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The hybrid configuration interaction singles/time dependent density functional theory approach of Dreuw
and Head-Gordon [Dreuw, A.; Head-Gordon, 81.Am. Chem. SoQ004 126, 4007] has been applied to
study the potential energy landscape and accessibility of the charge-trangfexcited state in the dimer

of 7-azaindole, which has been traditionally considered a model for DNA base pairing. It is found that the
charge-transfersr* excited state preferentially stabilizes the product of a single proton transfer. In this situation,
the crossing between this state and the photoactive electronic state of the dimer is accessible. It is found that
the charge-transfetz* excited state has a very steep potential energy profile with respect to any single
proton-transfer coordinate and, in contrast, an extremely flat potential energy profile with respect to the stretch
of the single proton-transfer complex. This is predicted to bring about a pair of rare fragments of the 7-azaindole
dimer, physically separated and hence having very long lifetimes. This could have implications in the DNA
base pairs of which the system is an analogue, in the form of replication errors.

1. Introduction DNA base pairs, between different moieties of it. Even though
The molecular stability of the genetic code and the processesthe optical transition from the ground state to this charge-transfer

inducing mutagenesis are much researched topics. The geneti(‘?xc't(.af]I state might be allowed by symmetry, th_e correspor]dlng
code is encoded in the sequence of adenthgmine and transition dipole moment between both states will be vanishingly

cytosine-guanine base pairs of DNA, each pair being held small and thus this charge-transfer excited state can only be
together through a double (or triple) ’hydrogen bond. It was accessed through conversion from the photoactive state, not by

already suggested by Watson and Ctiakd Lavdin? that the photgn absorption. This “dar.k”. charg.e-transfer. excited state was
double proton-transfer (DPT) reaction along two parallel predicted to haye a deep minimum in the region describing the
hydrogen bonds in any base pair could bring about rare products ofasmgl_e proton tra_nsbeoboIewsm and Dokae.

tautomers, and if these alterations were to remain stable during@V€ also determined the existence of this dark state using

the process of DNA unwinding and strand separation, this could complete active space self-consistent field (CASSCF) theory

be a possible cause for transcription errors (mutagenesis). TheWlth second-order perturbation theory corrections (CASPT2) in

DPT reaction is unfavorable in the electronic ground state but the cytosine-guanine base paf. .
turns out to be easier in the first excited singlet electronic state, A homologous charge-transfer state has also been found in
which can be populated due to photoabsorption in the-uig DNA base-pair analogue systems: the dimer of 7-azaindole
region of the spectrurhRecent theoretical work has revealed (7Al2, depicted in Figure 1) is a related, interesting system that
that internal conversion after DPT from the first singlet excited @S been long acknowledged as a useful model for the
state to the ground state is feasible and can hence reduce th@10tophysics of DNA base pairs through double hydrogen

lifetime of this excited state, thus providing an elegant explana- POnds, being much more accessible to experimental measure-
tion for the photostability of the genetic cofle. ments. Theoretical investigations at the CIS level of theory

Nevertheless, the reactivity in the photoactive state is the key Predicted the existence of this charge-transfer state fog, 7Al
to understanding possible photochemical processes that couldVith @ deep minimum corresponding to the product of the first
occur and have mutagenic consequences. The photoactive singldfoton transfef. The nature, accessibility and especially the
excited state in DNA base pairs is what can be described as a!lfetlme of this charge-transf_er state are expected to be relevant
“valence-excited” electronic state: such states, in molecular N Processes of mutagenesis. _
orbital terminology, can be described by an excitation that is ~_Itis difficult to overemphasize the importance and helpfulness
localized roughly on the same region of the supermolecule (baseOf theoretical chemistry when discussing excited-state properties,
pair). Some time ago, theoretical work done at the configuration réaction mechanisms and dynamics. Contrary to electronic
interaction singles (CIS) level of theory established the existence 9round state properties, computation of excited state properties
of a “charge-transfer” excited state that could greatly stabilize S Still & tricky issue in theoretical chemistry. CIS can only be
the intermediate of a hypothetical stepwise DPT reaction in the considered as the most basic technique, and results at this level
excited state, namely the product of just one proton trafisfer. aré to be considered with care. CASSCF, and especially
In general, a charge-transfer excited state can be described, if°ASPT2, are acknowledged as more precise techniques. They
molecular orbital terminology, by an excitation between two have been used to study the spectroscopy behavior of the dimer

geometrically distinct parts of the molecule, or in the case of Of 7-azaindolé and, more recently, the photophysics of the
guanine-cytosine base pairHowever, their routine application

