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Proton transfer reaction is studied fdd-pyrrolo[3,2-h]quinoline—water complexes (PQH.O),, n = 0—2)
in the ground and the lowest excited singlet states at the density functional theory (DFT) level. Cyclic hydrogen-
bonded complexes are considered, in which water molecules form a bridge connecting the proton donor
(pyrrole NH group) and acceptor (quinoline nitrogen) atoms. To understand the effect of the structure and
length of water bridges on the excited-state tautomerization in PQ, the potential energy profile of the lowest
excited singlet state is calculated adiabatically by the time-dependent DFT (TDDFT) method, Fh&,S
excitation of PQ is accompanied by significant intramolecular transfer of electron density from the pyrrole
ring to the quinoline fragment, so that the acidity of the M group and the basicity of the nitrogen atom of
the quinoline moiety are increased. These excited-state-heise changes introduce a driving force for the

proton transfer reaction. The adiabatic TDDFT calculations demonstrate, however, that the phototautomerization
requires a large activation energy in the isolated PQ molecule due to a high energy barrier separating the

normal form and the tautomer. In the 1:1 cyclic PB,O complex, the energy barrier is dramatically reduced,
so that upon excitation of this complex the tautomerization can occur rapidly in one step as concerted
asynchronous movements of the two protons assisted by the water molecule. In(d,PQ solvate two
water molecules form a cyclic bridge with sterically strained and unfavorable hydrogen bonds. As a result,
some extra activation energy is needed for initiating the proton dislocation along the longer hydrogen-bond
network. The full tautomerization in this complex is still possible; however, the cooperative proton transfer

is found to be highly asynchronous. Large relaxation and reorganization of the hydrogen-bonded water bridge

in PQ—(H20), are required during the proton translocation from the pyrrole NH group to the quinoline nitrogen;
this may block the complete tautomerization in this type of solvate.

Introduction and watei* The long-wavelength emission band has been
Heteroazaaromatic molecules Containing both hydrogen_ attributed to the proton transfer tautomer fluorescence resulting
bonding donor and hydrogen-bonding acceptor groups are oftenffom ESDPT catalyzed by a solvent bridge. The proposed
characterized by rich and Comp|ex Spectroscopy_ One of the mechanism of a solvent-mediated ESDPT reaction for PQ in
most intriguing features is the dual fluorescence revealed in Protic solvents is, however, quite different from that of 7AI. In
alcohol solutions. This phenomenon has been attributed tothe latter, solvent relaxation around an excited 7Al chromophore
phototautomerization, which, formally, corresponds to the proton is found to be necessary to occur prior to ESDPT. For PQ it
being translocated from the donor to the acceptor group. It hashas been proposed that two different types of population of
been found, however, that due to the large spatial separationH-bonded solvates exist in protic solvents already in the ground
between the functional groups this phototautomerization cannotstate. A fraction of “properly” H-bonded species undergoes a
occur directly. In such a situation, proton transfer is still possible fast, femtosecond-scale proton transfer reaction leading to the
when assisted by an appropriate protic partner acting simulta- fluorescent tautomer. Another fraction, consisting of “incor-
neously as a proton donor and an acceptor. Excited-state doubleectly” H-bonded complexes, is deactivated via an efficient
proton transfer (ESDPT) has been discovered by Kasha and co-nonradiative internal conversion channel to the ground state
workers for 7-azaindole (7Al) in alcohol complexes and in a during solvent rearrangement around an excited chromophore.
doubly hydrogen-bonded dimer formed in high concentrations Molecular dynamics (MD) simulations of the structure of
in nonpolar solvents. Since then, the photophysics of bifunctional H-bonded complexes in bulk methanol and water, as well as in
compounds composed of pyrrole and pyridine moieties has dilute hydrocarbon solutions with small amounts of these
received a great deal of attentiér?, because these biologically  solvents, have demonstrated that the topology of hydrogen-bond
relevant molecules can be used as probes in studying proteindonor (pyrrole NH group) and acceptor (pyridine N atom)
structure and dynamics due to their high sensitivity to solvent centers in PQ favors the formation of 1:1 cyclic, doubly
and environment. H-bonded complexes with alcohols and wafeAccording to
1H-Pyrrolo[3,2h]quinoline (PQ) and structurally related the MD resultsi516 the equilibrium fraction of the 1:1 cyclic
bifunctional compounds reveal dual fluorescence in alcéhdfs H-bonded species in the ground state in bulk methanol is
t Permanent address: Research Institute for Chemistry, V.N. Karazin €Stimated to be-1% and~70% for 7Al and PQ, respectively.
Kharkov National University, 4, Svobody Sq., 61077 Kharkov, Ukraine. The existence of two populations of H-bonded species of PQ
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deactivated by different ESDPT and nonproton transfer mech-
anisms has also been successfully proven in a subpicosecond
fluorescence upconversion stully.

