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A multiphoton ionization study was carried out on hydrated clusters of DNA base adenine in supersonic
molecular beams. Resonant two-photon ionization at 266 nm showed that the relative ion intensity between
the hydrated clusters AH,O), and the unhydrated ones was anomalously small, particularlgnferl, in
contrast to the case of electron impact ionization. The ratio was of the order dfdfOn = 1, 10! for m

= 2, but about 1 fom = 3. One-photon excitation to the first electronically excited state was found to be
responsible for the extensive fragmentation of adenine monomer hydratids®),. The water acts as a
proton-donating solvent whose hydrogen bonding with the solute becomes weakenedrihéikeited state,
thereby giving the excited state its repulsive nature. Hydrates of adenine comyfldx, (m = 2) tend to

better survive the rupture of the water cage at highgorobably because the energy transfer between adenine
molecules is not sufficiently fast. The fragmentation was found to be less extensive at higher levels of excitation
with a much weakensz* character. Change of solvent to those of less proton-donating or even proton-
accepting character systematically reduced the tendency of fragmentation.

1. Introduction statistically averaged bulk state of matter. The object of such

_studies is to track the evolution from an individual molecule to
The four bases of DNA are chromophores of DNA, and their , - ith increasing cluster size. In particular, the solvation

complementary pairing provides means to store and replicate

L L ; study of hydrogen-bonded clusters has been an active area of
genetic information in the double helix structure of DNA. The y yerog

. S research in recent years because of growing interest in chemistry
role of water molecules surrounding nucleic acid in an aqueous

. . - o .- occurring in aqueous medium.

environment is crucial in determining the structure and function . ) . .
of this important moleculé. Interaction between water and In this study, we investigated hydrated clusters of adenine
nucleic acid is mainly responsible for stabilization of macro- USiNg the resonant 2-photon ionization (R2PI) technique. A
molecular structures. For example, the electrostatic repulsionStriking anomaly was found in the mass spectrum, where
between phosphate groups is often affected by the high dielectricvirtually no adenine monomer hydrates could be observed
constant of water. The degree of hydration of DNA also plays despite an intense search. Such near complete loss of ion signals
a key role in its conformational change among its various for hydrated clusters was also observed in the past by Wanna
polymorphic forms. et al. for the case of pyrazine and pyrimidit¥éThey attributed

Despite the importance of DNA bases, molecular beam this anomaly to the_increased_rat_e_ofinternal energy re_Iaxation
studies are rather limited. Some spectroscopic studies includeUPOn solvation, which makes it difficult for resonant ionization
electronic spectra of uracil, thymine, and guarfiphotoelectron ~ t0 occur. In this case, the clusters were believed to be still there,
spectroscopy of uracil, thymine, cytosine anions, and their water but just not ionized to be detected. On the other hand, they also
complexes$;* Rydberg electron-transfer spectroscopy of uracil, Suggested the possibility of actual loss of clusters because of a
thymine, and theiN-methylated derivativesand femtosecond ~ dissociativenz* excited state for the hydrated clusters of these
analysis of tautomerization dynamics in model base pairs (7- molecules.
azaindole dimers).Other studies also include laser separation  In our study, we came to prove that the near loss of ion signals
of geometrical isomers of DNA base palrsase pair formation  for hydrated clusters was due more to extensive fragmentation
of free nucleobases and mononucleosilasd hydration of at the electronically excited state than other mechanisms
nucleic acid bases and threshold ionization potential measure-suggested so far or considered likely. Such fragmentation results
ment using electron impact ionizati@Matrix isolation FT-IR from the increased repulsive nature of thetermolecular
studies and theoretical calculations were also carried out onpotential in thenz* excited state upon solvation by proton-
hydrated clusters of base molecules modeling adenine, cytosinedonating solvents such as water. A strong vibronic coupling
and isocytosine tautomet&and the heat of formation for DNA  petween thewr* and thenz* excited states was assumed to be
base-water complexes was estimated in a theoretical stlidy. at play. The effect of excitation energy and the proton-donating

Study of weakly bound clusters in a supersonic molecular or proton-accepting capability of solvent was systematically
beam fills the gap between isolated molecular state and thestudied. The partial survival of hydrated clusters of adenine
dimer or larger complexes of adenine was explained by the slow
* E-mail: seongkim@plaza.snu.ac kr. rate of energy transfer between adenine molecules.
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Hydrated Clusters of DNA Base Adenine
2. Experimental Section