* Corresponding author. E-mail: ricard.gelabert@uab.es. to reactivity is not straightforward, as it is difficult to guarantee
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7\ energy difference between the DFT ground state and the DFT
7 N o charge-transfer state:
— ADFT(R) = Uet (o) — Ugs'(R) 2)

N H— N
\ 7

whereU 25T is the (closed-shell) potential energy of the ground
state, andU>" " is the (open-shell) potential energy of the

charge-transfer state, determined by exchanging orlatéis

that the active space chosen remains of equivalent quality alongMoiety A) andb (in moiety B) in the-spin part of the electronic
the whole reaction path. An interesting alternative is posed by Wave function. This calculation is done within the unrestricted
time-dependent density functional theory (TDDFT) methods, UHF formalism. To converge this open-shell DFT calculation,
which have much more modest computational requirements and@ quadratic convergence algorithm has been tfsEthally, Ro

are hence well suited to study large systems. Current TDDFT IS the shortest value dR for which this calculation actually

methods use standard ground-state exchange functionals. Despitéonverges to the charge-transfer state. This approach is the

this, TDDFT is known to provide an accurate description of KnOWnADFT methodt® The actual value for the absolute energy

valence-excited states (except for largely delocalized  Of the charge-transfer state potential enerdy;""" is given

systems$ 10 However, Dreuw et al. have proved that TDDFT then by

fails abismally to describe the proper asymptotic behavior in

long-range charge-transfer states, providing far too small UEP(R) ~ UBOFT(R) + o (R 3)
excitation energiest1? Although there is no “rigorous”

workaround to the failure of TDDFT to describe long-range where USF'(R) corresponds to the ground-state potential en-
charge-transfer states, Dreuw et al. have proposed a hybridergy obtained through a closed-shell DFT calculation, and
approach that combines the proper asymptotical behavior of CIS,2°F(R) is the corrected excitation energy, obtained through
with DFT and that has been applied to describe charge-transfereq 1.

states in the dimer of zeaxanthiahlorophyll13 the quenching

of chlorophyll fluorescence by xanthophyltsand the com- 3. Results and Discussion

plexes of zincbacteriochlorirbacteriochlorin and bacteriochlo-
rophyll—spheroidené? In the last work referenced, this hybrid
approach had accuracies around-012 eV for the lowest lying
charge-transfer states. To our knowledge, this is the best fix
that exists at present for charge-transfer states in TDDFT.

Figure 1. Dimer of 7-azaindole (7A), where 7-azaindole is the
common name for H-pyrrolo[2,3]pyridine.

The double proton-transfer process in the excited state of 7Al
has been the object of heated debate in recent years concerning
the mechanism that operates within: stepw##sé-24 or con-
certed?>-30 Though this work does not concern this discussion,

. ; L . . it is important to highlight that the relevance of the* charge-
In this paper we report the first application of this correction transfer state is connected to the stepwise mechanism. The

to describe therr* charge-transfer excited singlet state energet- " . . .
ics by applying the TDDFT methodology to the dimer of hypothetlcal |n'germeQ|ate of the stepwise mechanism of the DPT
in the electronic excited state would correspond to a structure

7-azaindole and discuss the implications that this dark statein which one moietv has transferred a broton to the other
might have in mutagenic processes. y P )

Although it is known that the most stable minimum in the
electronic ground state of 7Abelongs to symmetry point group
Con, our study on thern* charge-transfer state will consider