Understanding the mechanism of excited-state proton transfer
through a solvent bridge requires knowledge of the structure of
H-bonded species. Experimental investigations of the mechanismFigure 1. Structure and atom labeling oHtpyrrolo[3,2-h]quinoline
are possible for small clusters isolated in supersonic jet (PQ). The arrow defines a positive angse of the direction of the
conditions. These experiments can, in principle, provide detailed excited-state transition moments _and, also, the ground and excited-
information concerning the stoichiometry, geometry, and en- state permanent dipole momeptsvith respect to the long molecular
ergetics of different H-bonded complexes. A solvent-assisted axsx.

proton transfer reaction involves cooperative migration of structure, dipole moments, and vibrational frequencies were

several protons; therefore, the knowledge of the structures of calculated using the time-dependent generalization of the density

possible intermediates and transition states along a reaction patfy , .\ ional th eory method, referred to as TDDFT, with analytical
enables also understanding of different photoreactivities and excited-state gradien%é.T’he transition states aléng the proton

I_|<_|rr11et|c],;s ofthprotor: é(ansfﬁ r Ilg bdlﬁergnttl):j solvst.eqt. spe(;:les.. " transfer coordinate on the 8nd S surfaces were also analyzed.
eretore, these studies snould be assisted by ab INitio or density-, - o 5cpy optimized structure, harmonic frequencies were

func?onalhthegry calculatlotn?. R(Tlcenilya_tt;efpro;on t(;ansfer evaluated by numerical force constant calculation in order to
reac ||on as l?etﬂ E[:rc])mpu a |%na yd st !f d Otré%eghﬂ?” confirm a true local minimum or a transition state. The vertical
compiexes in bo € ground and excited s - Ihe electronic singlet and triplet excitation energies, oscillator

reaction path for double and triple proton transfer i_n cyclic 1:1 strengths, and transition moments were also calculated within
and 1:2 water complexes has been considered at different theory» rppET formalism. The correlation-consistent polarized

levels. The phototautomerization assisted by water bridges has\/alence cc-pVDZ basis s8was used. The aug-cc-pVDZ basis
alsol been theoretica}lly .studied fo'r 2-hydroxypyridinand set was added on each of the two N1 and N4 atoms and the
uracil 26 7-Hydroxyquinoline (7HQ) is another example of the pyrrole hydrogen atom H5 of PQ (Figure 1). In the case of

molecule in which phototautomerization is assisted by a ;b g water complexes, the aug-cc-pVDZ basis set was also

hyd.rtog(]jent-tiond ntetwc;ﬂk? Itfhas been shovm thatr:n T'_é%éhe added on all atoms of water molecules. Although valence states
exctzl e30's ?je pro O%,gigs.gr maSy otccurt' rough act I ’ q Werea main interest in the present study, the use of diffuse
water; “and ammon ridges. systematic experimental and  aqis functions is required to describe correctly low-lying

ab initio studies of 7HQ(NHs), (n = 1-6) have allowed the Rydberg states as well aso* excited states. The accurate

authors to determine the critical clustgr size and to |dentlfy the estimation of energies of these excited states is expected to be
structure of _H-E)(;;]ded solvates enabling proton transfer via an important for obtaining reliable results for the photophysics of
ammonia Wire’* . ) indole-based moleculé82°Most calculations were done with
The purpose of this work is to study the proton transfer iha pyprid B3LYP functionat! Some excitation energies were
reaction in PQ-(Hz0), complexes if = 0-2) in the lowest — aiematively calculated at the second-order approximate coupled-
excited singlet state. The results of the molecular dynamics ¢ ster (CC2) method employing the resolution-of-the-identity
simulations have showhthat H-bonded complexes of 1:1 and (R1) approximation for the electron repulsion integr#43The

1:2 stoichiometries are dominant in bulk methanol and water TyRBOMOLE program package, version 34has been used
solutions in the ground state. Therefore, detailed knowledge of ;o 41 calculations. ’ ’

the ground-state structure of these H-bonded species is necessary

prior to modeling an excited-state tautomerization. In this paper Results

we explore the energetics and the mechanism of proton transfer

through a water bridge. To examine the reaction path leading PQ Monomer. The ground-state geometry of PQ was
from the normal form (N) to the tautomer (T) via the corre- opt|m_|zed by means of the DFT method usmg_the hybrid B3LYP
sponding transition state (TS), the structure of these stationaryfunctional and the augmented cc-pVDZ basis set as described
points is fully optimized in the lowest excited singlet state by above. Normal (N) and tautomeric (T) forms of PQ were
applying the adiabatic time-dependent density functional theory OPtimized assumings symmetry. Vertical electronic singlet
(TDDFT) method® The structure of the transition states and and triplet excitation energies were calculated for the ground-
the energy barriers along the proton transfer coordinates areState geometry using the TDDFT methodology at the same level
analyzed to understand the photoreactivity of H-bonded speciesCf theory. Table 1 compiles the calculated and experimental
of PQ. The back proton transfer, leading to the recovery of the data which describe the electronic absorption spectrum of PQ.
normal form, is also analyzed for the ground electronic state. Figure 2 shows the molecular orbitals involved in the description
A key point of the study is to compare different H-bonded of the low-energy part of the spectrum. Two low-lying singlet
solvates of PQ with water molecules in terms of photoreactive States 2A' and 3A’ are calculated at 3.89 and 4.00 eV,
ability to undergo a water-catalyzed proton transfer reaction in '€SPectively. The transition to the lower statéA2 has smaller