The experiments were carried out in a molecular beam
machine with a time-of-flight mass spectrometer (TOF-MS)
using R2PI or electron impact as the ionization method. The
apparatus consisted of three chambers. The source and the buffer
chambers were respectively pumped by a 10-in. and a 6-in.
diffusion pump, while the detector chamber housing the TOF-
MS was pumped by a 2-in. diffusion pump and a liquid nitrogen
trap. With a skimmer of 1 mm hole size situated between the
source and buffer chambers, typical operating pressures were 2
x 1075, 3 x 1075, and 5x 1077 Torr in the source, buffer, and
detector chambers, respectively, when the pulsed nozzle was
operated at 10 Hz under the helium pressure of 2 atm.

A commercial inline filter (Nupro, SS-4F-7) located just
behind the pulsed valve was used as a source oven without its
porous filter element installed. The oven and the pulsed valve
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Figure 1. One-color R2PI mass spectrum of hydrated adenine clusters,
Am(H20)n, with 266 nm photons. Virtually no ion signal was detected

were independently heated by resistive heating. Generally, thego; hydrated clusters of the adenine monomer. The numbers represent

oven temperature was maintained at 2280 °C in order to

keep the vapor pressure of adenine at a few hundred milliTorr shows overall relative ion intensities.

without the danger of pyrolysis, and the nozzle temperature at
255 °C. To run the nozzle at such temperatures, the coil
assembly of a commercial solenoid valve (General Valve Series
9, hole size 0.5 mm) was rewound using Teflon insulated copper
wire (Omega Engineering Inc., TFCP-005). A homemade pulsed
nozzle driver controlled the pulse width (typically 50000us)

of the nozzle and was triggered by a pulse/delay generator
(Stanford Research System Inc., DG 535). Since the adenine
vapor is highly condensable, the skimmer tends to get clogged
easily over a short period of time. This was prevented by
resistively heating the skimmer base plate above°TQ0Nater
vapor was introduced into the source when producing hydrated
clusters by attaching a water bottle directly to the sample oven
through a%, in. stainless steel tube to increase the flow rate of

the number of water molecules attached to the adenine dimer. The inset
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water and also to prevent condensation of water vapor in the Figure 2. Electron impact ionization mass spectrum of hydrated

gas line.

adenine clusters at 40 eV of electron energy. The relative intensities

The TOF-MS was of the WileyMcLaren typé? and had a
1.1-m flight length. The molecular beam axis, TOF-MS axis,
and laser propagation direction were all mutually orthogonal.
The TOF-MS had an einzel lens to focus all ions, irrespective 3 Results
of their mass, onto the ion detector. This enabled us to obtain ) ) )

a mass spectrum over a wide mass range without much variation Neéar-Absence of Adenine Monomer Hydrate Signal in
in ion detection efficiency. Laser pulses for excitation and Mass Spectra Figure 1 shows an R2PI TOF mass spectrum of
ionization were provided by either the direct harmonic (355 or Nvdrated adenine clusters generated by jet expansion under a
266 nm) of an Nd:YAG laser (Spectra Physics, GCR-16S; 6 ns backlng.pressure of 2 atm helium and 100 Torr water. The fourth
pulse width) or a frequency doubled output of a pulsed dye hafm‘.’”'c of the Nd:YAG laser (266 nm 4.66 eV) was used
laser (Spectra Physics, PDL-3) pumped by the second or thirg© onize the clus_ters at a laser fluence of_ca. 2 M\/\Hcﬁhe_ .
harmonic of the Nd:YAG laser. Output of the dye laser was spectrum in the inset shows overall relative peak mteunsmes.
frequency-doubled by a homemade frequency doubler using aUpoﬂn close examination, we found that th_e ur_1hydrated mono-
BBO crystal. The frequency was tuned by tilting the crystal mer” peak consists of a “?O'e_cu'af adenine iorfYAveak as

. . well as a protonated adenine ion (AHpeak. The protonated
angle according to the predetermined wavelength vs angle CUNVE4on peak was also observed in the electron impact ionization
A pulse/delay generator was used to synchronize laser firing study of adenine and thymine-water complexésand in the
with pulsed nozzle opening. The maximum mass resolution

. . R - field ionization study of hydrated clusters of DNA base
M/AM of our TOF-MS with a tightly focused light is estimated oy ativests The protonated ion is readily formed due to the
to be ca. 300.

