J. Phys. Chem. A999,103,6251-6256 6251

DNA Mutations Induced by Proton and Charge Transfer in the Low-Lying Excited Singlet
Electronic States of the DNA Base Pairs: A Theoretical Insight

Victor Guallar, T Abderrazzak Douhal ¥ Miquel Moreno,* " and JoseM. Lluch '

Unitat de Qumica Fsica, Departament de Qmica, Unwersitat Autmoma de Barcelona, 08193 Bellaterra,
Barcelona, Spain, and Departamento de'Qiva Fsica, Facultad de Ciencias del Medio Ambiente,
Universidad de Castilla-La Mancha, Campus de Toledo, 45071 Toledo, Spain

Receied: March 10, 1999; In Final Form: May 11, 1999

In the present paper, we consider the formation of rare tautomeric forms of the neutral base pairs-adenine
thymine (A—T) and cytosine-guanine (G-G) in low-energy excited singlet electronic states. Ab initio
calculations (6-31G basis set) have been carried out at the HaRosk level of theory for the ground
electronic states and using a configuration interaction among all single excitations (CIS) technique for the
excited electronic states. The obtained results indicate that the double proton transfer is not a feasible process
in the ground electronic states. For the excited singlet electronic states, which can be directly accessed upon
photoexcitation, the excitation energy is localized in theystem of one of the monomers of the pair. In

these states, especially in the-A base pair, the double proton transfer becomes energetically more accessible.
However, it is unlikely that the rare tautomer may live long enough to perturb the duplication of the genetic
code. Our theoretical results also show the existence of charge-transfer excited electronic states-iTboth A
and C-G base pairs. These states are found at a considerable high energy in the region corresponding to the
ground-state minimum-energy configuration. These structures, which can be accessed only upon internal
conversion from another excited electronic state, have a remarkable minimum of energy in the region
corresponding to a single proton transfer that eventually neutralizes the charge separation induced by the
electronic transition. We discuss the possibility that such metastable structures may play a key role in altering

the DNA unwinding and strand separation (that is, in mutagenesis).

1. Introduction tautomers will be formed in that way and that they will remain
stable during the DNA unwinding and strand separation, with
the consequent loss in genetic information.

Several theoretical papers have been devoted to study the
single and double proton transfer reactions along the hydrogen
bonds in the ground electronic stated® the neutral adenine
thymine and cytosineguanine base paifs1 The double proton
transfer process was found to be concerted or two-step depend-
ing on the level of calculation, but always with a high energy
barrier. As expected, the single proton transfer reaction turned
out to be less favorable than the double proton transfer one,
because it produces a charge separation as a result of the
formation of an ion-pair complex, while in the double proton
transfer the electroneutrality of each base is preserved. On the
contrary, a recent theoretical work has shown that the double
proton transfer is less favorable (and it is not expected to be
detected in the experiments) than the single one in monoionized
Watson-Crick base pair$! In fact, single proton transfer
reactions for adeninrethymine and cytosineguanine base pair
radical cations are favorable processes both from a thermody-
namic and a kinetic point of view, due to the increased acidity
of the ionized monomer. In addition to this, the proton transfer
does not imply a separation of charges in those radical cations
Put just a transfer of a positive charge.

In the present paper, we intend to analyze the feasibility of
the formation of rare tautomers of the neutral Wats@nick
base pairs in low-energy excited singlet electronic states. As a
* Corresponding author. matter of. fact, excited electronic state;s are in the middle of the
t Universitat Autmoma de Barcelona. way leading from the ground electronic state to an ionized state,
*Universidad de Castilla-La Mancha. which exhibits an opposite behavior. To this aim, we have
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The living world is constantly being irradiated by many
different kinds of radiation. Two types of radiation are especially
dangerous because they can alter DNA: ultraviolet light and
the ionizing radiations (X-rays and atomic particles). Sea level
sunlight is composed of wavelengths longer than 290 nm, which
just barely overlap the long-wavelength absorption tail of the
bases in DNAL As a result of ozone depletion, the amount of
the UV radiation is progressively increasing on the Earth.
Ultraviolet light can photostimulate the DNA, with the formation
of pyrimidine dimers, most frequently between two adjacent
thymine bases (which become joined by a cyclobutyl ring) in
the same DNA strand, being the most common dariadbese
dimers interfere with both transcription and replication of DNA.
Because the damage occurs in one chain of the double helix, it
can be repaired by removing the thymirtymine dimer and
recopying the missing bases from the other cRain.

