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Theoretical approaches on the ground- and excited-state proton (or hydrogen atom) transfer in the 3-formyl-
7-azaindole (3FAIl)/formic acid dual hydrogen-bonded complex were performed. In the ground state, the
analysis of the transition-state geometry led us to conclude a concerted, asynchronous proton-transfer pattern
that correlates with the hydrogen-bonding strength. The lowest singlet excited state in the 3FAl/formic acid
complex was calculated to be in an*nconfiguration. On the basis of frontier molecular orbital analyses, the

n — sr* transition was concluded to originate from the carbonyl lone-pair electrons of the formyl substitute.
A highly endergonic proton-transfer reaction barrierdf6.7 kcal/mol was calculated in tAez* state at the
CIS/6-31G(d,p) level of theory. The second excited singlet state possesses eonfiguration in which the
excited-state double proton transfer (ESDPT) takes place with a negligible energy barrier. The results provide
a theoretical rationalization of the competitive internal conversion/ESDPT mechanism previously proposed
for the 3FAI hydrogen-bonded complexes Phys. Chem. 200Q 104, 8863).

1. Introduction R N R

At the molecular level, the dual hydrogen-bonding dimer of ~ ! N\ m
7-azaindole (7Al) has long been recognized as a simplified SN NSy
model for the hydrogen-bonding base pair of DNZ&.Upon a : H Iy B :
singletr — * excitation, the 7Al dimer demonstrated the first H 5 ESDPT N H

. . X . ) q ~ N

documented example of the biprotonic transfer reaction, resulting NNy non-catalytic type
in a large Stokes-shifted tautomer emission (elgax ~ 480 w \ N J
nm in cyclohexane). Such an excited-state double proton- ~ R
transfer (ESDPT) process provides one possible molecular-based R
interpretation for the mutation due to a “misprint” induced by ¢ 3R R
the proton-transfer tautomerism during replicatioh This in s , N\ m
combination with its fundamental importance has led to much 4y ? - §
research focusing on the dynamics of double proton transfer in N7 Nl\_,l ESDPT HN N
the 7Al dimer®~27 Conversely, via the formation of 7Al(host)/ i : catalytic type H
guest hydrogen-bonded complexes, the spectroscopy and dy- (') 0 7Ai :R-H 0\(0
namics of 7Al-incorporating guest molecules have also received \( T
considerable attentiot¥ 26 Studies on 7Al complexed using R SFAL: R =CHO R
guest molecules such as carboxylic acids, lactams, and amides R'=CHjor H

have revealed prominent ESDPT properties in which the reactionrigure 1. The carboxylic acid-catalyzed ESDPT reaction in 7Al and/
pattern has been classified into two categories on the basis ofor 3FAI. Note that experimentally acetic acid was used as the guest
its chemical aspecfd©33t-d For the catalytic type of reaction  molecule?” while for simplicity formic acid was applied in this study.

(see Figure 1) in which the guest molecule (e.g., acetic acid) re ; ; ;
. . ported on spectroscopic and dynamical studies of 3-formyl-
remains unchanged during ESDPT, both steady-state and?-azaindole (3FAI, see Figure 1).In contrast to the high

dynamical approaches predicted an ultrafast proton-transferﬂuoresceme yield in the 7Al monomeric formd(~ 0.22 in

33b—d i i
rkate, ed althhough experlrgents onfultrafgst dynalrmcsr,]_to_ OUr ey clohexand), the lack of normal emissions in both the 3FAI
nowledge, have not yet been performed to resolve this Issue. n, mer and its associated hydrogen-bonded complexes led

In alcohol and water, the dynamics of ESDPT in 7Al and its us to propose that the lowest excited singlet state is ingn n
biorelated analogue 7-azatryptophan have been Successm”yconfiguration. The rate of &) — Sy(na*) internal conver-
applied to probe solvation and/or protein dynanifcs233a.e

| ively. the chemical modification of v th sion was deduced to be4.4 x 102 s71 in cyclohexané’ It
Alternatively, the chemical modification of 7Al to study the o< frther proposed that the proton-transfer reaction in the S

substituent effect on ESDPT is also of interest. We have recently(m*) state is either thermodynamically prohibited or dynami-