the lowest excited singlet state. Finally, possible mechanisms ©Scillator strength and is mainly described by the highest
for competitive nonradiative deactivations of photoexcited PQ ©ccupied molecular orbital (HOMO)~ lowest unoccupied

solvates to the ground state via the internal conversion channelMolecular orbital (LUMO) excitation. Inspection of the corre-
are discussed. sponding orbitals reveals an internal charge transfer from the

pyrrole ring to the quinoline moiety. The secondA3 excited
state is described by the HOM& — LUMO main electronic
configuration. In this state, some amount of electronic charge
The geometry of isolated PQ and that of P@®,0), is also transferred to the quinoline part of the chromophore.
complexes in the ground stateg{$nd the lowest electronic  The two lowest excited singlet states are characterized by a
excited singlet state ($ were optimized using the density permanent dipole moment of about 4.5 D, so that the dipole
functional theory (DFT) metho#. The equilibrium excited-state  moment magnitude is significantly increased compared to that

Computational Details
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TABLE 1: TD-B3LYP/cc-pVDZ Results for Isolated PQ: Vertical Excitation Energies (eV), Oscillator Strengths ), Transition
Dipole Moments M, D), Transition Moment Directions (o(M), deg), Permanent Dipole Moments, D), Permanent Dipole
Moment Directions (@(u), deg), and Main Electronic Configurations (%)

vertical excitation energy main configuratfon

TDDFT expt f M w(M) u O(u)?

Singlet States

1A’ 0.07 66.0
21A" (™) 3.89 (3.52¥ 3.66 0.0197 1.15 +52.1 4.57 -1.2 H—L 85.8
H-1—L+1 9.1
3A" () 4.00 3.7-4.0¢ 0.0304 1.42 —10.3 4.25 10.7 H1—L 80.8
H—L+1 15.0
1'A" () 4.64 0.0020 0.33 f 219 H-2—L 98.7
AN () 4.76 4.6-4.8 0.0795 2.09 +69.4 3.47 1.6 H1—L+1 81.3
H—L 6.8
5A" (wr*) 4.95 4.6-4.8 0.4949 5.13 —6.4 211 -34 H—L+1 68.6
H-1—L 13.6
2YA" (mo*) 5.14 0.0020 0.30 12.38 H-L+2 95.0
3A" (7o™) 5.25 0.0012 0.24 13.65 H1—L+2 94.8
41A" () 5.34 0.0001 0.05 f 3.07 H-2—L+1 98.3
6'A’ () 5.60 0.1953 3.03 13.6 H3—L 63.3

Triplet States

A’ () 2.85 2.7 1.66 H—L 44.7
H-1—L 33.0
2°A" (7tr*) 3.36 4.17 H—L 40.4
H-1—L 52.3
3BA' (*) 3.64 1.75 H—L+1 62.0
H-1—L+1 19.0
43N (™) 3.82 1.55 H-1—L+1 66.0
H—L+1 25.7
A" (n*) 4.08 2.19 H-2—L 93.8

aSee Figure 1 for angle definitioA.The zero point corrected value for the energy gap between'theahd 2ZA’ states® The 0-0 absorption
band in supersonic jé8. ¢ The absorption band maxima mhexane and 1-butandl. ¢ The phosphorescence band maximum in 1-propanol and
ethanolt11246 f The excited-state transition moment directed along the out-of-ganxés. ¢ H, HOMO; L, LUMO.

of 0.07 D in the ground state. The excited-state transition dipole four lowest triplet states are afr* nature. The first m* triplet
moments between théA' ground and the®A’ and 3A’ excited state appears at 4.08 eV.

states are oriented at an angle of 82uth respect to each Since the calculation of the excited-state properties of PQ is
other (Table 1). This analysis shows that the low-energy part carried out in the gas phase, whereas the phototautomerization
of the spectrum can be assigned using Platt's nomencl&ture. occurs in polar protic solutions, it is important to assign correctly
The 2ZA" and 3A' states correspond to Plattis,and'Lp states,  the nature of the excited state of interest. In the parent
respectively. The low symmetry of the present system results chromophore of indole, the;$s expected to be diL,, type in

in some state mixing and the loss of the pure identity of the the vapor phase and in nonpolar solutions, whereas in polar
transitions compared to that originally proposed by Platt; protic solutions théL, state is stabilized to become the lowest
nevertheless, since this nomenclature is widely used to assignexcited staté’ It is also known that thél_, andL , state ordering
absorption spectra of indole-based chromophores, it can still ;g pe changed and reversed already in the vapor phase by
be useful in the analysis of PQ. According to this nomenclature, gypstituents or structural modification of the indole chro-
the 4A" and BA’ states, calculated at 4.76 and 4.95 eV, mophore’® In 7-azaindolelL, is found to be the fluorescent
correspond to Platt'$B, and By, states, respectively. TH@y state even in the vapor phase according to CAS$CFand

state has the Ia_rgest os<_:i||ator strength and appears as t_hQ'DDFT studie$? It has been noted that, since in polycyclic
strongest absorption band in the spectrum. Between the two pairsgromatic molecules thi., state is characterized by the essential
of the L and B states, there lies a forbiddebA1— 1'A” multiconfigurational character, its energy is often overestimated
transition, calcu.lated at4.64 eV (Table 1). A_s can b.e seen from by such single-referenced methods as TDDFT by-0.2 V53

the corresponding HOMO2 and LUMO orbitals (Figure 2),  ag a result, TDDFT calculations predict correctly the energy
this state is of n* nature. of the LA’ — 1L, excitation, whereas they tend to overestimate