Repair is less efficient for certain types of DNA damage than
for others. However, if the harm affects the two chains of DNA
it is more difficult to properly repair and can lead to mutations.
As first pointed out by Watson and Crick and later bywidin,
the double proton transfer reaction along two parallel hydrogen
bonds joining the DNA chains could originate rare tautomers
disturbing the genetic code, which is based on the sequence o
base pairs: adenine (Ajhymine (T) and cytosine (€)guanine
(G) 38 This hypothesis assumes that a significant number of rare
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theoretically studied the single and double proton transfer indicates the points where the base pair is linked to the rest of

reactions in several excited singlet electronic states of the neutralt"€ nucleoside. Rn thymine indicates the position of a methyl
adenine-thymine and cytosineguanine base pairs. group. In our calculations, a hydrogen has been placed in these
positions. This implies that, in fact, thymine has been modeled

2. Methods by a Uracil molecule, a changt_a that is not Iike!y to al_‘fect t_he
. . . proton transfer process. We will first deal in this section with

All calculations have been performed with the split-valence e A—T system as the double proton transfer here follows a

6-31G basis sét within the Gaussian 94 series of prograt?s.  somewhat simpler scheme. Later on, we will carefully analyze
The ground electronic state has been studied through theyisg the G-G base pair. Finally, we will conclude by discussing

restricted HartreeFock method (RHF). For the excited singlet e feasibility of the different processes and their possible role

electronic states, the CI all-single-excitations with a spin- j, mutagenesis.

restricted HartreeFock reference ground state (CIS) has been 3 1 Adenine-Thymine (A—T) Base Pair.For this system

employed:* Note that, taking into account the Brillouin's  4q shown in the upper part of Scheme 1, there are two hydrogen
theorem, the HartreeFock ground-state calculations are equiva- bonds linking both unities, ©-Ha—N» and Ns—Hp:+*Ns. The

lent to Cl among single-substituted determinants calculations. depicted configuration is the more stable one, at least in the

Ten spin-restricted singlet states have been included in the Clsground electronic state. The double proton transfer process has
calculat!qn. Full geometry optimization and direct localization paen analyzed in several low-lying electronic states. Figure 1

of transition states have been perfqrmed b_oth at_the RHI_: andgpows schematically the potential energy profile along the

CIS levels through the Schlegel gradient optimization algorithm 44 hje proton transfer process in the ground singlet electronic

using redundant internal coordinateas implemented in the state $ (indicated as A-T in Figure 1) and two excited singlet

Gaussian 94 package. The use of a larger basis set and th ecironic state<Of these two, the lowest in energy is in fact
introduction of the correlation energy has not been feasible hereyq first excited singlet state;%ind corresponds to a—x"

given the size of the studied base pairs and the fact that Weg|ecironic excitation localized in the adenine moiety so that it
have to deal with excited electronic states. Several previous s |apeled as A~T. The other electronic state considered is
works have shown that introduction of correlation energy with ¢ first excited singlet state with the excitation localized in
a perturbative method systematically reduces the energy barriergpe system of thymine and is labeled accordingly asT.

for the proton transfer processes in both the ground and singleta; the reactant configuration this corresponds o Between

excited electronic staté8As discussed in the following section, 5t excited states there is another singlet electronic state with
the main conclusions of our work do not depend on the actual ya excitation localized in the adeninesystem.

values of the energy barriers.

Analytical second derivatives of the energy with respect to
Cartesian coordinat&€shave been used to obtain the nature of
the stationary points; no negative eigenvalues indicate a
minimum, whereas one negative eigenvalue identifies a transi-
tion state.

In accordance with previous resuttsye have found that in
the ground electronic state the double proton transfer takes place
in a concerted way through only one transition state involving
a high energy barrier of 22.51 kcal/mol. The final product has
also a high energy, the whole process being endothermic by
22.49 kcal/mol. The first three rows in Table 1 show the
evolution of the distances of the transferring H atoms along
the three located stationary points: reactant, transition state, and

As stated in the Introduction, we will only consider the product (respectively RE, TS, and PR in Table 1; a subscript
“normal” base pairs AT and C-G. Scheme 1 depicts the A—T is used to indicate the ground electronic state). It can be
hydrogen bonds of the two base pairs in their more stable seen that the two hydrogen atoms have almost transferred
configuration in the ground electronic state. In the scheme, R synchronically, as in the transition state both are very close to