* Current Address: Department of Chemistry, The National Taiwan Cally too slow to compete with other non-proton-transfer
University, Taipei, Taiwan, ROC. deactivation processes. In contrast, the second excited singlet
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state possessessar* configuration in which a fast rate of  results in combination with additional experimental data ratio-
ESDPT takes place. Accordingly, the dynamics gfg*) — nalized the previously proposed mechanism in which the lowest-
Si(nr*) internal conversion can serve as an internal clock to lying S,.+ state plays a key role for the observed proton-transfer
examine the mechanism of guest-molecule-assisted ESDPT indynamics in 3FAI hydrogen-bonded complexes.

the S(*) state. For 3FAI in bulk alcohols, the rate of solvent

diffusive redistribution (e.g., approximately a few hundred per 3. Results and Discussion

picosecond in linear-carbon-chain monoalcohols at room . ) )

temperatur&-32 to form a “correct” precursor for ESDPT was 31 Ch(_)lce of the 3FAI/Formic Acid System.The 3FAl/
concluded to be much slower than the rate gf%*) — Si- formic acid dual hydrogen-bonded complex offers sevgral
(n*) internal conversion. In contrast, for the 3FAI dimer or Preferences over the 3FAl dimer or other corresponding
3FAl/acetic acid complex possessing intact dual hydrogen Nydrogen-bonded complexes when used as a model for the
bonds, the intrinsic ESDPT rate is fast and thus competes with theoretical approach. First, a large association conskao

the S(z7r*) — Su(nzr*) internal conversion rate. Accordingly, 2 X 10° M~* upon forming the 3FAl/acetic acid complex was

a prominent proton-transfer tautomer emission band has beerf€Ported in cyclohexan€.It is reasonable to assume a similar
resolved in both the 3FAI dimer and the 3FAl/acetic acid Ka value so that the 3FAl/formic acid dual hydrogen-bonded
complex3” Further approaches based on the steady-state quanSCMPlex should exist prevalently in gas as well as in nonpolar
tum yield measurements estimated the rate of ESDPT to be 34350/vents under an optimum acid concentration. Second, the
and 187 fs?, respectively, for the 3FAI dimer and 3FAl/acetic  relatively large molecular frame in the 3FAI dimer makes the
acid complex in cyclohexane (298 K). Because the interpretation Nigh-level ab initio approach in the excited states very expensive

of the observed ESDPT dynamics in 3FAI relies mainly on the @nd in some cases even formidable under the limit of our
interplay between thémzr* and Inr* states, further studies  currently accessible computation resources. In comparison, the

regarding the relative energy levels as well as their correSpond-m()'ecu'ar framework of the 3FAIl/formic acid hydrogen-bonding

ing proton-transfer potential energy surface (PES) are important, SySteém is relatively much simpler than that of the 3FAI dimeric
Herein, we report detailed ab initio approaches to the ground- form, allowing a more accurate ab initio approach based on
and excited-state formic acid-catalyzed proton (or hydrogen higher levels of theory. Finally, unlike the 7Al dimer and 7Al/
atom) transfer in 3FAL. Our goal is to examine the molecular @/cohol complexes, the experimental difficulty in performing
structures and energy levels of the ground and low-lying singlet the real-time ESDPT dynamics of 3FAI (or 7Al)/carboxylic acid
excited states in the 3FAl/formic acid complex, particularly their Nydrogen-bonded complexsnakes the theoretical approach
associated potential energy surface (PES) upon executing theMore intriguing and .S|gn|f|cant. .

proton-transfer reaction. Consequently, a fair comparison can 3.2. Approaches in the Ground StateFigure Z2—c and

be made between experimental and theoretical approaches. Table 1 specify several critical bond lengths at the stationary-
point geometry in the ground and excited states calculated via