To make use of the hybrid CIS/TDDFT approach proposed structures in the less restricti@ symmetry point group.
by Dreuw et al1112it is necessary to determine CIS excitation Thezzr* photoactive electronic excited state in %A$ what
energies and the charge-transfer state DFT energies for a givens known as a valence-excited electronic state: in the molecular
set of structures. All quantum chemistry calculations have beengrbital description, the excitation involves only orbitals mainly
done with the GAUSSIAN 03 packageéThe basis set chosen |ocalized on the same moiety of the dimer. If only a proton has
has been 6-31G(d,B)y*® for all atoms except nitrogen, for  been transferred, ther* valence excited state is destabilized
which 6-3HG(d,p) has been chosen instédall electronic at large separation between the resulting fragments, because it
structure calculations have been done while enfor€inglobal implies the separation of two net charges of opposing sign in
symmetry. CIS calculations in this work are in all ways standard. the gas phase. Especially at large separation between these
For DFT and TDDFT calculations, the hybrid B3LYP functional  fragments the possibility of a combined protand electron
has been selected. transfer (i.e., H-atom transfer) is preferred: as such, no net

In a intermolecular charge-transfer state, in general, one charge separation exists and the state is more stable than its
electron in theath molecular orbital in molecule A is transferred  valence-excited counterpart. Again, in the molecular orbital
to thebth orbital in molecule B (for the current study, Aand B picture, the excited electronic state that corresponds to this
are the two moieties comprising the dimer). To determine a sjtuation is described by an excitation implying molecular
TDDFT estimate of the charge-transfer state, the hybrid formula orbitals located in different moieties of the dimer. Schematically

2. Computational Details

due to Drew et al. has been uséd: this is represented in Figure 2 for the product of the single-
TODET cis cis proton-transfer complex (SPT-complex). Because this charge-
wcr ' (R) ~wcr(R) + [ADFT(R) — wcr(Ry)l (1) transfer state will imply excitation between molecular orbitals

sitting in different moieties of the dimer, usually it has a
In this formula,R is a geometrical parameter that might induce vanishingly small transition dipole and is thus an inactive optical
the stability of the charge-transfer state: in our case, it transition. Hence, thecn* charge-transfer state can properly
corresponds to the distance between the centers-of-mass of thge called a dark state.
two monomers in the dimer (transferrable protons excluded). From the previous discussion, it is clear that the sole
w¢; indicates the excitation energy for the charge-transfer geometrical parameter that can causesthe charge-transfer
state using methodology m (m CIS, TDDFT).ADFT is the state to be preferentially stabilized with respect to the*
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] ) ) o ) Figure 4. Potential energy profiles at levels CIS (top) and TDDFT
Figure 3. Schematic representation of the hypothetical intermediate (hottom) corresponding to the SPT-complex stretch when the structure
in the double-proton-transfer reaction in 2AThe solid dots denote of the molecular fragments is that of the DFF Ginimum.
the centers-of-mass of each monomer (excluding the transferable

protons), andR is the distance between both centers-of-mass. It can be noticed that the minimum in,%ven with DFT, is

) ) ) . substantially displaced toward shorRvalues from that of the
valence excited state in the SPT-complex is the distance betweempsolute minimum in §R= 5.576 A). One needs to remember
the two fragments. Because in this work we are interested in though that the system for which the profile has been built has
studying the preferential stabilization of the charge-transfer state,peen forced to undergo a single proton transfer. In these
one needs to determine the energy of both excited states forcircumstances, the ground state corresponds to the product of a
different values of this distance. In F|gl|8 a scheme of the Sing]e proton transfer between the monomers, Creating two

system under study is presented, and the geometrical parametesingly charged species, which is stabilized by reducing the
that has been explored throughout the papeRr islefined as distance between.

the distance between the centers-of-mass of both monomers, The overestimation of excitation energies in CIS is a well-
excluding the transferrable hydrogen atoms. known problem, and consequently both the actualst*and