3. Results and Discussion
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TABLE 1: Main Bond Distances (in A) for the Stationary energies of 10.6 and 12.6 kcal/mol over the corresponding
Points Located in the A-T, A"=T, A—T", and A*—T~ minimum have been obtained respectively for the-A*and
Electronic States A—T* excited electronic states. From these points, the energy
O1—Ha Ha—Na N3—Hp Hp—Na barriers for the double proton transfer are much lower (3.4 and
REA_T 2.02 1.00 1.02 1.86 5.3 kcal/mol respectively for A*T and A-T*). It is also
TSa-t 1.08 1.43 1.76 1.02 important to note that for the low-lying excited-state-AT the
PR 1.04 1.53 1.80 1.02 structure corresponding to a vertical excitation has a higher
REx—r 1.94 1.00 1.02 1.89 energy than the product for the double proton transfer so that
TSas—71 1.20 1.26 1.75 1.03 . ;
PRy 1 0.99 171 1.93 101 in this case the double proton transfer may take place through
REs_1- 1.95 1.00 1.02 1.87 tunneling.
TSa-r- 117 1.29 1.73 1.03 Up to now, we have only considered the double proton
PRy 1.00 1.70 1.86 Lol transfer process. As in the three electronic states, the process
INT a7 0.99 2.03 1.02 1.93 ’

turns out to be concerted, the single proton transfer has not
appeared as an intermediate step of the whole process. Several
attempts to locate the product of a hypothetic single proton
transfer, a zwiterionic structure with the two transferring
hydrogens in one side of the dimer, have failed. This result is
not surprising for the ground electronic state, as the same finding
has already been reported in previous stuéi€she inability

to find such a product even in the excited electronic states is

their final positions. This resemblance of the transition state to
the high-energy product configuration is also in good agreement
with the Hammond postulafé.Our results are similar to those
previously reported by Flotiaet al? using a smaller basis set,
though they found a lower energy barrier and also a lower
endothermicity. It is important to note that as the barrier for
the reverse process is only 0.02 kcal/mol at our level of . . . . :
calculation, it is quite unlikely that the energy well of the product surprising given that for AT radical cation a recent theoretical

may support any bound state so that the tautomerization procesé’"Ork has found that the S'”g"? proton transfer_ls by far the more
will not take place in the ground electronic state for the A adyantageous processh |_o055|ble expla_natlon Is the reluctance
base pair of isolated neutral species to evolve into a charge separation

Now we analyze the results in the two excited electronic structure, which prevents the single proton transfer process in

states. As already stated, Figure 1 shows the energy profile,the.groun(.j electronic statg. This difficulty is not prgseqt in
whereas the more relevant geometrical parameters for the doublt%la.ld'(ljal catlor][s, fwher:e thebsnt]gle p(;(();?n tr?nifer only |mpl|tgs a
proton transfer process are also given in Table 1. In both cases, |s%ace(rjneg orac a_rgeb uhn(;)éc’?l' ' |(én:j16\_cT*arg(ta ?epa:r? lon s
the energy profile indicates a concerted process with only one produced. Because in bot an states the

transition state linking the normal tautomer (reactant) with the electrc_)nlc excitation Is Ioca_llze(_j in one of the two monomers,
rare one (product). In this way, the results are qualitatively there is no charge separation induced by electronic excitation

similar to the process just described for the ground electronic so that a smgle_p][oton tralasfer in these _stateshv_vould alscl)dlebad
state. However, important numerical differences can be observed® @ VETy unsatisfactory charge separation. Things would be

in both states; the endothermicity is much lower than that different if the electronic excitation produced a charge separa-

obtained in the ground electronic state. The energy barriers aretion. That is, if the excited electronic states were of the charge-

also lower when considered from the reactant well. The reverse 'ansfer type. In light of these considerations, we focused our

barriers from the excited product to the excited reactant are not&tention on these charge-transfer excited states. Initially, we
negligible now so that the rare tautomers can probably exist OPtained promising data: the HOMS LUMO excitation for