various theoretical methods. For the ground-state reactant (i.e.,
the normal species), all Hartre€ock methods predicted similar
Because only few additional experimental data need to be bond lengths except for the hydrogen-bonding distances R2 and
appended to correlate with the theoretical approach, one canR6 for which the HF/3-21G(d,p) method gave significantly
refer to the methodology for steady-state and time-resolved shorter bond lengths (see Table 1). The B3LYP method also
measurements in our preceding regdrDetails of the pump/ predicted shorter hydrogen bonds than those obtained from
probe transient absorption as well as the two-step laser-inducecHartree-Fock methods by approximately 0.2 A using the same
fluorescence technique were elaborated in our previous r€port. basis set (i.e., 6-31G(g')). Similar results were also found for
Furthermore, the theoretical approaches using the HF/6-31G-the ground-state product (i.e., the proton-transfer tautomer) for
(d,p) method to calculate the formation thermodynamics of which calculations based on the B3LYP/6-31G§d method
3FAl/acetic acid complexes in the ground state were elaboratedpredicted significantly shorter R1 and R5 hydrogen-bonding
in our previous repot’ To avoid complexity and redundancy, lengths than those calculated using HF/6-31(®{(d The dif-
our calculation is based on a preexisting 3FAIl/formic acid dual ference between the B3LYP and HF is possibly due to the
hydrogen-bonded complex in which the structures, energetics, correlation energies incorporated in the DFT method, predicting
and PES upon proceeding with the proton-transfer reaction in a stronger hydrogen-bonding strength. Table 2 lists the ground-
both the ground and excited states are involved. The geometrystate energetics of the double proton-transfer reaction calculated

2. Experimental Section

optimization for the ground- and excited-stabar* and lz7*) for the 3FAl/formic acid complex at various theoretical levels.
stationary points was performed via either Hartr€eck All calculations predicted the proton-transfer tautomer to be
(HF)383%0r Cl singles (CISPP#°methods incorporating 3-21G-  higher in energy than the normal form by-%0 kcal/mol. In
(d,p), 6-31G(d8), and 6-31G(Hp') atomic basis set8:42 The particular, the relative energy of the proton-transfer tautomerism

ground-state stationary points were also optimized using the was calculated to be 8.3 and 5.4 kcal/mol, respectively, at HF/

B3LYP*344 hybrid density functional (DFT) method with the  6-31G(d,p') and B3LYP/6-31G(gp) levels, which are consis-

6-31G(d,p’) basis set. All stationary points were verified by tent with the results obtained in the 7Al/water system based on

performing vibrational analyses. Vertical excitation energies similar methods$" Incorporating the electron correlation reduces

were calculated using both the CIS and time-dependent*fTD) the energy difference. This viewpoint is supported by the similar

B3LYP methods with 6-31G(or 6-31G(d,p’) basis sets. tautomerization energy of 5.4 and 6.8 kcal/mol obtained at
The following sections are organized according to a sequenceB3LYP/6-31G(d,p’) and MP2/6-31G(qp')//B3LYP/6-31G-

of steps in which we first performed a detailed examination for (d',p’) levels, respectively. In comparison, independent of the

the molecular structures and energy levels of the ground andbasis sets, the energy difference between the normal and

low-lying singlet excited states in the 3FAl/formic acid complex. tautomer species in the ground state was estimated to&e

A fair comparison was then made between the 3FAl/formic acid kcal/mol at all Hartree-Fock levels.

and 7Al/formic acid complexes. Subsequently, the associated Upon incorporating the electron correlation, a similar trend

PES during the proton-transfer reaction was calculated. Thein the barrier height reduction was found in both the forward



Energy Surfaces in 3-Formyl-7-azaindole J. Phys. Chem. A, Vol. 105, No. 45, 20010477

Tautomer

Tautomer

Figure 2. The calculated stationary point geometry at HF/6-31@(dand CIS/6-31G(dp’) levels for normal, TS, and proton-transfer tautomer
of the 3FAl/formic acid complex in (a)oS(b) S+, and (c) S+ states. The label of chemical bonds including the hydrogen bond is referred to that
depicted in the Sstate.