A pair of the'A" states is predicted abovéAt and SA'. In the energy of thél, state. In PQ, due to strong mixing between
these excited states the wave function is determined by electronicthe two lowest excited singlet states, the simple assignment to
excitation from HOMO or HOMG-1 to a diffuse Rydberg- 1L, andlLy is difficult. The 2ZA’ and 3A’ states in PQ are
type LUMO+2 orbital. The latter is ofo* type, and it is calculated to lie close in energy (Table 1). To verify the ordering
localized on the pyrrole hydrogen atom (Figure 2). TRa'2 of 21A" and 3A’, the low-energy part of the spectrum was
and 3A" states can therefore be assigned to A& states  additionally calculated using the second-order coupled-cluster
(Table 1). Thero* excited states are characterized by a large (RI-CC2) method* This approach also predicted the same state
excited-state dipole moment, equaltd2-13 D. ordering in PQ. The analysis of the nature of tha'1— 2IA’

The calculated triplet-state manifold of PQ is also presented excitation demonstrates that this is actually the state of interest
in Table 1. The phosphorescence spectra measured in alcoholéor ESDPT. The acidic and basic properties of pyrrole and
at 77 K revealed that the lowest triplet state is located 2 quinoline moieties become stronger upon tH&'1— 2A’
eV.1246The TDDFT computed value of 2.85 eV for the lowest excitation, which provides a driving force for the proton transfer
13A" is in a good agreement with the experimental data. The reaction®
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LUMO+2 (382’)

HOMO-2 (37a’)

Figure 2. Molecular orbitals involved in the low-lying electronic
transitions of PQ.

To determine the profile of the potential energy path along
the reaction coordinate leading from the normal (PQ-N) to the
tautomeric (PQ-T) form via a transition state (PQ-TS), geom-
etries of these three stationary points were optimized in the S
and § states. All the stationary points were optimized assuming
Cs symmetry. The corresponding structures of PQ, with the two
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Figure 3. Optimized structures of PQ-N (top), PQ-TS (middle), and

PQ-T (bottom). The two most important structural parametrsnd
R., are given in Table 2 for thes@nd S states.

in Figures 1 and 3. In the tautomer, the H5 proton is covalently
bonded to the N1 atom of the six-membered quinoline-type ring.
Upon passing the transition state, PQ-TS, the molecular
geometry is accompanied by a large rearrangement of the
aromatic ring backbone bonds relative to the PQ-N and PQ-T
equilibrium structures. In the excited state, the largest change
is the shortening of the NAN4 distance from 2.87 A in PQ-

N* to 2.45 A in PQ-TS*, respectively (an asterisk denotes
structures in §. Table 3 contains the energetics of the proton
transfer reactionAE refers to the electronic energy difference
between the corresponding stationary points, willd, ad-
ditionally includes the zero point vibrational energ&ZPE)
correction term tAE. Table 3 also shows the relative energies
with respect to the most stable structures in thar®l S states.

In the ground state, the PQ-N form is found to be the lowest
energy structure. The PQ-T tautomer is calculated to be higher
in energy than PQ-N by 18.6 kcal/mado). The energy barrier

to the intramolecular proton transfer i S equal to about 38
kcal/mol. The relative stability of PQ-N* and PQ-TS* is,
however, reversed in;S The tautomer now becomes the most

most important structural parameters of the proton transfer path,energetically stable structure, lower in energy than PQ-N* by

R; andRy, are shown in Figure 3. The valueskf andR; are
collected in Table 2. In the normal form, the H5 proton is

about 16-17 kcal/mol. This clearly demonstrates that the proton
transfer reaction from PQ-N* to PQ-T* is an energetically

attached to the N4 atom of the five-membered ring, as shown favorable process in ;S However, in agreement with the
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TABLE 2: Selected Distances R;, A) and Angles @;, deg) Calculated for the Stationary Pointg along the Proton Transfer
Coordinate in PQ—(H20), in the Ground State (in Parentheses) and the First Excited Singlet State