(the energy well of the product in both AT and A-T* the_starting A-T geometry _Would_lead_ to a char_ge-transfer
electronic states will support bound vibrational states). The €xcited state as the HOMO is localized in the adenine fragment
geometries of the transition states also reflect these differences2nd the LUMO in the thymine one. This excitation, which we
as the two hydrogens are transferring more asynchronically in Will denote as A—T", is also to be expected prior to the
both excited electronic states than in the ground electronic state/A” 1" One, as adenine has an ionization potential lower than
In both cases, the hydrogen ator, kWhich jumps from thymine that. of.thymmez.O However, the CIS calculation of the vertical
to adenine, has already been totally transferred in the transition€Xcitation does not show the presence of a charge-transfer state
state, whereas the second hydrogen atanisHtill in flight, among the flrst 10 ex.C|ted singlet electronic states conS|dergd
though closer to the final destination, the &om of thymine. in the calculat|on._ This d_oes not mean 'Fha_lt su_ch an electronic
The Hammond postulate remains valid. Interestingly, the State does not exist, but it putsal_ower_llmlt to its energy, 42.2
asynchrony suggests that adenine is a better proton acceptokcallmol above the lowest A*T excited singlet electronic state.
than thymine, a fact well documented for the DNA bases in  Attempts to find minimum-energy structures for a charge-
their ground electronic stat@.Our results suggest that this transfer state also failed when exploring the regions correspond-
ordering is not modified when one of the two bases is in its ing to the reactant and product of the double proton transfer
first excited singlet electronic state. process. However, a minimum-energy structure corresponding
We also analyze the double proton transfer process uponto the A"™—T~ electronic state was located with the two
photoexcitation to one of the considered electronic states of thetransferable hydrogen atoms &hd H, in the thymine part. This
A—T base pair. First of all, we have calculated the energy of structure is only 3.42 kcal/mol above the more stable minimum
the different excited electronic states at the geometry of the of the lowest lying A*T excited singlet electronic state. The
ground-state minimum-energy structure. This point, reached by Mulliken charges of this structure reveal that there is almost
vertical excitation, corresponds to the geometry to be accessedho charge transfer between both moieties. This result confirms
assuming that the electronic excitation is very fast in comparison that a proton, and not a hydrogen atom, has been transferred in
with the nuclear reorganization (Frane€ondon principle). that A*™—T~ excited state and accounts for the remarkable
Obviously, vertical excitations lead to structures higher in energy stability of this structure, as in this case the single proton transfer
than the corresponding optimized minima, implying an excess fully compensates for the electronic charge separation initially
of vibrational energy in the excited electronic state. Relative brought about by the electronic excitation (as a matter of fact,
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TABLE 2: Main Bond Distances (in A) for the Stationary \ Vi \ VaRSo
Points Located in the C-G, C'—G, C-G", and C"—G™" c—C c—=C l
Electronic States H 4 \ Vi N\ _-N
—C Ng—Hjz----- N4 C \
Ni—Ha Ha—O; Na—Hp Hy—Ns Os—Hc Hc—Ns N \C:N/ R
REc-c 1.01 1.83 1.96 1.01 1.93 1.00 / N\ /
TSles 1.05 149 117 147 189  0.99 R Os----- Hc_Ne\
INTc-g 1.08 1.43 1.07 1.70 2.01 0.99
TSZ-c 1.19 1.26 1.05 1.75 2.07 0.99 PRODUCT

PRc—¢ 1.75 0.98 1.02 1.94 2.05 1.00

REc-6- 101 1.84 1.95 101 1.95 1.00 2 for the stationary points (minima, intermediates, and transition
TSc-cr 121 1.23 1.06 167 2.03 1.00 states) in the different electronic states to be studied here.
PRe-c- 1.82 0.97 1.02 1.90 1.97 1.00 As in the A—T case, we first consider the ground electronic
REc—c 1.01 1.88 1.98 1.01 2.01 1.00 ! . e

TSlec 1.02 1.69 1.20 1.38 1.97 0.99 state. The results, schematically shown in Figure 2 and Scheme
INTc—¢  1.04 1.57 1.06 1.72 2.08 0.99 2 indicate now a stepwise mechanism with a first transition state
TS%¢  1.22 1.22 1.04 177 211 0.99 and a zwitterionic intermediate where the “central’trhs been
PRee 176 098 102 194 204 100  tansferred from guanine to cytosine (see Scheme 2). In a second
INTe-g* 099 212 0.99 205 1.86 1.01 stage, H is transferred from cytosine to guanine through a
second transition state to obtain the final rare tautomer. The
whole process is endothermic by 14.8 kcal/mol. The intermediate
'is found at a quite high energy, 20.2 kcal/mol, and it is only
slightly below the two transition states (found at 20.8 and 20.6
kcal/mol, respectively). Therefore, the intermediate may not
survive more than one vibrational period. That is, the potential
energy well of the intermediate is so flat that it probably does
not support bound vibrational states. Our results are in qualitative
agreement with the ones obtained by Floriet all® with a
slightly larger basis set (6-31G*). The fact that the first proton
jumps from guanine to cytosine also agrees with the higher