and reverse proton-transfer reactions. The calculated classicatonstant of HO) and the hydrogen-bonding site actively
barrier height of the forward reaction, depending on various involved in the complex formation. For instance, in the case of
applied methods, ranges from 7 to 16 kcal/mol (see Table 2). a 1:1 3FAl/acetic acid complex, the value dfp+ pKp was
Values obtained by B3LYP/6-31G(d) (7.3 kcal/mol) and calculated to be on the order of 3FAIN—)/acetic acid{-OH)
MP2/6-31G(d,p)//B3LYP/6-31G(d,p’) (9.9 kcal/mol) calcula- < 3FAI(—N—H)/acetic acidE0). The sum of K, and Ky is
tions are 6-8 kcal/mol lower than those predicted at the equivalent to—logKe, where Keq denotes the equilibrium
Hartree-Fock level using the same basis set. Similarly, the constant for the acidbase reaction. Hence, a lowdfp+ pKp
energy barrier of reverse proton transfer was calculated to bevalue indicates a large acidase equilibrium constant and the
1.9 and 3.1 kcal/mol at B3LYP and MP2 levels, while the reaction favors the product formation, i.e., the hydrogen-bond
Hartree-Fock method with the same basis set (i.e., 6-31G§) formation. Such an empirical approach predicts a stronger
estimated an energy barrier of7.8 kcal/mol for the reverse  pyridinic nitroger-carboxylic OH) hydrogen-bonding strength.
proton transfer. This discrepancy is believed to result mainly When the TS is treated as an aelthse-type quasi-equilibrium,
from the negligence of the electron correlation in the Hartree it is rational that the first-step proton transfer involving
Fock approach. carboxylic hydrogen to the pyridinic nitrogen in 3FAI should
In consideration of the ground transition-state (TS) geometry, be in the minimum energy pathway. It should also be noted
only the R1 value varies significantly among the various that, independent of the applied basis sets, only one TS was
calculation methods (see Table 1 and Figure 2a). The resultsfound at both HF and B3LYP calculations. For a concerted,
perhaps indicate that at the transition state, R1 is the only stableasynchronous double proton-transfer model, the results indicate
hydrogen bond remaining. This in combination with only one that the proton transfer from carboxylic hydrogen is nearly
TS being resolved led us to conclude that the double proton barrierless. Nevertheless, there is no guarantee of the existence
transfer takes place through a concerted, asynchronous pathwapf more than one TS upon treatment with even higher-level
in the ground state. At the TS, the carboxylic hydrogen on the calculations.
formic acid has already been transferred to the pyridinic  3.3. Approaches in the Excited StatesAt this stage,
nitrogen, while the pyrrolic hydrogen has just begun to move complete active spaceeself consistent field (CASSCF) calcula-
toward the carbonyl oxygen of the formic acid. This prediction tions are not practical in dealing with the 3FAl/formic acid
qualitatively correlates with the hydrogen-bonding strength complex (vide infra). Alternatively, CIS is proven to be a
predicted from the “acietbase” type of empirical approaéh. relatively useful method to obtain the approximate wave function
Table 3 summarizesky values of various hydrogen-bonding and molecular geometry of the electronic excited states.
sites for both 3FAI and acetic acid. Although these data were However, it usually overestimates the energy differences
obtained in aqueous solution and acetic acid was used insteadetween the excited and ground states. In comparison, the time-
of formic acid, an interesting correlation is still observed dependent DFT method currently cannot perform geometry
between the sum of Ky (proton donor) and I, (proton optimization at the excited states, but it has been shown to be
acceptor, Ky = pKn,0 — pKa, WhereKp,o is the autoprotolysis able to obtain very reliable vertical excitation energies for the