efficient dissociative photoionization and the high proton affinity

A fast microchannel plate (Galileo Electro-Optics Corp., FTD of DNA bases in generaf
2003) was used as an ion detector. The output of the micro-  pPerhaps the most striking feature of the spectrum in Figure
channel plate detector was fed into a preamplifier (EG & G 1 is the near complete absence of adenine monomer hydrates
Ortec, 9305) or amplified directly by a NIM module amplifier ~ A;(H,O),*. This is in stark contrast with the mass spectrum
(EG & G Ortec, 574). The amplified signal was digitized and obtained by the electron impact ionization method, as shown
stored by a 400 MHz digital storage oscilloscope (LeCroy, in Figure 2. The ratio of ion intensities between the hydrated
9310A). Adenine was purchased from Aldrich Chemical Co. clusters Ay(H.0), and the unhydrated onesyAn the photo-
and used without further purification. ionization spectrum is of the order of 10or less form = 1,

between hydrated clusters and bare ones are much larger than in the
case of R2PI. Peaks denoted by an asterisk represent neat water clusters
ionized by electron impact.
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1 2 3 =n A, TABLE 1: Physical Properties of CHCI3, H,0, NH3,
| ' Acetone, and Dioxane
@ gas phase
dipole basicity* role in Az (solvent)
A(NH,), A,(NH), solvent moment (D) (kcal/mol) H bonding obsd
? ? ? 4| T 6| 7| ” 2| ﬁ 5| T T CHCl 1.04 proton donor N
- H.0O 1.85 159 proton donor N
g ‘ | \ \ o (and acceptor)
S NH3 1.47 195.6 proton (donor Y
> 150 250 350 450 550 and) acceptor
s acetone 2.88 188.9 proton acceptor Y
-_'é A, (acetone), = n,m (b) dioxane 0 186 proton acceptor Y
L 11 1,2 13 1,4 a Reference 34.
2
g ZH%m cluster mass spectrum turned out to be much like the case of
= JL N l l | | water (not shown). This suggests that the near loss of hydrated
e P adenine monomers is likely due to the specific nature of the
o Ad(dioxane), © base-water interaction, and in particular, to the hydrogen
1,1 12 13 1,4 bonding. We would like to point out that for solvent molecules
' ' B | . | acting as proton donor in hydrogen bonding, such as GCI
] H.0, little ion signals are detected forn@olvent)*, while for
[ t l n M A b b those acting as proton acceptor, such as acetone, dioxane, and
150 250 350 450 550 NH3, no such anomaly was observed. Table 1 gives some
physical constants for the solvents used in this study, and
Mass (amu)

summarizes their role in hydrogen bonding. Note that bath H
Figure 3. (a) One-color R2PI mass spectrum of ammoniated adenine and NH; are amphoteric, i.e. can act as both proton donor or
clusters, A(NHz)n. The partial pressure of ammonia was ca. 10% of gcceptor, in hydrogen bonding, but the latter is a far stronger
the total pressure. In contrast to the case of water as solvent, solvatedproton acceptor than the former, as seen by the much larger
adenine monomers show significant intensitiegN*s)n+st happens . ’ .
to have a mass only 1 amu larger than(MHs).*, but appears gas phase bgsmlty. There appears to be a correlation between
indistinguishable here because of the insufficient mass resolution. (b) Whether a given solvent generally acts as proton donor in
The same spectrum with acetone as solvent, and (c) with dioxane ashydrogen bonding and whether the cluster of adenine monomer
solvent. The value ofi andm, respectively, represents the number of with that solvent is observed in this study.