The procedure followed has been as follows: first, the most- CT-w* states are expected to lie substantially below the CIS
stable ground-state minimum potential energy structure within predicted values in Figure 4. Nevertheless, it is suggestive that
Con symmetry point group has been located using DFT. This at the CIS level the Vlzzn* and CTwz* states are predicted
structure has both protons bound to the pyrrolic nitrogens of to cross at value® ~ 5.5 A. The VL#uz* state presents a
each moiety. In this structure, the distance between the pyrrolic pronounced minimum roughly on top of that ig. 8eyondR
nitrogen atoms and the bound proton is of 1.031 A, whereas ~ 5.5 A the CTsr* state becomes more stable. However, the
the distance between the pyridino-N atoms and the proton is of asymptotic behavior of both states is substantially different:
1.944 A. The value oR for this structure is 5.576 A. Next, whereas the VLzz* state presents a continuous rise in energy,
while the internal structure of each monomer is kept intact, the being almost parallel togSthe CTsi* state is almost flat for
first proton transfer has been forced by placing one proton 0.990large R.
A from the pyridino-N atom of the accepting monomer (0.990  TDDFT is considered to provide a much better description
A'is the pyridino-N-H distance in therr* charge-transfer state  of valence excited states. However, as Figure 4 tells eloquently,
in the SPT complex, as reported in ref 5). By doing this, one TDDFT fails abismally to correctly describe the energetics of
prepares a structure resembling the product of the first step ofthe CTai* state, for almost any value & for R 2 6.0 A
a hypothetical stepwise mechanism, which we have called up TDDFT predicts the CT- state to lie barely 0.08 eV aboyke S
to now the single proton-transfer complex (SPT-complex). To understand the reason for such failure, Figure 5 shows the
Finally, a set of structures were prepared by varying the value orbitals involved in the excitations describing both states. The
of Ron this intermediate, spanning values between 4.5 and 8.5CT-z* state involves an excitation departing from the mono-
A. For each of the structures in this series (which in essence mer that has transferred the proton and arriving in the monomer
describes the stretching motion between both fragments) a CISthat has received the proton, thus describing a combined proton
and a TDDFT point calculation have been carried out. The + electron, i.e., hydrogen atom, transfer. The fact that the
corresponding adiabatic electronic states have been scrutinizednolecular orbitals involved in the excitation are located in
to identify the firstzzr* valence excited state and the firstr* different parts of the system (i.e., nonoverlapping) is the cause
charge-transfer excited state (henceforth ¥t and CTwa*, behind the breakdown of TDDFT in describing this state.
respectively), besides the electronic ground state. The results To obtain a reasonable description of the @it* state, the
obtained in this way are presented in Figure 4. CIS/TDDFT hybrid approach of Dreuw et al. has been uged.
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State Origin of Excitation Destination of Excitation

VL-nm*

CT-nrm*

Figure 5. Isodensity surfaces corresponding to the molecular orbitals involved in the excitations describingsth# {fhp) and CTsr* (bottom)
states. Orbitals on the left represent those from which the electron departs and those on the right those receiving the electron.

TABLE 1: Determination of the Optimal Energy Shift for 12— . . . . . .
the Charge-Transfer State for the Potential Energy Profile ;
Corresponding to the Stretch of the SPT-Complex, Where
the Structure of the Monomers Is Kept as in the DFT
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Figure 6. Potential energy profile for the SPT-complex stretch inz/Al

'I[')cl):_? E):ﬂla)l/r eeq-t%ér:ts;:rr;?;fess'?k% ;?r:ieﬁ;g]r:/r\llzréhglzep (e;;?():/uloa{tit:r? where the structure of the molecular _fragments is kept at the geometry
g ) g of the DFT minimum in & The energies for the C&st* state (only)

of the ground state for this system converges to the proton- haye peen corrected through use of eq 1. Thesvit-excited-state
transfer (as opposed to hydrogen atom transfer) wave functionenergies are computed at the TDDFT level of theory.