10478 J. Phys. Chem. A, Vol. 105, No. 45, 2001 Hung et al.

TABLE 1: Critical Bond Distances (A) of 3FAIl/Formic Acid TABLE 2: Proton-Transfer Energetics (kcal/mol) of
Normal, TS, and Proton-Transfer Tautomer calculated by 3FAl/Formic Acid in S, S\, and S, States
various methods in 3§, S\, and S, States
ETXH A\/‘t
o S State
B3LYP/ HF/3-21G 8.6 9.0
HF/3-21G(d,p) HF/6-31G( HF/6-31G(d,p) 6-31G(d,p) HF/3-21G(d,p) 9.6 13.6
Normal Form HF/3-21+G(d,p) 8.4 10.9
RL 0974 0.966 0.968 1.018 :Eﬁg:gﬂ%‘j'm 52 51
R2 1.761 1.903 1.882 1.687 HF/6-31G(d,p) 8.3 16.1
R5 1.001 1.000 1.002 1.028 B3LYP/6 31‘8 do ' '
R6 1825 1.996 1.992 1.819 -31G(dp) 5.4 .3
RO 1217 1.191 1101 1.217 MP2/6-31G(dp)/I 6.8 9.9
' ’ ' ' B3LYP/6-31G(d,p")
TS Form S
R1 1.539 1.732 1.668 1.513 . 7
R2 1.038 1.024 1.034 1.090 Cis/3-21G(d,p) 113 14.5
R5 1.240 1.223 1.193 1.229 Cis/6-31G(d) 10.3 17.3
R6 1.212 1.241 1.273 1.267 Cis/6-31G(dp) 10.2 16.7
R9 1.219 1.193 1.192 1.220 ] Sur*
Tautomer Form Cis/3-21G(d,p) —14.2
R1 1.736 1.913 1.901 1.720 g!sfg'gig(g) , :ﬂ-g
R2 1.013 1.007 1.009 1.043 Is/6-31G(dp) :
R5 1.663 1.828 1.794 1.594 aE,, denotes the energy difference between 3FAl/formic acid normal
R6 0.990 0.974 0.977 1.040 and tautomer complexeAV* symbolizes the forward reaction energy
R9 1.220 1.195 1.194 1.222 barrier. The energies include electronic and nuclear repulsion energies;
S zero-point and thermal energies are not included.
CIS/3-21G(d,p) CIS/6-31G( CIS/6-31G(dp) TABLE 3: p K, Values for Various Functional Groups in
Normal Form 3FAIl and Acetic Acid
R1 0.975 0.967 0.968 3FAI 3FAI ACID ACID ACID
R2 1.759 1.895 1.874 (-NH*)  (N-H) (-OH) (=OH%")  (OH;")
Re S o o oo K. 256 1112 479 65 <65
R9 1.294 1.258 1.258 aData were obtained by using the absortption titration study.
TS Form b Gordon, A. J.; Ford, R. AThe Chemist's Companipdohn Willey
R1 1.616 1.751 1.697 & Sons: New York, 1972¢ Not available due to its stronger acidity
R2 1.032 1.021 1.029 than ACIDEOH?).
R5 1.259 1.245 1.213 . X . .
R6 1.194 1.224 1.251 TABLE 4: The Low-Lying Singlet Electronic Transitions of
R9 1.293 1.259 1.258 Normal Form Calculated via TD-B3LYP and CIS Methods
Tautomer Form 3 _ _ _ oscillator
R1 1.748 1.926 1.918 transition dominant configurations ¥ (cm™) strength f)
R2 1.012 1.005 1.008 SFAFormic Acid
RS 1.647 1.811 1.773 TD-B3LYP//B3LYP/6-31G(dp)
R6 0.993 0.976 0.979 S(n—a*) HOMO-1—LUMO,LUMO +1 31292  0.0001
R9 1.294 1.259 1.259 Syt —7*) HOMO —LUMO,LUMO +1 36051  0.0542
St CIS//HF/6-31G(4p)

Si(n—x*) HOMO-2 — LUMO, LUMO +1 41777 0.0003

CIS/3-21G(d,p)  CIS/6-31G(H  CIS/6-31G(4p) S — 79 HOMO-L, HOMO—- LUMO 47100 0204

Normal Form

7Al/Formic Acid

R1 0.984 0.971 0.974 TD-B3LYP//B3LYP/6-31G(d4p)
R2 1.701 1.849 1.819

» HOMO-1—LUMO +1 35325 0.0463
R5 1.010 1.005 1.008 Si(r — %)
R6 1.750 1.926 1.916 HOMO =~ LUMO
R9 1'217 1.189 1-189 S(r — %) HOMO-1— LUMO 38 905 0.0770

' : ' HOMO — LUMO + 1
Tautomer Form

S% i'ggg S'ggé i'ggg The calculation renders the absolute energies of the stationary
R5 1.798 1.946 1.928 points on the excited-state PES.
R6 0.968 0.962 0.964 Table 4 lists the wave function properties of two low-lying
R9 1.218 1.189 1.189 singlet excited states and their associated transition from major

molecular orbitals for the normal species. For clarity, Figure 3
low-lying excited state$® Accordingly, two ways of calculating  depicts the structures of the two lowest unoccupied and three
the excited-state energies were employed here. The first(CIS level) or two (TD-B3LYP level) highest occupied frontier
approach was based on a vertical excitation in which the excited- molecular orbitals mainly involved in the transition of low-lying
state geometry was taken from the ground-state optimizedexcited states using either the CIS//HF/6-31GxY or TD-
structure. This was performed using the CIS level at the HF B3LYP//B3LYP/6-31G(dp'’) method. Depending on the levels
geometry or the TD-B3LYP level at HF and B3LYP geometry of theory, the calculations differ slightly in the nature of the
for both normal and tautomer forms. The other approach was molecular orbitals involved in the predominant excitations. For
to optimize the excited-state geometry directly at the CIS level example, the Sstate is a contribution from HOMS- LUMO,
followed by the vertical excitation using the TD-B3LYP method. LUMO++1 in the TD-B3LYP calculations versus HOMO-1,
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Figure 3. The calculated (CIS//HF/6-31G(d) and TD-B3LYP//
B3LYP/6-31G(d,p’)methods) frontier molecular orbitals for the normal
form of the 3FAl/formic acid complex. Note that the orbital configu-
ration of HOMO-1 obtained using the TD-B3LYP method is essentially
the same as that of HOMO-2 obtained using the CIS method.