this charge separation is the driving force of the proton transfer
in this state). The main relevant bond distances of this structure
labeled as INE+1-, are given in the last row of Table 1. It is
worth noting that, given that adenine becomes positively charged
after photoexcittion, the proton jumps from adenine to thymine.
In this way, this charge-transfer state behaves more like the
recently studied AT radical catioA' where single proton
transfer from adenine to thymine was the only favorable process.
The difference is that in our case the initiaf AT~ geometry

has a very high energy and it might not exist as a stable

configuration, th.e single proton transfer taking place without proton affinity of cytosine. This agrees with the recent result
any energy barrier. obtained using a high level of computaténthough the
3.2. Cytosine-Guanine (C—G) Base Pair. The generic  experimental data is controversial at this pdft#2 Parentheti-
structure of the &G dimer is shown in Scheme 1 above. In Ca"y we note that in both AT and C-G cases the hydrogen
this case, there are three hydrogen bonds linking the two basestom of the N-H-++N fragment is the first to be transferred. In
so that now there are three hydrogen atoms (labelgcHb] the A—T system this is the shortest H-bond, but forG system
and H) to be considered as candidates to the transfer betweenijt is the largest one. Last but not least, we note that for the
the two bases. After preliminary CalCUIationS, we discarded the C—-G System the rare tautomer arising from the double proton
triple proton transfer as a not competitive process so that we transfer is not only more energetically accessible than in the
restrict our study to the double proton transfer. A—T case but the reverse process has now a nonnegligible
The corresponding theoretical results are presented in Figurebarrier so that once the tautomer has been formed it may well
2 and Table 2. As in the AT case, the figure schematically survive for a relative long period of time (Figure 2).
depicts the energy profile for the whole process in the ground  Now we can proceed to analyze the excited singlet electronic
and two low-lying excited singlet electronic states. The positions states. As in the AT system, we have first considered the
of the hydrogen atoms linking the base pair are given in Table lowest singlet states obtained throughma-z* electronic
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excitation localized in each DNA base unit. In this way, the the reactant minimum of the lowest-lying-G* excited singlet
C—-G* and C*—G excited states have been studied being, electronic state so that this point is, in fact, the more stable
respectively, the first and second excited singlet electronic states.structure found for the excited singlet electronic states of the
The energy profile for the double proton transfer and the C—G system. The situation is then very similar to the one
evolution of distances of the hydrogen bonds along the stationarypreviously found for the AT pair. The only difference is that
points localized for each system are presented in Figure 2 andnow this charge-transfer state is much more stable. In fact, we
Table 2. Figure 2 clearly shows a difference between both have been able to obtain a minimum-energy configuration for
excited electronic states. For the lowestG* pair, the energy the C' —G* state in the reactant zone. This point has an energy
profile indicates a process in only one step, whereas for the only 10.61 kcal/mol above the one corresponding to th&s€
C*—G pair the two-step energy profile is similar to that minimum energy. However, we have not been able to find any
occurring in the ground electronic state. As Figure 2 schemati- transition state linking this minimum with the single proton
cally indicates and Table 2 numerically reports, the unique transfer one, though it must exist, probably near the former
transition state for the €G* pair greatly resembles the second minimum (as the whole process is clearly exothermic).
transition state of the two-step process so that the two hydrogens  3.3. Concluding Remarks.In the ground electronic state,S
are also transferring quite asynchronically in the-@&* the double proton transfer takes place in a concerted way (a
electronic state. Contrary to the-A system, it seems that the single process) in the AT base pair, whereas a two-step
photoexcitation does not make the double proton transfer processmechanism has been obtained for the@® system. However,
much more easy in comparison with the ground electronic state.in both cases, the whole process is highly endothermic and the
The energy barrier for the-8G* excited state is slightly higher.  rare tautomer is quite unstable (especially in theTAcase
For the C*G pair, the energies of the two transition states where there is almost no energy barrier for the reverse double
and of the intermediate, relative to the corresponding reactantproton transfer leading back to the normal base pair form).
minimum, are only about 1 kcal/mol smaller than the values Therefore, we conclude that double proton transfering®not
found for the ground electronic state. However, at this point it account for the mutagenesis process (a point already noted in
