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TDDFT, RI-CC2, and CIS calculations have been performed for the nondissociative excited-state proton

transfer (ESPT) in the ;Sstate of 7-hydroxy-4-methylcoumarin (7H4MC) along a H-bonded water wire of
three water molecules bridging the proton donor (OH) and the proton acceptd)(Groups (7THAME

(H20)s). The observed structural reorganization in the water-wire cluster is interpreted as a proton-transfer

(PT) reaction along the # solvent wire. The shift of electron density within the organic chromophore
7HAMC due to the optical excitation appears to be the driving force for ESPT. All the methods used show
that the reaction path occurs in ther* state, and no crossing with a Rydberg-typar* state is found.

TDDFT and RI-CC2 calculations predict an exoergic reaction of the excited-state enol-to-keto transformation.

The S potential energy curve reveals well-defin€d minima of enol- and keto-clusters, separated by a
single barrier with a height of 1720 kcal/mol. After surmounting this barrier, spontaneous PT along the
water wire is observed, leading without any further barrier to the keto structure. The TDDFT and RI-CC2

methods appear to be reliable approaches to describe the energy surfaces of ESPT. The CIS method predicts

an endoergic ESPT reaction and an energy barrier, which is too high.

I. Introduction In the excited state, 7H4MC shows four possible fluorescent

The photoinduced proton and hydrogen atom transfer (PT/ SPecies, depending on solvent and pH: eig)(anion A*),
HT) reactions are of great importance in photochemistry and cation €*), and a long-wavelength emitting keto-tautomeric
photobiology. The amphoterous bifunctional molecules whose form (K*), whereas in the ground state only the A, andC
functions become more acidic or basic upon electronic excitation fOrms exist. Therefore, thié* form is an excited-state reaction
undergo proton transfer via H-bonded vicinal groipsncerted ~ Product, which arises from tre* form through proton transfer
biprotonic transfer within a doubly H-bonded dinfecpupled from the acidic (OH) to the basic (€0) group in the excited
proton and electron transférintermolecular double PT with ~ State. The prototropic transformations of 7HAMC have already
solvent moleculés® and PT or HT along a wire of solvent been investigated experimentally in aqueous or aqueous

molecules between two spatially separated functional groupsalcoholic solutions by means of steady-stafe'®227or time-
within the same molecufg?-10 resolved fluorometry3-28 Two different mechanisms of photo-

7-Hydroxy-4-methylcoumarin (7H4MC) is of special interest excited tautomerization processes were discussed in the literature
since (1) there is spectroscopic evidence for excited-state enol-‘dissociative” two-step pathways via the* or C* specie$*
to-keto tautomerization in aqueous solution and (2) its enol form and a nondissociative one-step reactioredf— K* tautomer
possesses a proton donor group(d) at a large distance to a  conversion'>16The spectroscopic and kinetic measurements in
proton acceptor group (€0) so that direct intramolecular PT  hydroxylic solvents suggested that a concerted bifunctional
is not possible (Figure 1a). Electronic excitation to thestate proton transfer through water molecules is the most probable
strongly modifies the acidbase properties of 7H4AMC, rendering  process>6 The presence of water favors the excited-state
the hydroxyl group more acid,0pKa ~ 7.7) and $ (pKa ~ tautomerization: with an increase of the water content in water
0.45)11 7H4AMC has been widely investigated both from alcohol mixtures th&K* band grows at the expense of th&
experimental and theoretical viewpoiht$ 18 because of its  band.
remarkable photophysical properties, utilized in diverse areas  7-Hydroxyquinoline (7HQ) has also been studied intensively
such as fluorescent indicators and laser dye colorants, nonlineaizs a model for nondissociative proton transfer through a wire
optical chromophores, and excellent probes for studying sol- of solvent moleculed8102%37 |n 7HQ-(NH); clusters, $—
vation dynamics in homogeneous solutions and organized s, photoexcitation of 7HQ triggered hydrogen transfer along
mediai?*® Hydroxycoumarins (HCs) are well-known natural  the ammonia chain. In contrast, supersonic jet cooled 7HQ
products;® which have been described as enzyme inhibitors, (H,0), water-wire clusters witm = 1—6 have not shown