(i.e., 7AI"---7Al=H,"). To determine the DFT charge-transfer

state, thea andb molecular orbitals localized in each monomer, easily accessiblé@ the reaction should occur sequentially, at
as defined in section 2, are swapped in fhspin part of the least for part of the systems.

wave function. In this way, it is possible to converge to a  To discuss to what extent it is possible that the 7-azaindole
different solution in which a hydrogen atom has been transferred dimer, optically promoted to the Vizr* excited state, transfers
(i.e., 7APF ---7Al—Hy") for distanceskR > 6.5 A. At shorter to the CTar* state, one has to note that the previous results
distances this calculation also yields the product of proton refer to the specific situation in which the geometry of the
transfer. The difference between the DFT charge-transfer statemonomers has stayed as it was in the minimumgnafich is

and the ground-state is what is defined/d3FT. The set of just one limiting case: that of a very fast process compared to
results from this calculations are presented in Table 1. Equationintramolecular relaxation. Another limiting case is that in which
1 estimates the TDDFT excitation energy as the CIS excitation the system (i.e., the structure of the monomers) adopts a structure
energy plus a correction term which is that depicted in the fourth that minimizes energy in the CE=* state. This would imply,
column of Table 1. The actual value to be used in the if one wanted to mimick the procedure so far followed,
determination of the corrected potential energy profile for the minimization of energy in the CTer* state at TDDFT level

CT-nr* state is that of the shortest value Rffor which it is and then scanning the coordinate corresponding to the SPT-
possible to converge th®DFT calculation: in this case 1.96 complex stretch. However, this optimitzation is at present
eV. Application of eq 1 is then straightforward and the resulting, unfeasible (any TDDFT-capable code which also allows mini-
corrected potential energy profile of the Gz state is mization would incorrectly describe the charge-transfer state).

represented in Figure 6. Comparing to Figure 4, the Dreuw As a compromise, we have opted for locating Geminimum
correction formula has shifted the Ciz* state up in energy, energy structure in the C&s* state corresponding to the SPT
and it can be seen that its shape is now very similar to that of product at the CIS level of theory and use that structure to
the corresponding CIS state, but with substantially lower compute the potential energy profiles as described previously.
energies. Also it is remarkable that at larBethe correction The resulting potential energy profiles are depicted in Figure
formula brings the assymptotic value of the CIS/TDDFT CT- 7. TheADFT calculation data are collected in Table 2, and the
qr* state close to the ground state, which is the correct behavior. corrected TDDFT potential energy profile for the G state

The corrected potential energy profile for the @&* state is shown in Figure 8.
predicts that, now at the TDDFT level too, there is a crossing In this new conformation of the fragments of sAthe value
between this state and the \itz* excited state. This crossing  of Ry is 1 A shorter than in the previous case. It is remarkable
is predicted to occur arounl ~ 5.2 A, which is somewhat  that when the monomers in 7Akdopt the conformation of
shorter than the value d® for the absolute DFT minimum in ~ minimum energy in theCs CIS CTswa* state, there is a short
So. According to these results, it seems that the crossing betweerinterval R < 5.0 A) where both states are almost degenerate at
the photoactive excited Vizr* and the dark CTaz* states is the CIS level of theory, and afterward the GF* state is the
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Figure 8. Potential energy profile for the stretch of the SPT-complex
12 T T T T T T in 7Al,, where the structure of the fragment is kept at the geometry of
the Cs CIS CTwear* minimum. The energies for the CEa* state (only)
have been corrected through use of eq 1. Theavi*-excited-state

energies are computed at the TDDFT level of theory.
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The question remains as to what is to happen once the system
transfers to the CTer* state. Moreno et al.found that the
: PSS point of minimum energy in this excited state (at CIS level of
2 N\ Sg —— 1 theory) was very deep, and that if at least some dimers of
ol h3 | 7-azaindole would transfer to this state, then they would
45 50 55 60 85 70 75 80 o5 probably V|l_:)rat|pr]ally rglax to thg bottom of this minimum.
A/A Because this minimum is in a region of configurational space
Figure 7. Potential energy profiles at levels CIS (top) and TDDFT without a corresponding minimum inoSrelaxation to the
(bottom) corresponding to the stretch of the SPT-complex when the €lectronic ground state would be slow. The consequences of
structure of the molecular fragments is that of ©eCIS CTwa* this, in the DNA base pair system (of which %A$ an analog)
minimum. are clear: this would be one of the so-called “rare tautomers”,
with an extended lifetime and a candidate for transcription errors
if it all were to happen during a DNA unwinding and strand

TABLE 2: Determination of the Optimal Energy Shift for
the Charge-Transfer State for the Potential Energy Profile