TABLE 5: Calculated Vertical Excitation Energies (eV) of
the 3FAI/Formic Acid Complex via Various Methods

normal form tautomer form
n* a* nm* *
TD-B3LYP//HF/6-31G(d,p')
4.05 4.66 3.80 3.61
TD-B3LYP//B3LYP/6-31G(d,p)
3.88 4.47 3.73 3.59
CIS/IHF/6-31G(4p)
5.18 5.84 5.26 5.02

HOMO — LUMO in the CIS computations. Nevertheless, both
methods predicted a similar trend that thea®d $ states in
the 3FAl/formic acid complex can be well ascribed using a
forbidden n g-symmetry)— a* (7-symmetry) and an allowed
(7r-symmetry)— z* (;1-symmetry) transition, respectively, in
which the nonbonding orbital is largely attributed to the carbonyl
oxygen in the formyl substituent. In contrast, as shown in Table
4, the first two low-lying excited singlet states for the 7Al/
formic acid complex are unambiguously ascribed to At
configuration. The n* state of the 7Al/formic acid complex
in which the nonbonding orbital is ascribed to the pyridinic
nitrogen was calculated to be in the highly excitedstte (not
shown here).

J. Phys. Chem. A, Vol. 105, No. 45, 20010479

order is reversed for the tautomer/formic acid complex. With
the use of the TD-B3LYP method incorporating the B3LYP
geometry, the vertical excitation energy from the ground-state
normal form to thelzz* state was calculated to be 4.47 eV
(36 050 cn1?), which is consistent with the experimentally
determined~4.13 eV (33 308 cm! 27) for the firstzz* singlet
excited state. On the basis of the Hartré®ck geometry, the
Inz* state was predicted to be 5.18 and 4.05 eV above the
ground state at the CIS and TD-B3LYP levels, respectively. If
the B3LYP geometry is used instead, the TD-B3LYP method
predicted an excitation energy gap of 3.88 eV forhe* state.
Experimentally, the extremely small absorption cross section
(i.e., the molar extinction coefficient) for the orbital forbidden
n — s* transition led to an infeasible spectroscopic measure-
ment. Nevertheless, under the circumstance thatrthe state

is lower in energy than its close-lyingz* state, the n— z*
transition is predicted to be4.13 eV. Accordingly, the TD-
B3LYP method with the B3LYP geometry incorporated renders
more reliable single-point energetics for the low-lying excited
states. Even though CIS and TD-B3LYP methods predicted
significantly different vertical excitation energies, the calculated
relative energy gaps betweénz* and zz* states are on a
similar trend. For example, the CIS excitation energy calculation
estimated thézs* state to be 0.66 eV above thar* state at

the normal form, which is only 0.05 eV higher than the
difference betweefr* and Inz* states estimated using the
TD-B3LYP method under the same HF ground-state geometry.

In consideration of the excitation energetics of the proton-
transfer tautomer, a better comparison with spectroscopic (i.e.,
fluorescence) data would be using the CIS-optimized geometry
for the excited state and, alternatively, performing the vertical
excitation on the basis of the TD-B3LYP method. The energy
gap betweedrz* and the ground state for the 3FAl(tautomer)/
formic acid complex was calculated to be 2.80 eV (22582
cm™1), which is consistent with the experimental value~&.76
eV (22 222 cm?) estimated from the proton-transfer tautomer
emission in the case of the 3FAl/acetic acid comgiék/e then
made a further attempt to obtain information based on the
CASSCEF calculations. Normally, CASSCF only incorporates a
static electron correlation, while the dynamic correlation is
neglected. This disadvantage has been significantly improved
through the incorporation of perturbation methods, i.e., with
electron correlation (e.g., see ref 34b). Unfortunately, this
method is not feasible at this stage under the limit of our current
computing capacity.