as agents with anticoagulatitspasmolytic? and anticancer  gyidence of hydrogen transfer along the water Wras

ivity 23 i il . . .
activity >* as sun protection ageritsand as pesticides. Electronic structure calculations on the ground and excited states
* Corresponding author. E-mail: hans.lischka@univie.ac.at (H.L); Of 7HQ(NH3)s have shown that the;®nol— keto tautomer-
ntrend@svr.igic.bas.bg (N.T.). ization arises from a curve crossing of thes* with an
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Figure 1. Optimized structures dE-(H.0)s (a) andK+(H20)s (b) in S and S(z*) states at the DFT/SVPD level;®ond lengths are denoted
by an asterisk.

optically darklzo* statel® The importance of thérz*/1zo* on the applicability of the TDDFT method to ESIPT processes
crossings for the hydrogen-transfer processes has been pointetias shown that the B3LY#P functional seems to be reliable
out originally by Sobolewski and co-worket® 41 because of the good agreement with RI-CC2 redéifhe RI

7H4MC, with its OH proton donor group and &0 oxygen approximation was used in CC2 calculations as described in
proton acceptor atom, appears to be a suitable model for therefs 46 and 47 with excited-state analytic gradients developed
theoretical study of the excited-state eroketo tautomerization by Kohn and H#ig.>® The RI basis set used in the RI-CC2
in aqueous solution via a nondissociative mechanism. The calculations is described in ref 52. For comparison, the CIS
7HAMC:(H,0); cluster model used here with three water-wire method was also applied.

molecules is different from 7HQNHz)s in relation to the type For the construction of the reaction path, the coordinate-driven
of the acceptor site (O/N) and the type of solvent wire@H  reaction path approach has been adopted, i.e., for a given value
NHs). of R(O1—H;) (Figure 1a) all remaining coordinates have been

The goal of our work is to investigate theoretically the optimized for the §nn*) state. The @—H; coordinate was
reaction path of the nondissociative proton-transfer reac- increased stepwise by a 0.1 A increment. The geometry
tion of 7-hydroxy-4-methylcoumarin in the excited-state using optimizations in the ground and in the(5r7*) states have been
the 7HAMG(H20); cluster model. Due to the size of the performed using DFT/TDDFT together with the S\VAR(in Cs
7HAMC-water cluster, time-dependent density functional theory andC, symmetry) and SVPD (SVWPdiffuse functionsy basis
(TDDFT)*>"%4 has been selected as a computationally efficient sets (inCs symmetry). Diffuse functions for the C, O, and H
method for excited-state calculations. It has the potential to give gtoms (one s and one p set) were added to the standard SVP
relrsuilt's of accuracy comparable to thg CASPTZ method and ispasis set (C, O [3s2pld], H [2s1p]) in order to improve the
significantly better than CI$: The applicability of TDDFT for  gescription of the negatively charged molecular regions. The
calculation of potential energy profiles of ESPT along a exponents of the additional basis functions were obtained by
H-bonded solvent wire is much less known. To avoid possible gjyiding the smallest respective exponent of the SVP basis sets
artifacts of TDDFT, the approximate coupled cluster singles py 5 factor of 3, giving for Cos = 0.0436 andx, = 0.0509,
and doubles method (CC®)augmented by the resolution-of-  for o ¢ = 0.0851 ando, = 0.0921, and for Hxs = 0.0406
the-identity (RI) methotf has been used to assess the reliability 44 op = 0.2667. The final contracted basis set of SVPD is
of TDDFT in the present study. This procedure has already beenss3p1d] for the O and C atoms and [3s2p] for the H atom.
successfully followed in previous ESIPT studfesand in Further, single-point calculations along the reaction path have
investigations on the excited-state properties of 7H4¥The been performed with the TDDFT/SVPDD (SVPB one

