang, Gawoon Jeong, Yung Sam Kim, Kang Taek Lee,

and Seong Keun Kim?
School of Chemistry, Seoul National University, Seoul 151-747, Korea

(Received 6 June 2001; accepted 6 August 2001

Clusters of thymine were found to undergo facile and extensive photodimerization upon strong UV
irradiation. Multiphoton excitation/ionization yields cluster ions with excess energy, which undergo
thermal fragmentation during flight in time-of-fight mass spectrometer. Reflectron mass
spectrometry was employed to investigate the fragmentation dynamics. Remarkably size-specific
modes of fragmentation were found: a cluster ion that consists of an even number of molecules
tends to lose two molecules, while one that consists of an odd number of molecules loses one
molecule. The strong alternation of intensity in the cluster mass spectrum was found to be due to
such distinct fragmentation modes. The two-molecule loss was found to be a single fission process
of a dimeric unit, which was in accord with a model of the cluster ion that consists of mostly dimeric
units. The culprit was extensive intracluster photodimerization, which was shown to occur through
absorption of anomalously large numbers of photons by the cluster system during excitation/
ionization. © 2001 American Institute of Physic§DOI: 10.1063/1.1406136

I. INTRODUCTION fragmentation were discovered, and identified as the main
culprit for the striking mass distribution experimentally ob-
served. Multiple absorption of photons was found to play a
key role in such intracluster photodimerization.

Photodimerization of the DNA base thymine by ultravio-
let (UV) radiation is known to be a major cause of photoin-
duced mammalian mutagenesis and carcinogefesishis
reaction was discovered four decades &gmd has been
extensively investigated undein vitro and in vivo IIl. EXPERIMENT

conditions!™** Recently, we reported the first study of this  The experimental apparatus used in the present study has
reaction at a free isolated molecular level by using moleculapeen described elsewherel4 Briefly, it consists of a set of
clusters of thymine and its analogues produced in a supetifferentially pumped molecular beam chambers and a re-
sonic jet*? A remarkable alternation of mass spectral inten-flectron time-of-flight mass spectrometéfOF-MS). The
sities between even- and odd-numbered clusters was diSCONTymine powder sample was heated to 250 °C in a metal
ered in photoionization of thymine and uracil clusters. It wasgyen and expanded through a high-temperature pulsed
suggested that this resulted from intracluster photodimerizangzzle with 2 atm argon carrier gas. The expanding gas was
tion, based on the characteristic modulation period evident igagmpled by a skimmer and then ionized by the third or fourth
the mass spectrum, and also by a control experiment involvharmonic of an Nd:YAG laser or the frequency-doubled out-
ing different bases with different propensities known for pyt of a dye laser. The ionized molecules were accelerated to
photodimerization in the bulk. Using the occurrence of alter-3 6 kev in a double electrostatic field and directed toward a
nation as the microscopic criterion for photodimerization, itreflectron through a 1.1 m field-free drift region. At the end
was suggested that intrinsic features of photodimerizationyf the reflectron assembly, a microchannel plate detector is
could be examined at a molecular level. For example, th‘blaced to detect ions when the TOF-MS is operated in the
intrinsic UV “window” for photodimerization of thymine |inear mode. In the reflectron mode, the reflected ions travel
was found to cover a wavelength range of 210-280 nm, ilynother 50 cm in the second field-free region and become
stark contrast to the typically known range of 150—300 nm ingetected by a second microchannel plate detector. The typi-

the bulk. The discrepancy is mainly due to the bulk effect,ca| mass resolutioM/AM of linear and reflectron TOF-MS
i.e., rapid relaxation of electronic energy in this case. was 150 and 900, respectively.

Despite the phenomenological understanding and cir-
cumsFantiaI e\{idence provideq by our study, h'owe.ver,. 3l RESULTS AND DISCUSSION
guestion remains as to how intracluster photodimerization
actually leads to the experimentally observed alternation of\. The even—odd alternation
mass _spe_ctral intensity. In this paper, we reportqn_wechanistic Figure 1 shows the photoionization mass spectrum for
mve;ugauon of the processes following UV|rrad|at|on.Asetthymine clusters. As reported earlirall even number
of distinct and remarkably size-dependent modes of cIusteISeakS have a predominant intensity over their odd number
neighbors. This is somewhat different from the so-called
dElectronic mail: seongkim@plaza.snu.ac.kr “magic numbers,” which tend to represent certain stability
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FIG. 1. 1-color R2PI mass spectrum of thymine clusters obtained by linear