PQ PQ-H0 PQ-(H0).
R and®; N TS T N TS T N TS TS T
R 2.63 1.34 1.01 1.67 1.26 1.02 1.67 1.14 1.02 1.02
(2.79) (1.46) (1.02) (1.82) (1.13) (1.05) L78) X (1.09) (1.03)
Re 1.01 1.26 2.55 1.02 1.24 1.89 1.02 1.38 1.94 1.95
(1.01) (1.42) (2.54) (0.99) (1.42) 1.72) (1.00)  —X (1.51) (1.84)
Rs 1.73 1.44 0.99 1.03 1.09 1.15 1.77
(1.91) (1.24) (1.02) (1.02) - (1.16) (1.68)
Ry 1.04 1.12 1.80 1.79 1.51 1.34 1.00
(1.02) (1.26) (1.67) (1.91) - (1.16) (1.01)
e, 165.7 167.3 167.9 175.6 171.0 153.7 154.4
(165.3) (165.7) (168.9) 1731 ) (164.8) (154.6)
0, 156.1 158.7 160.1 162.1 169.1 175.3 177.4
(158.9) (160.8) (160.4) (163.8) ) (175.6) (178.9)
0; 162.3 167.3 160.8 163.2
(161.7) [ (168.5) (164.1)

aN, normal; TS, transition state; T, tautomer.

TABLE 3: Proton Transfer Energetics (kcal/mol) for the Calculated Stationary Points along the Proton Transfer Reaction Path
in PQ—(H0),

energy (kcal/mol)

S state S state
structure stationary point AE AHg AE AHg

PQ N 0.0 0.0 0.0 0.0

TS 37.8 20.9

T 21.0 18.6 —=17.2 —-16.4
PQ—HO N 0.0 0.0 0.0 0.0

TS 16.1 3.0

T 14.6 12.7 —-12.5 -11.8
PQ—(H20), N 0.0 0.0 0.0 0.0

TS, 17.8 5.6

TS 1.5

T 12.8 12.6 —-12.0 —11.4

spectroscopic results obtained for nonpolar and aprotic solvents, The tautomerization energetics is summarized in Table 3.
the large energy barrier makes the photoinduced proton transferSimilarly to a bare PQ molecule, the P®,0-N form is found
to be a process of very low probability in the isolated PQ to be more stable ingSThe situation is reversed after electronic
molecule. excitation, so that PQH,O-T* corresponds to the global energy
PQ—H,0O Complex. The effect of hydrogen bonding of water ~minimum on the $surface. The cyclic H-bonding with water
molecules on the proton transfer reaction in PQ was first studied decreases the energy difference between the normal and
for a 1:1 complex. To understand the dual fluorescence tautomeric structures to approximately-123 kcal/mol in the
phenomenon, the geometries of the H-bonded complex of PQS, and § states. However, a much larger effect is observed for
in the normal (PQH20-N*) and tautomeric (PQH0-T%) the double proton transfer energy barrier. The formation of the
forms were optimized in the;State using the adiabatic TDDFT  cyclic 1:1 complex does not introduce steric strains in the
methodology. The geometry of transition states {fQO-TS¥) hydrogen-bond network. This has the large effect of stabilizing
lying on the proton transfer reaction path betweenP{0- the transition state. In;Sthe barrier height to double proton
N*and PQ-H,O-T* was optimized. The stationary points Were  5nqfer AE, is reduced to approximately 3 kcal/mol. The
also located for the back double proton transfer cycle-PQ geometry of PQ-H,O-TS* shows that the two protons move
H20-N - PQ—HZO'T on the s-sta_te sgrface. Th.e str_ucture of asynchronously. The water proton starts moving to the quinoline-
the _correspondlng stationary points is shqwn in Figure 4. A type nitrogen atom before the pyrrole proton detachment is
cyclic structure with two hydrogen bonds is found to be the .7:. . . .
most energetically stable in both P®,0-N and PG-H,O-T |n|_t|ated, so that in PQH,O-TS* this proton is found to be
midway between the water oxygen and the nitrogen atom, as

in the $ and S states. The topology of the H-donor and .
H-acceptor centers of PQ favors the formation of two almost seen frgm thek, and R, distances equgl tq 1'2,6 and 1.24 A,
linear hydrogen bonds with very similar lengths and angles respectively. In the ground state, the situation is reversed. Thus

(Table 2). In S, the hydrogen bond is strengthened compared the geometry of PQH,O-TS is found to be closer to the
to S in both normal and tautomer H-bonded complexes, so that tautomeric structure PQH,O-T. Therefore, a rate-determining

the water molecule moves much closer to PQ. The transition- Pack proton transfer step is the shift of the water proton toward
state structure PQH,O-TS along the double proton transfer the nitrogen atom of the five-membered ring, as seen from the
reaction coordinate was also determined in ther®l S states correspondindRs and Ry values in Table 3. The calculations
as shown in Figure 4 and Table 2. Only one transition state is predict that the tautomerization in the 1:1 PR.O complex
located along direct PQH,O-N* — PQ—H,O-T* and back occurs by concerted, asynchronous double proton transfer
PQ-H,0-N — PQ-H,O-T proton transfer paths, and no other assisted by a water molecule in both theaBd S states. It is
stable intermediates are found. important to note that, contrary to the case of an isolated
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energy can be compared with the absorption maximum of 2.5
and 2.8 eV im-hexane and 1-butanol for a chemical model of
the PQ tautomer, in which the hydrogen atom at the quinoline
nitrogen is substituted by a methyl grotipl he two fluorescence
bands of PQ in alcohol solutions are located at 3.2 and 2.1 eV,
respectivelyt112The TDDFT values for the S— S; transition,
computed at the equilibrium P€H,O-N* and PQ-H,O-T*
geometries, are found to be 3.03 and 1.85 eV, respectively, about
0.2 eV below the corresponding fluorescence maxima.