configuration interaction. methc_>d with singles (QIS) has been 4qditional diffuse s function on the heavy atoms and on the
mainly used for comparison with the aforementioned calcula- hydrogen atoms, @s = 0.01453, Oos = 0.02837, Hos =

tions on the 7HQNHz)s complex. To explore the possibility 4 91353) cc2/sv(P), CC2/SVPD, and CIS/SVPD methods.
of excited-state crossings in the course of the PT process, thep;trse basis functions are of crucial importance for the

energy profiles of the low-lyingr*, nr*, and o™ states have  yegcrintion of the excited-state surface involved in the hydrogen
also been calculated. Natural population analysis in the excited atom transfer reaction. as was shown for the eteto
state is performed to decide whether proton or hydrogen atom., tomerization of 7HENHS3)3.° For comparison, in the latter

transfer occurs during the enot* keto* tautomerization. work diffuse functions with exponents of, = 0.0119 anch,
= 0.0374 have been added to the four hydrogen atoms of the
ammonia wire.

The TURBOMOLE program packatfehas been used for the Intermolecular interaction energies were computed in the
DFT, TDDFT# 44 RI-CC24750and CIS calculations. Analytic ~ ground and in the excited states using the counterpoise (CP)
TDDFT gradients have been calculated using the variational procedure to compensate for the basis set superposition error
TDDFT formulation of Furche and AhlricH€.Previous studies ~ (BSSE)%>*57 Solvent effects on the ground-state and on the

II. Computational Procedures
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TABLE 1: Relative Energies, kcal/mol, Calculated at the TDDFT/SVPD, RI-CC2/SVP, and CIS/SVPD Levels

Si(m7*) (TDDFT) Si(z*) (TDDFT/CC2/CIS)

symmetry species o$DFT/CC2) S, optimized geom S: optimized geom
Cs E-(H20); 0.0/0.¢ 0.00 0.0/0.0/0.6
Cs K+(H;0)s 18.7/20.8 -0.6 —4.6/-7.4/5.7
C E-(H20); -0.9 -0.9 -1.6
C K+(H20)s 17.8 -1.6 —5.7
Cs E-(H20)3(H20), 0.0¢ 0.C? 0.0
Cs K +(H20)3(H20)2 18.0 (15.09 —-1.3(~2.8y —5.0 (3.7

aTotal energies:=839.887 014+837.902 006 aLP Total energy: —839.743 391 aLf. Total energies:—839.748 506/ 837.891 535+835.299 029
au. 9 Total energy: —992.590 533 aif Total energy: —992.445 787 au.Total energy: —992.451 271 aw PCM calculation with th&g-optimized
geometry in the gas phasePCM calculation with the5;-optimized geometry in the gas phase.

excited-state properties of 7TH4AMC were examined using the
polarizable continuum model (PCM) of Tomasi ef@l® as
implemented in the GAUSSIANO3 packagfeTo describe the
specific interactions of 7H4MC with the solvent, two cluster
models are considered, 7H4ME,0); and 7H4AMC(H,0)s-
(H20),. The 7THAMC(H20)3(H20), cluster contains in addition
one water molecule bonded to the=O group (R,+:+O=C) and
another one bonded to the COH groupw{HO(H)C). The
solvent effect on the vertical excitation energy of 7H4MC

tautomer in the excited state. The structure<insymmetry
showed lower energies (byl kcal/mol) in comparison with
the correspondings structures. Since the relative energies of
the E and K cluster tautomers obtained wite; or Cg
calculations are very similar, th@s calculations are predomi-
nantly used for reasons of computational efficiency. The effect
of the out-of-plane distortions is discussed below.