Corresponding to the Stretch of the SPT-Complex Where separation process. However, the potential energy profiles for

the Structure of the Monomers Is Kept as in theCs CIS this CT+r* state that have been determined in this work (both

CT-zz* Minimum CIS and corrected-TDDFT) show a rather flat energy landscape
Ro, A wlS ev ADFT, eV ADFT — 0SS ev with respect to the stretch of the SPT-complex, which seems to
50 161 0.00 clash with the previous statement of Moreno et al. of its being
5.5 3.57 1.92 ~1.65 a deep minimunf.
6.0 2.87 1.33 —1.54 To further clarify this point, a normal-mode analysis on the
6.5 2.35 0.94 -1.41 C; CIS stationary point on the CE=* state has been performed.
7.0 1.95 0.68 —-127 This normal-mode analysis has revealed that the stationary point
;:8 i:gg 8:29 :izéi’ Ioca}ted is not a frue minimum byt rqther a seconq-order
85 117 0.27 ~0.90 stationary point. However, the two imaginary frequencies are

very small (10i and 34i cmt), and both of them belong to the

most stable and continues to have a negligible assymptotic A" representation. This means that the true minimum in the
behavior at larg®. In the same way as before, the pure TDDFT CT-nwxr* state hasC, symmetry, even though it is likely that its
potential energy profile for the C&s* state is severely  energy is similar to that of the&s structure. In any case,
underestimated in energy. The Dreuw formula corrects this examining the normal modes one finds that the mode corre-
result, bringing the TDDFT CTen* state higher in energy, also  sponding to the SPT-complex stretch has a very low frequency
with a short interval where it is almost degenerate with the VL- of 61 cnml, which is in agreement with the potential energy
qr* excited state, and describing also a flat assymptote at large profiles in this work for CTaz*. Also, one finds that there is
values ofR, which yields roughly the same energy as the ground a very high-frequency mode (3970 c#y that corresponds to
state in that limit. In essence, the corrected CIS/TDDFT result basically the stretching of the pyridino-NH bond (that is, the
seems to be qualitatively correct. proton that has been transferred). This high frequency indicates

As a whole, results obtained at the CIS and corrected-TDDFT thatin the direction of the single, stepwise proton transfer that
levels of theory indicate that crossing between the excited has just been completékle potential energy profile is actually
VL-zr* and CT+rr* states is feasible. In the actual photoin-  very steep, which agrees with the observations of Moreno et
duced process, 7Als prepared in the Vizx* excited state. If al> Besides, another high-frequency mode (3920 Ynue-
one assumes that some systems might experience stepwisscribes the stretching of the pyrrolo-f bond, which is in
proton transfer, then those systems are in a situation thateffect the yet-to-be-transferred proton.
resembles the first of the two extreme cases considered (Figures Summarizing, the stretch of the SPT-complex and any single
4 and 6). The dynamics of 7Ain the excited state, as far as  proton transfer are orthogonal directions. Along the first of them
the proton-transfer reaction is concerned, have been describedhe potential energy profile is almost completely flat, whereas
as ultrafast, which would mean that it is likely that little along the second it is very steep. As such, if the system should
relaxation for the internal structure of the monomers has cross over the CTer* state, it would be difficult to revert the
occurred. In this state of affairs, crossing over to the /2iF- single proton-transfer reaction or to complete the double proton-
state may occur. transfer process. Figure 9 qualitatively describes this situation.
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E of the monomers of 7Al either thers* charge-transfer state
is more stable than the photoactiza* excited state or both
states cross at a configuration energetically and geometrically
close to that of the minimum in the photoactiwe™ excited
state. Even though CIS is known to poorly describe the
energetics of excited states, the qualitative conclusions of this
part of the work are reasonable and expected to be correct.
TDDFT describes satisfactorily the valence* excited state