PQ—(H20), Complex. Different types of H-bonded solvates
were found in the case of 1:2 PQ:water stoichiometry. The first
group of PQ-(H,0), solvates has a structure similar to that of
the above-described 1:1 cyclic P®,0O complex. In these
species the first water molecule is also cyclically H-bound to
PQ, whereas the second water molecule acts as a member of
the outer solvation shell, so that it attaches to the first water
molecule, as either an H-bonding donor or an acceptor.
Regarding the proton transfer reactivity, this set of H-bonded
solvates is expected to be similar to the 1:1 cyclic-RQO
complex. In terms of energy criteria, however, these-P)0),
species are found to be less energetically stable compared to
another 1:2 cyclically H-bonded solvate. The most energetically
favorable 1:2 complex has the structure in which two water
molecules form a cyclic H-bond chain connecting the pyrrole
N—H hydrogen and the quinoline-like nitrogen atoms (Figure
5). In such an H-bonded solvate, cooperative triple proton
transfer through water bridges is possible. The structure of the
stationary points along a triple proton transfer reaction path in
PQ—-(H20), is shown in Figure 5. The most important geo-
metrical parameters of the H-bonded network are collected in
Table 2.

Contrary to P@-H,O-N, where the two H-bonds are almost
equal, the H-bond network in P€H,0),-N is characterized
by some steric strain. This strain is partially reduced by out-
of-plane distortions of the triple H-bond chain, so that the
oxygen atom of one water molecule is shifted below the
molecular plane of PQ. Upon electronic excitation {p me
strengthening and shortening of the H-bonding chain occurs in
PQ-(H20),-N* (Table 2). The lengths and angles of two
H-bonds formed by PQ show that in PQH,0),-N* the N---
H—0O bond with the quinoline-like nitrogen is more favorable
than the N-H---O bond with the pyrrole moiety. The H-bonding
preference is reversed in the P@H,0),-T* tautomer, so now
the H-bonding with the nitrogen atom of the five-membered
ring is characterized by a shorter and more linear H-bond (Figure
5). Thus, contrary to the cyclic PEH,O complex, in which
the H-bond lengths and angles are almost optimal to facilitate
molecule, the proton transfer through the hydrogen-bond water-assisted tautomerization, a significant rearrangement of
network requires only minimal deformation of PQ skeleton upon the H-bonded network is expected to occur during N*T*

PQ-H,O-T

Figure 4. Optimized structures of the stationary points along the double
proton transfer reaction coordinate in P&,O. The most important
structural parameters are collected in Table 2.

passing the transition-state region.
The effect of hydrogen bonding with one water molecule on

proton transfer in the cyclic PQH20), structure.
The mechanism of proton transfer from the pyrrole to

the photophysics of PQ is summarized in Table 4. The vertical quinoline moieties through the water bridge has been studied

excitation energies were calculated fay &d S equilibrium

for the PQ-(H20), cyclic complex, considering the possibility

geometries at the TD-B3LYP/cc-pVDZ level, so they correspond of multiple proton transfer steps and transition-state structures
to electronic transitions in absorption and emission, respectively. between the PQ(H20)>-N* and PQ-(H20)-T* forms. In S,

To verify that no excited-state crossing occurs and, also, thattwo transition states, T.S and TS*, along the triple proton

the double proton transfer proceeds adiabatically, the corre-transfer path are found (Figure 6). The first transition statg®, TS
sponding excitation energies were also calculated for the corresponds to highly asynchronous concerted proton movement.
transition-state structure PQH,0O-TS. A general trend of  The three protons are shifted asynchronously along the H-
hydrogen bonding on the vertical excitation energies in-PQ bonded chain, and in TSthey are found to be at quite different
H,O-N compared to isolated PQ-N is that the* states are stages of their translocation. The transfer of one proton from
stabilized by approximately 0.2 eV, whereas the lowest n  the water molecule to the quinoline nitrogen atom is almost
state is shifted to higher energy b40.25 eV. The lowest singlet  complete, whereas the other two protons participating in
excitation energy of PQH,O-T is calculated at 2.75 eV. This  tautomerization are still covalently bonded to the corresponding
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TABLE 4: TD-B3LYP/cc-pVDZ Results for the Cyclic Complex of PQ—H,0O: Vertical Excitation Energies (eV) Corresponding
to Absorption and Emission with Corresponding Oscillator Strengths )