The solvent effects were considered through augmenting
7H4MC-(H,0); by two additional water molecules (specific

(H20)5(H20), tautomers was computed using the optimized g4y ation): one attached to the enol group and the other one to

ground-state structures ir] the gas phase. The solvent effept Olthe carbonyl group and by using additionally the PCM method
the fluorescence properties was calculated for the optimized (global solvation). As can be seen from Table 1, both cluster

excited-state structures. The electron density differences of the ;

. . models, 7TH4AME(H,0); and 7H4MCG(H,0)3(H20),, give close
ground and the excited states of 7H4MC species have beenrelative eneraies with differences up to 1 kcal/mol ine&d
computed with the CIS method and the SVP basis set using the g P 3

GAUSSIANO3 program. The CIS/SVP method has been used

for a natural population analysis in the ground and in the excited
states’?
Ill. Results and Discussion

III.A. Energetic Properties of the Tautomerization Pro-
cess The photophysical properties, the energetick aind K

states. The PCM model produces a stabilization okth@l,0)s-
(H20);, cluster in the $state and a slight destabilization of the
K+(H20)3(H20), in the § state. In total, theK form is
energetically favored in the,Grr*) state, demonstrating the
energetic feasibility of proton transfer from tie to the K*
form.

IIl.B. Spectroscopic Data of the 7THAMC(H20), Tau-
tomers. Calculated vertical excitation, emission, and adiabatic

forms, their interactions with two and four water molecules, energies of the 7H4AMQH,0) and 7HAMG(H;0)s(H20)

and bulk solvation effects have been investigated in our previous

study!8 In the Lz* state, theK structure is more stable than
theE structure, both in the gas phase and in the aqueous solutio
(PCM) by 3.5 and 2.7 kcal/mol, respectivéfyIn the present

study we concentrate on the excited-state tautomerization.

process in 7HAMC. The ESPT is modeled along the three
H-bonded water molecules bridging the proton dong(Q+)

and the proton acceptors(3=Cs) groups of 7TH4MC, Figure 1a.
The determination of the equilibrium structures Bf and
K-water clusters and their relative stabilities provides first
information on how the molecular frame readjusts during the
proton transfer. Th&-(H,0); and theK -(H,O); clusters (Figure
1a,b, respectively) were optimized ig &1d S (wr*) states in

Cs and C; symmetries using TDDFT/B3LYP with SV(P) and

SVPD basis sets. Both basis sets gave similar results for the

eometry parameters and the relative energies. In the following, -
g yp d ga}hat both water cluster models reliably reproduce the selute

the discussion is carried out on the structural and energetic dat
obtained at the TDDFT/SVPD level. In Table 1, the relative
energy of theK-(H,0); cluster (calculated with respect to the
E-(H20)s cluster) is given for the $Sand S states. In the §
state, thek-(H,0)s cluster is more stable than thé-(H,0)3
cluster by 18.7 kcal/mol (B3LYP) and hence no enelketo
proton transfer occurs in 7H4M&.In the § state (using the
DFT ground-state geometries) tKe(H»O); structure is more
stable by 0.6 kcal/mol. After excited-state optimization khe
(H20); stability increases to 4.6 kcal/mol. The RI-CC2 method

tautomers are given in Table 2 for the gas phase and in solution
in comparison to available experimental spectroscopic data of

H4MC in aqueous solution (absorption and fluorescence). The

lowest excited state for the tautomers studied is e (Zx*)

in the gas phase and in aqueous solution. As it can be seen
from Table 2, the vertical excitation energy of the enol 7TH4MC
(H20)3(H20), cluster is close to the experimental absorption
data in solution within 0.15 eV. It should be noted that the
comparison of the experimental excitation energy in solution
(3.86 eV) and the calculated one for isolated 7H4AMC (4.13%V)
indicates a negative solvent shift. In agreement with this finding
the calculated solvent shifts of 7TH4AME!,0)s, 7TH4AMC:(H,0)z-
(H20),, and 7H4MC(H20)3(H20), in solution with respect to
the isolated 7H4MC are also negative. The continuum model
only slightly increases the vertical excitation energy, indicating

solvent interactions. Experimental absorption data fokttierm
are not available because of its instability.