s e ot e St o v et it WiaclongthDependerce o Clser on en
contrast to the cases of water or CHCI ' sity Distributions. To see if the loss of hydrated adenine
monomer depends on the excitation energy, we changed the
101 for m = 2, and about 1 fom > 3. By comparison, the ~ wavelength of the laser over the range of 2280 nm (5.96-
same ratio from the electron impact ionization spectrum never 4.28 €V). Since the vertical and adiabatic ionization energies
falls below 10" even form= 1 (Figure 2). Although the relative ~ Of adenine are 8.48 and 7.8 e\A’ respectively, the 2-photon
intensities do vary somewhat depending upon the experimentalenergy of 290 nm (x 4.28 eV= 8.56 eV) is still large enough
conditions of photoionization, the intensity of the monomer to ionize the molecule by one-color R2PI. The ion signal
hydrates A(H,0), always remains about 1 order of magnitude becomes too weak to be detected below 290 nm because the
or 2 smaller than that of the hydrates of adenine complexes first electronically excited state lies above this energy. The
Am(H20), (M = 2). The large ion intensities of adenine monomer €extensive loss of ion signals for.fd,0), was observed at
hydrates obtained by direct ionization with electron impact wavelengths between 250 and 290 nm (4-868 eV), but it
suggest that there seem to be a large number of these clustergecame gradually less severe at wavelengths shorter than 250
initially produced. Therefore, the striking loss of ion signals as nm. Eventually, we found comparable ion intensities between
in Figure 1 by R2PI is believed to result from a loss in the A1(H20), and Ay(H20), at wavelengths between 210 and 230
ionization step or in the excitation step. Possibilities include NmM (5.96-5.39 eV), as shown in Figure 4a. We also tried to
reduced ionization efficiency of the hydrated clusters or actual use an even higher excitation energy by employing & (2)
loss of clusters by processes such as dissociation. Whatever théesonance-enhanced multiphoton ionization scheme using the
cause, the loss becomes less severe in the hydrated clusters 6i55 nm (3.50 eV) photons. At the nominal excitation wavelength
adenine complexes, and progressively so as they become largepf 177.5 nm (2x 3.50 eV = 7.00 eV) in this case, the ion
in size. intensity of A (H>O), became even larger than that of(A,0),
Solvent Dependence of Cluster lon Intensity Distribution (Figure 4b). In summary, the wavelength range for the near
Various solvents were employed to determine whether there complete loss of hydrated adenine monomer appears to be
exists any dependence of cluster ion intensity distributions on mainly confined between 250 and 290 nm. The electronic state
the type of solvent. First of all, solvation by ammonia gave a reached by one-photon excitation at these wavelengths seems
rather different result. Figure 3a shows that the ammoniated to result in very efficient loss of the ion signals fof(A>O)n.
clusters of adenine monomer;(NHs),", were detected with a There are a few likely candidates for such a process, as will be
Comparab|e intensity to those of the adenine dim@('NA|3)n+_ discussed later in more detail, but the most |Ik6|y one is
Complexes of adenine solvated by various other kinds of solvent fragmentation of the cluster in the excited state.
molecules were also generated and the mass distributions were Femtosecond Excitation/lonization of Hydrated Adenine
investigated. For example, with a solvent such as acetone orClusters. The above conclusion is further supported by the
dioxane, A(solvent)™ had even a larger intensity than-A following investigation using a femtosecond laser system. A
(solvent)™ (Figure 3b,c). In the case of CH{ lhowever, the 267 nm (4.64 eV) femtosecond laser pulse generated from a
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2 3 =n A, 4. Discussion

The ultimate question is what causes the loss of ion signal
for the adenine monomer hydrates. Wanna €€ aliggested
two possibilities for their inability to detect hydrated pyrimidine
cluster ions in the mass spectrum. One is the possibility that
the internal conversion (IC) or the intersystem crossing (ISC)
rate becomes faster as the molecule becomes more hydrated
r234568 I since it comes to have more internal degrees of freedom, which

shortens the lifetime of the electronically excited state. This will
l’ L force the molecular system to undergo rapid relaxation so that
wd L the second photon cannot bring the system to the ionization
(b) level. The other possibility is that the potential energy surface
of the n—x* transition of the hydrated cluster is repulsive.

As for the first possibility, if the faster IC or ISC rate was
the reason for the small ion intensity of(#.0), when adenine
gets hydrated, the rate of relaxation in adenine dimer hydrates
would be even faster than in adenine monomer hydrates, since
the former has more internal degrees of freedom. This follows
from general observation that the main factor governing the IC

A4(H,0), Ay(H,0),

lon intensity (arbitrary unit)

\J or ISC rate is the density of states coupled to the initially
prepared level® Upon forming a cluster, low-frequency inter-
150 250 350 450 molecular vibrations greatly increase the density of states, and
Mass (amu) hence more efficient IC or ISC generally results. Therefore, in

) ) ) this model, the decay rate of the dimer hydrates must be faster
Eﬁumgfoxaﬁ quzesl"”;r;‘ dOf(S;"i\r,iLedsggenmepﬂ‘éfgirss'if]a){_;"g‘ 220 than that of the monomer hydrates, which implies that the dimer
multiphoton ionization scheme. The intensities of hydrated monomers hydrates would be even har_der to lonize than the monomer
are comparable to, or even larger than, those of hydrated dimers. ~hydrates. Of course, this is quite the opposite of what is actually

observed in our experiment.
A, A, With regard to the second possibility, we note that the
following body of information can provide a clue. First of all,
it was established by Brealey and Ka%hthat the hydrogen
bonding plays a role in the blue shift of tle-z* transition.
Pimentet® pointed out the importance of the Frarg&ondon
principle applied to the intermolecular potential curve of the
hydrogen bond. Krishna and Goodrisfound that the hydrogen
bond for pyrazine and pyrimidine either does not exist or is
very weak in the tripleh* states. Baba et &F also reported
that the hydrogen bonding of diazine in methanol or water is
dissociative in the singlett* states. As for the hydrated adenine
clusters, Del Ber®@ postulated that the hydrogen bond is