Similar to the ground-state calculation, in comparison to the
3-21G(d,p) basis sets, the 6-31G(@nd 6-31G(dp’) basis sets
gave longer bond lengths (6:D.2 A) for R2 and R6 at normal
and R1 and R5 at tautomer forms in the excited states (see Table
1). Inclusion of the hydrogen polarization function (6-31G{¢)
resulted in slightly €0.03 A) shorter distances of these bonds.
Because the trends in geometry differences among the various
stationary points are reproduced in all calculations, the discus-
sion on molecular geometry in the rest of this paper will be
based on the calculation with the 6-31Ggf basis set.
Compared to their corresponding ground-state geometry, both
the normal and tautomer forms in ther* configuration have
a much longer£0.07 A) C=0 bond (R9), indicating that the
nonbonding orbital on the oxygen actually stabilizes tlkeCC

The calculated vertical excited-state energies using CIS andbond in the ground state. Promoting the lone-pair electron to

TD-B3LYP methods for both 3FAI normal and tautomer/formic

thesr* orbital decreases the=€0 bond order and hence weakens

acid species are listed in Table 5. Independent of the appliedthe bonding energy. Other bond-distance changes in the rings

methods and basis sets ther* state is predicted to be lower
in energy than thézz* state for the normal form, while the

or hydrogen-bonding network are much smaller0(02 A).
Conversely, for thézz* normal and tautomer species config-
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uration, changes in the bond distance relative to their corre-
sponding ground states are mainly located on the hydrogen
bonds and, to a lesser extent, on the rings. In particular, the
hydrogen-bonding distance between the pyridinic nitrogen and
carboxylic hydrogen (i.e., R6) decreases by 0.08 A intttve* 5.56 eV
state at the normal species, indicating a stronger hydrogen-
bonding formation upon tha — z* excitation of the 3FAIl/
formic acid complex, which may subsequently initiate the
proton-transfer reaction (vide infra).

We have made an attempt to locate the proton-transfer
reaction pathway along therz* electronic state via scanning
the PES. According to the analysis of the TS structure in the , g7 oy
ground state, it seems that the change in the bond distance at
the COOH-- N(7) hydrogen-bonding site (see Figure 1 for the
definition) is faster than that at the=€D---HN(1) site (vide
supra). A two-dimensional scan of the PES in ther* |
configuration is extremely time-consuming and hence is not zggev !
feasible at this stage. Alternatively, we assumed a similar trend =
that the first proton-transfer process (i.e., COON(7) — C= ; ; :
O---HN(7)) is relatively fast in thelzz* state and simply : ‘g e
scanned the €0---HN(1) hydrogen-bonding distance by ‘ 5 3
reducing 0.1 A in each step. Simultaneously, we allowed a full
optimization on the remaining bond angles and distances in the
za* configuration. At the CIS/3-21G(d,p) level, the results
show a small barrier of 3.8 kcal/mol relative to fher* normal
form. The TS was confirmed by performing a full geometry
optimization in which the geometry is closely related to the
reactant, i.e., the 3FAl(normal)/formic acid complex. However,
the barrier disappeared when a higher basis set of 6-313(d
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7.26 Keal 5.38 Kcal
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was applied (see Figure 4). It should be noted that the CIS O NH___O/)‘H
method only includes a small fraction of the correlation enétgy. HoH
However, higher-level correlation methods usually reduce the Normal S Tautomer

energy barrier if it exists. We also performed the energy profile Figure 4. A qualitative sketch of potential energy surfaces for the
calculations using the TD-B3LYP method on the reaction proton-transfer reaction inoSS.» and S.- states based on the
pathway that was initially scanned at the CIS/6-31(@(dlevel. calculated reactant, TS, and product energies (see text for the detailed
The result revealed no energy barrier as well. Similar nonexist- description). The relative energies depicted in the ground state were
ence of the energy barrier was obtained by scanning the PESCPtained using the B3LYP/6-31G(d) method.

on the COOH--N(7) — C=O---HN(7) hydrogen transfer
process using the CIS/6-31Gl) method. Thus, no significant
barrier of ESDPT seems to exist in ther* electronic state