The vertical fluorescence energiessfvater clusters amount
to 3.63, 3.64, and 3.71 eV, depending on the cluster type and
the environment (see Table 2), and are about 0.5 eV larger than
the experimental value of 3.18 eV. The computed gas-phase
fluorescence energy of the isolatédform is 3.73 eV48 and
the major source for the discrepancy to experiment was already
discussed there. Both-water clusters show larger fluorescence

gives analogous trends and thus supports the reliability of the energies (2.38, 2.41 eV) than that of the isolatetbrm (2.28

DFT results. As distinct from TDDFT and CC2 methods, the
CIS calculations predict the-(H,O); cluster as the more stable

eV)!®and thus tend toward experiment (2.61 eV). Furthermore,
due to the positive solvent shift obtained with the PCM model,
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TABLE 2: TDDFT/SVPD Vertical Excitation (abs), Emission (fl), and Adiabatic (m—m) Energies, eV, of the Singlet Excited
States of Water-Wire 7H4MC Tautomer Clusters (vs, Stokes Shift}p

geometry state abs fl m Vst
E-(H20); 21A (7t7*) 3.91/(0.285) 3.63/(0.266) 3.77 0.28
3'A (™) 4.32 (0.003)
1A (no*) 4.92
K-+(H20)s 2'A (™) 3.07 (0.266) 2.38/(0.107) 2.76 0.69
3'A (™) 4.15 (0.056)
1'A (nz*) 3.42
E-(H20)3(H20). 2'A (™) 3.94 (0.312) 3.64 (0.286) 3.79 0.30
4.017,3.86>16(0.337) 3.7Y,3.18516(0.313)
3'A (™) 4.31 (0.005)
4.427(0.003)
1A (nor) 5.11
5.08"
K +(H20)3(H20)2 2A (7umr¥) 3.10 (0.243) 2.41(0.114) 2.79 0.69
3.24v(0.281) 2.69,2.61:516(0.134)
3'A (™) 4.07 (0.066)
4.24¥ (0.050)
1'A (n*) 3.66
3.89%

2 Oscillator strengths of thes* state are given in parentheses. Oscillator strengthsA$transitions are less than 18 ® Experimental values
in solution are presented in italicSuperscript w indicates PCM calculations (water solvent) with optimized structures in the gas phase.