' ‘ ' ' destabilized by then—z* transition, although she predicted
150 250 350 490 550 rather small destabilization in thre-z* bands of the adenine
water complex.

In the n—x* transition, one of the localized nonbonding
b > electrons goes into the delocalized antibondirfgorbital so
etween hydrgted adenines anq bare ones are now.generally comparablt%at the dipol fth ited . | d d
to those obtained by electron impact ionization (Figure 2). pole moment of the excite s,tate, Is greatly reduced.
For example, the dipole moment of pyridazine and pyrimidine
regeneratively amplified Ti:sapphire femtosecond laser systemwas found to be decreased by 2.84 and 2.72 D, respectively,
was used in the same R2P| scheme as before. As Figure 5uponn—z* transition?? With such reduction in dipole moment,
shows, however, no conspicuous loss g@ft#0), was observed.  the solute-solvent interaction generally becomes weaker. In
Furthermore, the relative ion intensity between hydrated clusters addition, with the migration of electronic charge away from the
An(H20), and unhydrated ones,As now quite comparable to  nonbonding orbital, the effective bond order for the hydrogen
that observed by the electron impact ionization. It appears thatbond becomes reduced as well. Therefore, the hydrogen-bonded
the fragmentation process in question occurs on a time scaleconfiguration in the ground-state cannot be retained in the
comparable to, or even somewhat longer than, the laser pulseexcited state. As a result, a FrargRondon transition will bring
width (~400 fs) in the excited state so that a significant fraction the system to an unstable configuration in the excited state and
of clusters becomes ionized without having sufficient time to lead to dissociatio’ In other words, a decreased intermolecular
undergo fragmentation. With a nanosecond pulse, however,bond order in thewt* excited state in effect brings in a more
ionization of intact clusters is rare since extensive fragmentation repulsive character to the potential energy surface. A Franck
takes place before the cluster becomes ionized by the secondCondon transition will then force the system to dissociate, as
photon. This leads to near complete loss of ion signals for schematically represented in Figure 6.
hydrated adenine monomer(,0),+ ions. Hydrated clusters The above argument goes parallel with the well-known trend
of adenine complexesAH.O), (M = 2) appear to better survive  of frequency shift vs the role of solvent in hydrogen bonditig.
the fragmentation as becomes larger. In an n—x* transition, reduction in dipole moment and

lon intensity (arbitrary unit)

Mass (amu)

Figure 5. One-color R2PI mass spectrum of hydrated adenine clusters
obtained by a 400 fs laser pulse at 267 nm. The relative ion intensities
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Figure 6. Schematic diagram of the potential energy surface along
the adeninewater coordinate. The first absorption band of adenine
consists of strong—ax* transitions and a weak—s* transition. Upon
hydration, however, tha—s* transition becomes blue-shifted and the
w—m* transitions red-shifted. A strong vibronic coupling results, and
the intrinsically weakn—z* transition now derives its oscillator strength
from the strongr—s* transition. On the other hand, a proton donor
such as water suffers reduction in intermolecular bond order by
transitions of thex—s* type because of the removal of electronic charge

Kim et al.
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Figure 7. Schematic diagram of the potential energy surfaces for proton
transfer in the excited state. One-photon excitation followed by proton
transfer (denoted by the arrow marked with “PT") brings the system
to an ion pair state. Photodetachment of the electron from the anionic
moiety by the second photon yields protonated adenine or its complexes.

of adenine. On the other hand, they all agree that the energy
difference between ther* and thesz* states is small (0.1