SPT

S P R

Figure 9. Pictorial representation of the potential energy surface : : : -
expanded in the stretching of the SPT-compl &nd any of the but fails completely to describe the potential energy profile for

single-proton-transfer (SPT) modes. The arrows indicate the direction the charge-transfer state. Application_of the hybrid formula of
along which the coordinate increases value. Drew et al*? corrects the TDDFT profile for thex* charge-

transfer state, which turns out to be almost lacking in any

If the system were to enter the Gie* state, it could just evolve ~ dependence on the stretch coordinate of the SPT-complex at
along the stretching coordinate of the SPT-complex, because itlarge values of it. In agreement with the CIS description of both
has almost no dependence Rrexcept at small values of it. In ~ States, the corrected TDDFT approach also predicts that a
that case, the likely evolution of the system would be dissocia- €rossing between the excitedr* valence andzz* charge-
tion of the SPT-complex in two unlike, doublet (radical) transfer states is possible. It is concluded thatith& charge-
fragments: 7A{ and 7AFH,", because no noticeable potential transfer state is accessible to those systems that undergo a
energy minimum exists in CRsr* along the R coordinate stepwise double proton-transfer process in the 7-azaindole dimer.
which might have kept both moieties together. Moreover, any ~ The almost flat potential energy profile for the SPT-complex
SPT-complex entering into the GF* state would be vibra- stretch apparently clashes with previous descriptions of the
tionally hot and, upon relaxing to the botton of this state, this Minimum in thezzzr* charge-transfer state for this system being
excess vibrational energy would likely turn into relative Very deep. A normal-mode analysis at the planar CIS stationary
translational energy of both fragments with respect to each other.Point in this state reveals that indeed the frequency associated
Moreover, radiative transition to,Ss likely to be very slow with the stretch of the SPT-complex is very small, whereas the
owing to the inexistence of a potential energy minimum in the frequencies associated with the single proton stretches (which
ground state in this region of configurational space. The overall e modes that could induce single proton transfers) are among
effect of crossing over to the CFa* state would be the creation  the highest for this structure.
of two fragments, both different from the 7-azaindole molecule, ~ The steep potential energy profile along the single-proton-
with a very long lifetime because recombination would be transfer coordinates and the flat potential energy profile along
unlikely. In DNA base pairs, the model of which 7Ab, this the stretch of the SPT-complex in the* charge-transfer state
would mean that the base pair would dissociate in an equivalentWill likely imply that those systems that have undergone single
way. It seems likely that this situation would leave both bases proton transfer after photoexcitation, likely cross to e
separated for a time long enough to allow transcription errors, charge-transfer state because it is more stable and the crossing
if it should happen, again, during DNA transcription. seems energetically and geometrically accessible. Once in the
Needless to say, the extent to which this is to be a significant 777" charge-transfer state, the steep energy profile to either revert
mechanism in the overall processes started upon photoabsorptiofne proton transfer that had just occurred or carry out the second
by 7Al, depends greatly on (1) the effective number of systems Proton transfer, makes the product of the single proton (in this
that would show single (or stepwise double) proton transfer after case hydrogen atom) transfer unusually stable. Moreover, the
photoabsorption and (2) how accessible the charge-tramsfer  flat potential energy profile at this point along the SPT-complex
state is. To answer this question' Sophisticated dynamica| stretch coordinate makes it ||k9|y that those systems arriving in
simulations are indispensable. This is currently work in progress the zz* charge-transfer state dissociate. This behavior would

in our laboratory. largely increase the lifetime of the single-proton-transfer product
in the excited state. In the analogue system of the DNA base
4. Conclusions pairs, this would greatly extend the lifetime of the strange

) ] o ) tautomers believed to induce replication errors in DNA tran-
In this work the first application of the hybrid CIS/TDDFT  geription.

formula due to Dreuw et &.*?to describe, within the TDDFT Finally, from the methodological point of view, the results
theory, thevz* charge-transfer state in the dimer of 7-azaindole, resented here confirm that using the hybrid configuration
a generally acknowledged model for DNA base pairing, iS jnteraction singles/time dependent density functional theory
reported. This charge-transfer state was described some im&pproach of Dreuw and Head-Gorddfor the charge-transfer
ago at the CIS level of theofypeing related to the first step of  gtate yields a qualitative good picture of the potential energy

the stepwise excited state proton-transfer process in the dimersryes along an intermolecular separation coordinate.
of 7-azaindole, namely the transfer of a single proton. The
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photoactiverrt* excited state when the distance between the
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