the calculated fluorescence energy of feluster (2.69 eV) The survey of the structural and energetic data reveals that,
is in very good agreement with experiment in aqueous solution. among the clusters studied in thg Sate, the water-wire enol
Since the addition of two water molecules to the 7H4MC cluster offers the largest acidity and basicity of 7H4MC, which
(H20); clusters showed only a relatively small influence on the increases further in the first excited state. Moreover, by
solvation energies, we continued our studies on the proton- excitation to thewsn* state and during the PT process the
transfer process using the simpler 7H4ANIE;0); model. hydrogen bonds are strengthened in relation to the ground state
III.C. Calculated Equilibrium 7H4MC -(H,0)3 Structures and assist the PT through the H-bonded water wire. The incipient
and Hydrogen Bond Energies.A survey of the calculated  proton transfer manifests itself via structural changes at the
structural parameters &water and -water chains is presented  proton injection site at the ©8-H; group of E-(H,O)s, since
in Figure 1. Comparing with the isolatdgistructure, the ©- the calculated ©-H; bond length greatly elongates in the S
H; bond of theE-(H,0)s; cluster is stretched by 0.02 A innS  state relative to the isolatel molecule. Also, the calculated
and by 0.03 A in the Sstate; see Table 1S of the Supporting enok0;---O, distance in § 2.66 A (2.64 A inC, symmetry),
Information. Upon excitation oE-(H20)s, the (Q)H1***Ooua is close to the typical ©-O distances in proton-transfer systems,
bond is shortened by0.11 A and the =05 bond is elongated  e.g., 2.55 A, calculated for thegB,* cation®4 For comparison,
by 0.015 A. The elongation of the 1©H; bond and the the larger @-O distance (2.72 A) for 7HQH.O); in the excited
shortening of the (QHj:--O,y1 bond in E*-(H,O); facilitate state, calculated at the CIS/6-31G(d,p) level, did not support
the deprotonation process and the proton transfer to the solventhe PT along the water wir®.
molecule. The =05 bond elongation produces an increase of  1ll.D. Potential Energy Profile of the Excited-State Proton
the proton affinity of the @ atom. It was found that upon  Transfer. In Figure 2 we present the minimum-energy path
excitation the formation energy d&*-(H,O); with respect to profiles along the PT reaction coordinate in the lowest excited
three isolated water molecules becomes more negative by 3.5state calculated at various computational levels. The coordinate-
kcal/mol, which is in agreement with the contraction of H-bond driven reaction path approach has been used for the description
lengths, Table 2S of the Supporting Information. Moreover, in of the proton transfer as it was described in Computational
the S state, the calculated interaction energy of the- D,y Procedures. Points—16 of the PT coordinate (Figure 2)
and Hyz--Os bonds ofE*-(H,O); computed as the energy correspond to the optimized structures with fixed and consecu-
difference betweert*-(H,0); and the (HO); chain is more tively increased @-H; distances (stepwise by 0.1 A starting
negative by 12 kcal/mol than that f&*-(H,O),!8 (Table 1S). from the enol form, point 1Ro1n1 = 1.000 A). Starting with
This result further illustrates the strengthening of the H-bond the approximate saddle point (point no Rb;r1 = 1.696 A) of
in the water-wire cluster. the PE curve a spontaneous, barrierless proton-transfer process
The longer @—H; and G=0s bond lengths and the shorter  during the geometry optimization is observed leading to the keto
Hj:++Ozw1 and Hyys++Os distances in thé&* -(H,0); complex form. The points of the PT coordinate after the saddle point
as compared to those of the opEh+(H0),18 and theE*- correspond to selected structures of the geometry optimization
(H20)418 clusters suggest cooperative effects that reinforce the process of the spontaneous PT. Corresponding Cartesian
proton acceptor and proton donor properties of the solvent coordinates are collected in the Supporting Information. The
molecules, Table 1S. These cooperative effects are also presenselection of these points is to some extent arbitrary. Our main
in the ground state but are larger in the excited state. On the point was to show the existence of the just-mentioned barrierless
other side, in our previous study we found that the H-bonded path. It is clear that even more favorable reaction paths will
0;—Hj group of 7H4MC produced an increase of the carbonyl exist. Corresponding intra- and intermolecular OH bond dis-
Os basicity, whereas the H-bonded carbonyl €aused a tances computed at the TDDFT/SVPD level are depicted in
stronger proton donor ability of the OH gro&pTherefore, a Figure 3. In the first step, the PT was computed on theu#face
cooperative effect along the entirg-HO;—C;+--C5s—0Os chain underCs symmetry restriction for a planar arrangement of the
of the coumarin ring (Figure 1) is observed also when its donor water molecules. The increase of the-M; distance leads to
and acceptor groups are H-bonded with the solvent molecules.a concomitant decrease of the-HD, distance and to an increase
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Figure 2. PE profiles of the ESPT reaction pdi — K* of 7TH4MC

along the water wire in the,§zsr*) state calculated at different levels

of theory. Energies are given relative to the ground-state energy
minimum of the respective method. Points@ of the PT coordinate
correspond to the optimized structures with fixed and consecutively
increased ©@-H, distances (stepwise by 0.1 A starting from the enol
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structures of the optimization of the spontaneous PT process starting
at point 7. Point 11 is the keto form.
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indicate the positions of proton transfer by the points where the
migrating proton is in the middle between its two oxygen atoms. For
atom numbering see Figure 1.