TOF-MS with a 6 ndaser pulse at 274 nm at a fluence of X B® W/cn?. — 0.8 ° (c)
Strong enhancement of even-numbered peaks over odd-numbered ones is & [ ] *
) X ) ) ; = 0.4 ®
evident. Such alternation of mass spectral intensity, however, disappears ~u \ / \ / \ \ °
when the laser fluence is low, or if the excitation is nonresonant with the = 00 o
lowest excited states. 2 \ / / / DY
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[
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of a cluster system at a particular cluster size. Examples are 4 6 8 10 12 14 16
found in cases where a certain molecular geometry warrants n (cluster size)

exceptional thermodynamic stability, or when electronlcFIG. 2. (a) Reflectron TOF mass spectrum of thymine clusters obtained by

structure became particularly favorable upon forming ai-color R2PI wih a 6 nsiaser pulse at 266 nm. The daughter ion peaks with
closed shell. The present case of the alternating intensitypnintegem values arise from fragmentation of parent cluster ions in the
however, can hardly represent intrinsic stability of theu- first field-free region. The origin of daughter ions is assigned, and indicated
. . by solid and dashed arrows for the loss of one and two neutral molecules,
tral even-numbered clusters, Smce_ th_e occurrence of _It der?espectively. The peaks at integeralues exhibit basically the same even-
pends so much on the method of ionizatf8rTherefore, it odd alternation pattern observed in linear TOF-N/Sg. 1). The even-
has been suggested that the intensity alternation is a consm#mbered clusters show a propensity to lose two molecules rather than one,
quence of secondary processes such as photoexcitati(‘j\i‘i‘"e the odd-numbered clusters show the_opposne trgnd.he same kind
L . . . of reflectron TOF mass spectrum @, obtained by 1-colof2+1) REMPI
and/or phot0|on|zat|0n followed ny fragmentatlon, which in at 355 nm. The integer-peaks now display a monotonically decreasing
some way come to preferentially populate the evendistribution, with a pronounced peak at7. (Ref. 12. Only the loss of
numbered clusters. monomers is detected exclusively, as represented by solid ar(owEhe
fragmentation branching ratig=1,,_,/l,_, plotted logarithmically as a
function of the cluster sizen. |,_, (k=1,2) is the flight-path normalized
B. Fragmentation dynamics intensity of daughter ions of siz@-k) from a parent cluster ion of size

To unravel the nature of the process that results in the
observed alternation pattern, we investigated the fragmentarend: an odd-numbered parent ion tends to lose one neutral
tion features of photoexcited thymine cluster ions using remolecule than two, while the opposite is true for an even-
flectron TOF-MS. When a metastable cluster ion decomfaumbered parent ion. For example, if we compare the raw
poses into a daughter ion and a neutral fragment in a fieldntensity of the trimer and tetramer daughter ions generated
free region, the daughter ion carries a kinetic energfof from the pentamer parent ion, we see that the tetramer inten-
=(My4/Mp)E,, whereMy and M, are the masses of the sity is about three times higher than the trimefésd four
daughter and parent ions respectively, &is the parent times after the flight path normalizatib; But on the con-
ion energy'® Because of the difference in the kinetic energy, trary, if we compare the tetramer and pentamer daughter ions
the daughter and the parent ions penetrate into the reflectrdrom the hexamer parent ion, the pentamer intensity is only
over different distances to obtain different flight times, andabout one quarter of the tetramer intensity. Loss of more than
thus, become separately detected. two neutral molecules was not detected.

Figure Za) is the mass spectrum obtained by reflectron  In order to better represent the two distinct modes of
TOF-MS under basically the same experimental conditiongragmentation, we came up with a quantity called the frag-
as used for Fig. 1. The small peaks between the main iomentation branching ratioy, which is defined asvy
peaks represent daughter ions produced by fragmentation efl,_,/1,_ 4, wherel,,_,(k=1,2) is the intensity of daugh-
metastable parent ions in the first field-free region. On clos¢er ions from loss ofk neutral molecules. This ratig is
examination of the relative intensities of different daughterlogarithmically plotted in Fig. &) as a function of the parent
ions from a given parent ion, there appears a remarkableluster sizen. It is quite evident that there exist starkly op-
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posite trends between even-numbered and odd-numbered n= 9 101112 1314 15 16 17 18 19 20 21 22 23 24 25 26 27

parent cluster ions. We also realize that these strongly oppo- L1 1111111111 L]
i (a) 4.4 x10° Wicm?)

site propensities for fragmentation during flight would cer-
tainly enhance the final ion intensity of even-numbered
daughter ion clusters, as observed in Fig® 1.