absorption emission
state vertical excitation energy f state vertical excitation energy f
PQ-H,0-N
2'A (7o) 3.71 0.0228 2A (r*) 3.03 0.0198
3A (q*) 3.82 0.0435 3A (%) 3.60 0.0471
A (77*) 4.60 0.0640 AA (™) 4.51 0.2460
5'A (%) 4.82 0.4101 BA (70%) 4.81 0.0017
6'A (nz*) 4.90 0.0020 6A (n*) 4.85 0.0024
7*A (r0*) 5.07 0.0013 TA (7%) 4.86 0.1347
PQ—H,O-TS
2'A (™) 3.04 0.0170 2A (77*) 2.65 0.0138
3A (*) 3.13 0.0802 3A (%) 3.30 0.0623
4A (7*) 4.04 0.0415 aA (™) 4.29 0.1240
5A (nz*) 4.39 0.0022 BA (7t*) 4.33 0.0467
6'A (r77*) 454 0.2026 6A (nr*) 4.39 0.0005
A () 4.58 0.0783 TA (r*) 4.67 0.1324
8'A (70*) 5.04 0.0002 8A (70%) 4.96 0.0013
PQ—H,O-T
2'A () 2.75 0.0100 2A () 1.85 0.0069
3A (*) 2.85 0.0983 3A (%) 2.65 0.0773
A (™) 3.81 0.0364 aA (nT*) 3.76 0.0003
5'A (nz*) 4.32 0.0004 BA (%) 3.81 0.0876
6'A (7t*) 4.46 0.2603 6A (r*) 4.29 0.1161
7*A (r0%) 461 0.0007 TA (70%) 4.35 0.0023

heavy atoms (Table 2). In the PSstructure, one hydrogen atom  in Figure 6, a rapid proton hopping should also occur between
is transferred entirely from the water cluster to the quinoline the two oxygen atoms of the water dimer during the H-bond
nitrogen, whereas the NH hydrogen detachment and its network rearrangement taking place along the reaction path TS
movement toward the water dimer are only initiated. This — TS:*. Second, a local energy minimum should exist between
difference in the sequence of the proton transfer steps i TS the TS* and TS* transition states on the;Shypersurface.
and T$* can also be seen based on the correspon&ifiB, However, no other stable excited-state intermediate could be
andRs/R, distance pairs in Table 2. The different nature of the optimized in the region of the;$iypersurface between the FS
limiting step of collective proton transfer in these transition states and T$* energy maxima. This is mainly because the TDDFT
is also revealed by their imaginary frequency values. These excited-state optimization procedure encountered a wave func-
values are found to be 453i and 3397i¢nfor TSy and TS, tion instability. Further rearrangement of the H-bond network
respectively. The detailed structure and high amplitude motions along the Tg — TS,* path resulted in the appearance of
of the protons involved in the proton transfer process are shownspurious solventsolute charge transfer excitations, so that the
in Figure 6. It is also interesting to consider the energetics of TDDFT excited-state optimization procedure was becoming
both transition states. Th&E energy barrier between the PQ unstable due to a decrease of the HOMQJMO energy gap
(H20)-N* form and the corresponding transition states is of the system. This deficiency in the TDDFT methodology has

calculated to be 5.6 and 1.5 kcal/mol for ;FfSand TS, been reported for solvated acetone studied by ab initio molecular
respectively. dynamics method¥®:611n this aqueous system, thermal fluctua-
The analysis of geometry and energetics of the twgf 88d tion and the water ©H bond stretching resulted also in the

TSy* transition states suggests that in the-P®,0), complex broadening of the HOMO energy of the solvated system due to
the complete tautomerization does not occur by a mechanismmixing of the HOMO of the studied chromophore with the
of simultaneous and cooperative movement of the three protonscorresponding occupied orbitals of the solvent. This orbital
along the H-bond network connecting the H-bond donor and mixing results in the appearance of charge transfer excitations
acceptor groups of PQ. This mechanism assumes cooperativavith nonnegligible solvent character.
breaking and re-forming of the three H-bonds. Such concerted The effect of the second solvation shell on the phototau-
H-bond reorganization can, in principle, be expected for water tomerization in the cyclic PO(H.0), complex was studied by
bridges connected by equivalent or similar H-boPd$? In adding extra water molecules, up to PQ:water stoichiometries
PQ—(H20)-N*, the significant nonequivalence of H-bonds of 1:6. These results demonstrated that the appearance of the
causes strong asynchronicity in the collective proton movement.two TS* and TS* transition states along the triple proton
This leads to the situation where only one H-bond is being transfer path in the 1:2 complex may be partially induced by a
broken along the cyclic H-bond network so that, overall, the |ack of proper solvation, so that in the larger solvates the
energy barrier for the proton transfer is reduced. Such behavior cooperative proton movement of the three protons can still occur
can cause the triple proton transfer process to occur by thethrough one transition state. However, this process requires
stepwise mechanism, so proton transfer can occur in two stepssignificant rearrangement of H-bond bridges and, as a result,
through the T§ and TS* transition states. In the first step,  higher activation energies of about6 kcal/mol are needed.
one proton is transferred from the water dimer to the quinoline
nitrogen, whereas in the second stage theH\proton is Discussion and Conclusions
detached and translocated to the nearest water oxygen. The first
step, which is higher in energy, should be rate-determining. Fluorescence spectra of PQ are characterized by a single
Still, this mechanism leaves several open questions. First, asemission band and quite high quantum yields of about 0.25 and
can be seen from the corresponding transition-state structure).16 in nonpolar rf-hexane) and polar aprotic (acetonitrile)
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(-453 cm™)