must be reminded that to analyze the feasibility of any reaction previous work&19).
in a given electronic state a(_:cessed upon photoexcitation, the | the low-lying 7—x" excited singlet electronic states, the
more relevant result, taking into account the FranClondon electronic transition is localized in one of the two monomers.
principle, is the relative energy of the vertical excitation. For ¢ energy profiles for the double proton transfer show some
the C-G* state, the vertical excitation reaches a point located pgiiceable variations. For the-AT base pair, the whole process
at 7.35 kcal/mol above the absolute minimum of this state, js ais0 concerted, though the energy barrier is considerable
whereas for the C*G case, the value is slightly larger, 9.95 |ower, and, more remarkably, the rare tautomer becomes quite
kcal/mol. Thus, contrary to the -AT results, the final product stable. On the other hand, the-G system switches between a
in each case of €G is still higher in energy so that the double  concerted and a stepwise process, depending on which side of
proton transfer cannot directly occur even if a tunneling the dimer is excited. In this case, the energy barrier and product
mechanism is invoked. stability do not suffer major modifications. From the point
Beside that we have been able to identify the product of a initially accessed upon photoexcitation (the vertical transition
single proton transfer as a minimum of energy in two electronic from the ground state minimum), the rare tautomer can be
states, these structures are probably not stable if the zero-poindirectly reached through a tunneling mechanism only for the
energy is included. Again, to stabilize the product of such a A*—T case whereas this process cannot take place in the other
single proton transfer, a charge-transfer electronic excitation is A—T and C-G excited electronic states considered. However,
needed. As the ionization potential of guanine is lower and the even in the former case, once the rare tautomer has been
HOMO of the neutral base pair at its minimum-energy obtained, it can go back to the original form with, at least, the
conformation is also localized in the guanine moiety, the lowest same rate at which it has been obtained. Besides this, it can
charge-transfer excited singlet electronic state to be expectedalso relax to the ground electronic state where, as stated above,
is of the C—G™ type. In this case, the CIS calculation of the it will quickly revert to the initial configuration too. Thus, the
ground-state minimum energy configuration discloses the exist- double proton transfer in these excited electronic states is not
ence of such a G-G" state, though its energy (35.34 kcal/ able to produce a rare tautomeric form which lasts long enough
mol) lies well above that of the first excited singlet state;&. to interfere with the DNA unwinding and strand separation
Interestingly, as in the AT pair, the high energy of this state  process.
could not be anticipated with a Simple molecular orbital analysis, Fina”y’ we come to the ana|ysis of the Charge_transfer excited
as this state comes from the HOMQUMO electronic excita-  electronic states. As already stated, these states are very high
tion. in energy in the region corresponding to the ground state
Analysis of this charge-transfer excited state has revealed, minimum of energy. However, exposition to quite high-energy
as in the previous AT case, the occurrence of a minimum- radiations (X-rays and even atomic particles) make these states
energy structure in the region corresponding to the product of accessible. There is another point, though, we have not
a single proton transfer from the now positively charged guanine considered yet: the probability that a given electronic transition
moiety to cytosine. Its geometry, listed in the last row of Table takes place is governed by strict quantum mechanical rules
2 (as INTe-g*), indicates that the central proton, Has been which can be accounted for by measuring the so-called oscillator
transferred from the Natom of guanine to the Natom of strength. For the excited states localized in one monomer, the
cytosine (see scheme). The structure of this minimum, then, oscillator strength is clearly not null. However, the charge-
resembles one of the intermediates found in the ground andtransfer excitation, as it implies an excitation between two
excited C*G electronic states, though it is far more stable given molecular orbitals centered in different regions of the whole
that it does not involve a charge separation. The proton transferdimer, shows a nearly zero oscillator strength. This result
has neutralized the charge motion initially caused by photo- indicates that these charge-transfer states are not directly
excitation. In fact, this structure is found 15.67 kcal/rhelow accessed upon a direct photoexcitation from the ground elec-
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tronic state. However, these states can be populated througHor the A—T and C-G systems, respectively. This material is
internal conversion from another electronic state initially available free of charge via the Internet at http://pubs.acs.org.
obtained upon photoexcitation, which, at some geometry, crosses
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