On the contrary, when the 355 nm photons were used in
(2+1) REMPI, loss of only one neutral molecule was ob-
served, irrespective of the size of the parent clustef Fg. (b) (®3 x 10°Wiem?)
2(b)]. In addition, the mass distribution does not show any
sign of intensity alternation in this caS&€Therefore, we con-
clude that the remarkable size-dependent of fragmentation
modes of cluster ions are uniquely responsible for the ob-
served intensity alternation in the 266 nm R2PI mass spec-
trum.

We propose that the ultimate cause of such strongly op-
posite trends in fragmentation should be the formation of
dimeric molecular units in the cluster ion as a result of
photoinduced reactions such as photodimerization. The exis-
tence of such intracluster dimeric units is supported by the
following argument. The loss of two molecules in Figa2
may indicate a sequential loss of monomers or a single fis- )JJ

lon intensity (arbitrary unit)
: <«

(c) 29 x 10° Wrem?)

x8

sion of a dimer. If the ionized cluster were a collection of
loosely bound monomers, the loss of one molecule is always
a more likely outcome than the loss of two molecules be-
cause fragmentation in this case must be sequential in the
statistical limit. This would dictate thaf,_, be always larger Mass (amu)

thanl o, irrespective on. .The_faCt .tha.t this is certainly not FIG. 3. Linear TOF mass spectra obtained by gsin6 ns, 266 nm laser

the cage, ?‘S clearly seen in F'QC)Z indicates that the frag- _pulse at fluences specified in each panel. Asterisks represent doubly charged
mentation is far from a sequential loss process of monomerimns. As the laser fluences is increased, larger clusters tend to undergo ex-
units. It also strongly suggests that the two-molecule loss ofensive fragmentation, and the mass distribution is steeply shifted toward
lower masses(a) At a low laser fluence of 44 10° W/cn?, the alternation

Fig. 2(a) must occur as a single step fission of a dimeric unlt'is observed only up tm=14 (shown by arroy, followed by a monotoni-

We propose that a giV_en cluster ion be compo;gd of a Pr&ally decreasing distributiorfb) At a higher fluence, the alternation contin-
dominant number of dimers over monomers if it is to over-ues up ton=18. (c) At a still higher fluence, fragmentation is very severe,

ride the otherwise statistical monomeric loss and retain thget the alternation pattern is observed umte26.
alternation signature. For example, if the cluster iomsfL2
in Fig. 2(c) had contained only a dimeric unit or two, with all

1200 1500 1800 2100 2400 2700 3000 3500

th t of molecules i i f i d h then undergoes dimerization. This could ultimately lead to
€ rl(tasd or mo ttalcu esina m?nomenlct orm, | Vtvr?ut th aV;]esequential photodimerization if the electronic energy transfer
resuited in mostly monomeric [osses. it appears that the pag ¢ sta than intramolecular relaxation. It has been pointed

todimerization process is very facile gnd gxtensive in col out that the energy transfer can be as fast as even intramo-
Cl#SterS’t ?S Irt] other (t:orEStralned medium in the COndenselglizular vibrational redistribution within a cluster systéfn.
P a?)e ih owthem}?]eradur' t.h +1) REMPI using the 355 The other, more likely, explanation is the multiple pho-
k?t € other ar;l a.m .GZ )t ‘ l;s'r}g ed L th ton absorption phenomenon in clusters. Absorption of as

M photons, no such dimeric units are to be formed in any as eight photons was observed with a nanosecond laser
f'r.St place since the two-photo_n ex.c'tat'(? IS nonres_onanbulse at a fluence an order of magnitude lower than used in
m.th the UX] ww;dotw f_or photoqllmetnzl;itlo ' Theregoref n Iour study, and multiply charged cluster ions were detetted.