PQ-(H,0),-TS.*
(-3397 cm’)

Figure 6. Structures of two transition states F&nd TS* on the
triple proton transfer reaction path in the cyclic P(]1.0), complex.

addition to steady-state fluorescence analysis, subpicosecond
time-resolved fluorescence transient measurements have shown
that the Fr band contains two fast decay components with time
constants of; = 0.6-0.9 ps andr, = 6—11 ps, and a slower
decay componentg, with a time constant between 50 and 150
ps, depending on the alconglOn the other hand, the;and
PQ'(Hzo)z'T reveals a fast biexponential rise occurring at the same rate as

Figure 5. Optimized structures of the stationary points along the triple the fa_St initial decay of the j;/emission; no rise time corre-
proton transfer reaction coordinate in the cyclic-R@,0), complex. sponding to the slow decay of;fhas been detected. These

The most important structural parameters are collected in Table 2. €xperiments provided independent additional evidence that the
F1 and F, emission bands originate from different species. The
media, respectivel} In alcohol and water solutions the two fast time components; andz,, observed in the decay of
fluorescence quantum yield becomes very weak. The mostF1 and the rise of f-have been attributed to the presence of
interesting finding is that dual fluorescence is observed in thesetwo distinct cyclic H-bonded complexes of PQ with solvent
solvents. In addition to the first “normal” (FFband, similar in molecules that may differ slightly in H-bond configurations;
the spectral position to the emission observed in polar aprotic however, both of these species are able to undergo solvent-
solvents, another @grband appears at lower energy. The latter assisted proton transfer. Such a kinetic scheme supposes that
has been attributed to the fluorescent product of double protonrapid multiple proton movements occur in a one-step process
tautomerization occurring in a photoexcited cyclically H-bonded and no intermediate species are formed. The longer lived decay
complex of PQ with solvent molecules. The electron density componentrs of the K band has therefore been assigned to
redistribution between the pyrrole and quinoline rings occurring solute-solvent H-bonded complexes not involved in a fast
upon excitation is expected to be the driving force for the excited-state proton transfer. The decay componanisd t,
excited-state tautomerization. An increase of the excited-staterevealed weak temperature and viscosity dependences, in
pKa of the acceptor quinoline nitrogen atom and a decrease of contrast to a strong dependence observedsfdrhe F, emission
the corresponding i, of the donor NH group were found to  could be observed even in glassy alcoholic solutions of PQ at
be ApKy(N) = 9.6 andApK4(NH) = —6.0, respectively! In 123 K, where solvent relaxation is block&dThus, cyclic
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H-bonded species, with appropriately solvated structure for a transfer. For some unfavorable H-bonding configurations the
proton transfer reaction, are formed already in the ground state,N—H bond stretching as an initial stage followed by proton
so they do not require large solvent relaxation around an excitedmovement to the qunoline acceptor center may initiate migration
chromophore. Only when such a relaxation process is enabledof the corresponding hydrogen atom to the surrounding solvent
in liquid solution at higher temperatures does an additional molecules instead of being transferred to the quinoline nitrogen
component appear, corresponding to the decay tign# the atom. This mechanism of the photodetachment of the hydrogen
F, emission. Since this component has no counterpart in the atom from the NH group of pyrrole-containing chromophores,
corresponding rise of the;femission, the decay characterized driven by a repulsivézo* state, has recently been proposed
by 73 corresponds to internal conversion from the photoexcited and experimentally confirmetf:52-65 Thus, the H-bonding
chromophore to its ground state. dynamics around the excited chromophore of PQ induced by
The DFT calculations correctly predict the existence of both Proton movement from the pyrrole NH atom to the qunoline
kinds of complexes in bulk water solution. The ground-state Nitrogen center might potentially switch the proton transfer
binding energies, corrected for basis set superposition errors,/éaction to the reaction of the photodetachment of the NH
are found to be-9.3 and—12.6 kcal/mol for the POH,0 and ~ hydrogen atom to bulk solvent.
PQ—(H20). complexes, respectively. One should note that the
latter value includes a contribution of watewater hydrogen
bonding. The calculation for a water dimer using the same mode
and basis set yielded-2.6 kcal/mol as the hydrogen-bond
energy.

The adiabatic TDDFT calculations demonstrate that the S <l (b)ST?_{ngggCésAésEsl_Bayoumi' M. A.; Kasha, MProc. Natl. Acad.
— 81 ex_c_ltatlor_l of the isolated molecule of PQ is accor_npamed '(2)' Waluk, J.: Grabowska, A.: Pakuta, B.: Sepiol,JJ Phys. Chem.
by significant intramolecular transfer of electron density from 1984 88, 1160.
the pyrrole ring to the quinoline fragment, so that the acidity (3) Waluk, J.; Komorowski, S. J.; Herbich, J. Phys. Chem1986
of the N—H group and the basicity of the quinoline moiety are 90. 3868.

. . . . (4) Kwon, O.-H.; Lee, Y.-S.; Park, H. J.; Kim, Y.; Jang, D.Ahgew.
increased. Thus, in agreement with experiment, the proton cpem. int. Ed2004 43 5792.
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