0.2 eV). With such a small energy difference, significant
vibronic coupling is expected between the* and the wa*
states. The intrinsically weak oscillator strength of ther*
transition may be significantly increased by the vibronic
coupling with the strongly allowedr—s* transition. Brog°
suggested that the vibronic coupling in the lowest excited state
of adenine gave rise to different emission properties between
the two isomers of adenine and 2-aminopurine. Such vibronic
coupling should be at play in hydrated clusters of adenine as

from the nonbonding orbital. Therefore, the potential energy surface Well. In this case, we also note that the effect of hydration would
becomes more repulsive in the excited state, with a shallower minimum be to blue shift then—sa* transition and to red shift the—a*

displaced farther out. A FranelCondon transition will then bring the
system to the repulsive wall in the excited state, which will lead to
dissociation.

weakening of the hydrogen bond result in a blue shift of the

transition, as schematically shown in Figure 6. Therefore, if in
fact thenz* state were indeed the lowest state, then the effect
of hydration would be to cause an even larger degree of vibronic
coupling by reducing the energy gap between these states.
The near complete loss of ion signal fog(M>0),* appears

transition when the solute molecule is solvated by proton donors. ;4 e 4 property related mainly to the lowest absorption band

When solvated by proton acceptors, however, the molecule is

little affected in its optical transition because its hydrogen-
donating capability is virtually unaffected by time-7z* transi-
tion. On the other hand, in a—x* transition, the solvation

of adenine. We note that excitation to higher electronic states
with shorter wavelengths does not lead to such results. As seen
in Figure 4a, excitation to the second absorption band (centered
around 207 nm, 5.99 e%) of adenine yields comparable

effect of proton donors is to cause a red shift, although the effect jtensities between AH,0),+ and Ay(H,0),". Excitation to an

is not as great as in the-x* transition case.

even higher level by 2-photon absorption at 355 nm gives even

The observed dependence of the present anomaly on varioussignificantly larger ion intensities for AH,0), than for A-
solvent types seems to indicate that the electronic transition (H,0),* (Figure 4b). These results are apparently due to the

responsible for such an outcome is of tiex* type: proton
donors such as CHgbr H,O leading to a “blue shift” and thus
dissociation, while no such loss being observed for proton
accepting solvents such as acetone, dioxane, ang Ntis is

fact that the high-lying levels have significantly different
electronic characters, presumably with a much weaket
component.

As still another candidate for the ion loss mechanism, we

somewhat surprising since the first absorption band of bare examined the possibility of proton transfer from water to the

adenine at 252 nm (4.92 €*)is known to comprise two
perpendicularly polarizedr-7* transitions?> But it is also
suggested that this band contains a weak* transition as
well.2627Due to a small oscillator strength of ther* transition,

base in its excited state. As schematically shown in Figure 7,
such proton transfer produces an ion pair, and an electron is
photodetached from the anion moiety by the second photon in
its “ionization” step. This would not only cause extensive loss

however, only a few experimental observations have been madeof hydrated clusters but also produce a lot of protonated bases,

so far in solutioR® or in a single crystad” Furthermore, the
relative location of the lowestz* and * state is still quite
uncertain, despite extensive theoretical studies. skii#? Hug
and Tinoco?® and Bro@° found thens* state to be located
between the two lowestir* states, but Danilov et &t
suggested that ther* state should be the lowest singlet state

in apparent accord with our mass spectra. The problem with
this model is, however, the thermodynamics of proton transfer
is unfavorable in the case of hydrated adenine. We calculated
an endothermicity of about 70 kcal/mol (3 eV) from a simple
estimation method commonly us&Such large endothermicity

is virtually insurmountable even without a barrier.
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There are a few apparent problems with our proposed has a significantnz* character through efficient vibronic
mechanism: (1) It may explain why and how the cluster loses coupling with therz* state. The rate of intracluster electronic
a water solvent, but it does not explain why it loses all the water. energy transfer among adenine moieties was suggested to affect
(2) It does not explain why hydrates of adenine complexes seemthe occurrence of the observed anomaly in the hydrates of
to better survive the fragmentation. We address these issuesadenine complexes.
briefly. First of all, the total loss of water can be easily explained . .
if the waterwater interaction is large and comparable to the  Acknowledgment. This work was supported by the National
adenine-water interaction at favorable solvation sites. In this Creati_v_e Researc_h Initiatives Program (99-CR-02-01-A-25) of
case, there is a high probability that breakage of an intermo- the Ministry of Science and Technology, and also by the Korea
lecular bond at merely a site or two leads to extensive loss of Science and Engineering Foundation (961-0305-040-2). The
the water cage. On the other hand, if each additional water BK-21 Program of the Ministry of Education provided personnel
occupies successively the most favorable site, such total losssupport. S.K.K. is a Lotte Fellow, Lotte Foundation, Korea.
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