IS case, the cluster 1on remains 1o bé COMPosed of purely multiple photon absorption does indeed occur, and results
monomeric molecules, and statistical fragmentation gIves af, photodimerization that eventually leads to the observed

mum number of photodimers. In other words, there should
exist a maximum cluster size beyond which the alternation
ceases. Furthermore, this maximum cluster size for alterna-
Since the formation of a single photodimer needs a onetion would be a function of laser fluence. These predictions
photon absorption process, formation of multiple photodimercorrectly bear out in fluence-dependent mass spectra shown
units in the cluster must require processes other than thia Fig. 3. It is seen that there does exist a maximum cluster
simple two-photon ionization via intermediate level. We of- size (denoted by arrowfor intensity alternation and that it is
fer two possibilities. The first is to assume a very fast elecindeed found to shift to a larger cluster size at higher flu-
tronic energy transfer from the newly produced photodimerences. In view of these results, the multiple photon absorp-
to a neighboring molecular pair in the ground state, whichtion scheme appears to be a sound model. Furthermore, de-

C. Multiple absorption of photons



J. Chem. Phys., Vol. 115, No. 15, 15 October 2001 Intracluster photodimerization of thymine 7005

tection of doubly charged iongepresented by asterisks in °R. Beukers and W. Berends, Biochim. Biophys. A4 181 (1961).
Fig. 3) also seems to support this moa%Mu|tip|e absorp- i’W Fuchtbauer and P..Mazur, Photochem. PhOtOlﬁjiO[323 (1966.
tion of photons can lead to photodimerization as well as,AA-Lamolaand J. Eisinger, Proc. Natl. Acad. Sci. U.S58, 46 (1968.

fi f ltio| h di hich t 2N. J. Kim, H. Kang, G. Jeong, Y. S. Kim, K. T. Lee, and S. K. Kim, Proc.
generation oI muluply chargead lons, wnich may compete Natl. Acad. Sci. U.S.A98, 4841(2001.

against each other. We note from Fig. 3 that the relativesy, j. kim, H. Kang, G. Jeong, Y. S. Kim, K. T. Lee, and S. K. Kim, J.
intensities of doubly charged ions are reduced as higher flu- Phys. Chem. AL04, 6552(2000.
ences. This may indicate that photodimerization is a dynamit’N. J. Kim, G. Jeong, Y. S. Kim, J. Sung, S. K. Kim, and Y. D. Park, J.
cally more favored process over multiple ionization for theselschem' Phys113 10051(2000.

. - S. Wei, W. B. Tzeng, and A. W. Castleman, Jr., J. Chem. 332
clusters under the present experimental conditions. (1990 9 Fags

8|f the fragmentation occurs within the acceleration region, what appear
ACKNOWLEDGMENT like parent ion peaks in mass spectrum can contain the daughter ion peaks
. . . from those ions that underwent fragmentation within the acceleration re-
This work was supported by the National Creative Re- gion. This is true of both the linear and reflectron mass spectra. The
search Initiatives Prograrf®9-C-CT-01-C-50 of the Minis- difference between them, however, is that in the latter, the daughter ions
try of Science and Technology_ that fragment in the field-free region can be distinguished from those that
have undergone fragmentation in the acceleration region. Since a large
I Hollaender and C. W. Emmons, Cold Spring Harbor Symp. Quant. Biol. fraction of fra_gmentation occurs in the acceler_ation region, the gross fea-
11, 78 (1946. tures of the linear and reflectron mass speffigs. 1 and 2a), respec-

2H. F. Blum, Carcinogenesis by Ultraviolet LightPrinceton University tively] at integem values are very similar. There is only the added feature

Press, Princeton, NJ, 1959 of daughter ion peaks at noninteger valuesanf the latter.
) » NJ, 17 ) . .

3F. Urbach, The Biological Effects of Ultraviolet RadiatiofPergamon, 13A' Wacker, Prog. Nucleic Acid Res. Mol. Biol, 369 (1963.

New York, 1969. Y. Tomioka, H. Abe, N. Mikami, and M. Ito, J. Phys. Che®8B, 5186
4J. H. Epstein, Photophysiolody 235 (1970. (1984.
5G. J. Kantor, Photochem. Photobidll, 741 (1985. M. Y. Hahn, K. E. Schriver, and R. L. Whetten, J. Chem. PI88.4242
5R. Beukers and W. Berends, Biochim. Biophys. Adfia 550 (1960. (1988.
7J. Eisinger and R. G. Shulman, Proc. Natl. Acad. Sci. U.%8&.895 20 fluence dependence study of mass spectral intensities to confirm the
(1967. multiple absorption of photons was severely hindered by extensive frag-

8p. J. Wagner and D. J. Bucheck, J. Am. Chem. 9@¢181(1970. mentation.