suggest that following the ESDPT the ground-state tautomer
complex produced via the deactivation of the excited state may
when the calculation is performed via higher levels of theory quickly undelrlgo reveLse l[::))rot.on tfransfer to the Inormz.;ll Jorm(.j
(e.q.. CISI6-31G(d)). Experimentally, on the basis of a two-step laser-induce
fluorescence (TSLIF) technigué,an attempt to resolve the
We, however, were able to locate the ESDPT TS for the yansjent ground-state tautomer species in the 3FAl/acetic acid
3FAl/formic acid complex in thénz* configuration, and the complex was made. The results of no TSLIF signal being
energy barrier was found to be 16.7 kcal/mol above the normal getected at10 ns pump-probe delay time led us to conclude
form of the'nz* state. The geometry of thewr* TS is similar ~  that the rate of ground-state reverse proton transfer should be
to that of the ground TS except for a significantly longer bond faster than the decay rate® x 107 s~1 3% of the excited 3FAI-
distance {0.07 A) in R9 (i.e., the €0 bond length), slightly (tautomer)/formic acid complex. Consequently, the overall rate
longer bond distances (0.62.03 A) in R1 and R5, and a shorter  of a proton cycle is mainly limited by the relaxation dynamics
bond distance~+0.02 A) in R6. Figure 4 depicts the proton-  of the tautomer emission, consistent with the theoretical
transfer potential energy surfaces i) Sw and S states for approach.
the 3FAIl/formic acid complex, in which the horizontal thick On the basis of the calculated highly exergonic, barrierless
line denotes the energy level at each stationary point geometryreaction in thelrr* state, one should come up with the
and the vertical dashed arrows indicate the vertical transition following dynamic viewpoint. The rapid charge redistribution
from the geometry optimized ground-state structure. The vertical gfter first singletr — * excitation results in an electronic
solid line represents the tautomer emission resulting from the potential surface possessing substantial slope and an energy
vertical transition at the geometry-optimized (the CIS method) minimum shift toward the proton position in the imine-like
lz* tautomer state. All vertical transitions were calculated  tautomer. The redistribution of the electronic charge is expected
using the TD-B3LYP method. Note that the PES depicted in to occur on a time scale much shorter than 100 fs. Some of the
Figure 4is qualitative, and one must keep in mind that the actual normal modes of the molecule are now disp|aced from their
landscape of potential energy surfaces should be multidimen-equilibrium positions that are determined by the new potential
sional. surface. As a result, the excited system begins to evolve
3.4. Comparison with Experimental Results.The results temporally along these normal coordinates, i.e., it moves on
of small barrier for the ground-state reverse proton transfer the excited-state energy surface toward the new equilibrium
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position. Especially any normal coordinate connected with the Conclusion
proton displacement deviates strongly from its equilibrium
position, which is reached by the formation of the excited
proton-transfer tautomer. The system energy, after being
redistributed, is then seeking an exit. Most probably, the low-
frequency, large-amplitude modes (e.g., either in- or out-of-

The results based on various ab initio methods are qualita-
tively consistent, showing that the lowest singlet excited state
in the 3FAIl/formic acid complex is in anarf configuration.
This transition originates from the carbonyl lone-pair electron

| ’ f the skeletal mod h the relati i in the 3-formyl substituent, as was supported by the molecular
plane motions of the skeletal modes) change the relative posi ONorpital analyses and a comparative study with respect to the

of the atoms assoclated with the hydrogen_bond and her‘CEYAI/formic acid hydrogen-bonded complex. In contrast to the
channel into the proton-transfer process. In this case, deuterium

. o o calculated barrierless ESDPT in tHez* state, a highl
isotope substitution should have a negligible effect on the * any

b d d X hi i h - endergonic proton-transfer reaction was deduced intrin
observe ESDPT ynamics. This apparenty Is not the case iNgiate As a result, upolez* excitation, a competitive mecha-
studying the 7Al dimer in gd3 as well as in the nonpolar

lventd+16 in which i barrier i iatod with nisn¥’ incorporating the rate dfzz* — nz* internal conver-
solvents™=in which a small energy barrier Is associated With o1 yersys the proton-transfer reaction rate should be operative.

the proton transfer reaction and a prominent deuterium isotope ggppT is prohibited in thénz* state of which the decay
effect was observed. In the case of the 3FAl/acetic acid complex, dynamics are dominated by intersystem crossing or other non-

a deuterium isotope effect was also observed in a Steady'Statebroton-transfer radiationless transitions or both.
approact¥’As pointed out earlier, on one hand, there may exist

in the case of the 3FAl/acetic acid in thez* configuration), Science Council, Taiwan, ROC (Grant NSC89-2113-M-194-

which unfortunately cannot be resolved on the basis of the gpg). We thank the National Center for High-Performance
current computation methods. On the other hand, through computing, Taiwan, for the use of their facility.
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