of the S energy. At the same time, the hydrogen bond distances
H,—0O3 and Hb—0O, decrease, leading to an overall contraction
of the water chain at the very beginning of the PT. At point 7
(O1—H1 = 1.696 A) the (approximate) saddle point is reached.
Continuing with successive optimization steps at this point,
spontaneous PT occurred leading finally to itte (H,O); form.
Points 8-11 were selected from the geometry optimization
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TABLE 3: Energy Barriers ( Ep, kcal/mol) of the ESPT
Reaction of 7H4AMC:(H,0)3 in the S; State Calculated with
Respect to the Corresponding $enol Minimum

geometry method symmetry Ep
TDDFT/SV(P) TDDFT/SV(P) G 15.0
TDDFT/SV(P) TDDFT/SV(P) (o 17.2
TDDFT/SV(P) TDDFT/SVPD Cs 20.7
TDDFT/SV(P) TDDFT/SVPD Ci 20.5
TDDFT/SV(P) TDDFT/SVPDD Cs 20.7
TDDFT/SVPD TDDFT/SVPD Cs 22.1
TDDFT/SV(P) CC2/SV(P) Cs 12.0
TDDFT/SV(P) CC2/SVPD Cs 17.7
TDDFT/SV(P) CIS/SVPD Cs 39.7

Inspection of Table 3 shows a barrier of 15.0 kcal/mol at the
TDDFT/SV(P) level and of 20.7 kcal/mol at the TDDFT/SVPD
level (in Cs symmetry). Extension of the basis set by additional
diffuse functions does not change the energy barrier further.
The CIS barrier height is obviously overestimated (39.7 kcal/
mol). This finding is in line with previous experience reported
in the literature'}:*5Both CC2 and TDDFT methods give energy
barriers quite close to each other (differeneg kcal/mol).

The TDDFT energy profile of the PT reaction was calculated
also without symmetry restriction using the SV(P) and SVPD
basis sets. The nonbonded H atoms of the water molecules were
moved out-of-plane in the cis position. The out-of-plane
distortion of the non-H-bonded H(O2) and H(O4) atoms was
performed into the same direction (above the plane) and the
H(O3) atom was moved below the plane. Among the other
possible rotamers, this cis-rotamer was found to be the most
stable one in 7HH,0):.54 The O atoms of the water molecules
are also located out-of-plane of the coumarin ring. It is worth
noting that the structure at the PE barrier shows a shorter O
H; bond length (1.596 A) inC; symmetry than that irCs
symmetry path R(O;—H1) = 1.696 A). The barrier height in
C, symmetry is slightly changed (up to 2 kcal/mol) with respect
to the one obtained i€, symmetry (see Table 3). The complete
Cartesian geometries oE*:(H;0);, TS*, and K*-(H,O);
structures at the TDDFT/SVPD level © andC; symmetries
are given in the Supporting Information.

To characterize the nature of the lowestsate and of the
other low-lying excited states along the reaction path, PE profiles
of the PT curves have been computed for th&' 23'A", 11A",
and 2A" excited states at the TDDFT/SVPDD level with the
S; optimized structures computed at the TDDFT/SV(P) level
(see Figure 4). For comparison, the PE curve of the ground
state, calculated at thg-®ptimized geometry, is also included
in this figure. The molecular orbitals (MOs), which take part
in the electronic excitations of the enol and keto minima as
well as of the transition state, are presented in Figure 5. The
504 orbital is a lone pair orbital located at the carbonyl moiety.
The 114 orbital is the highest occupied MO (HOMO) and 12a
is the lowest unoccupied MO (LUMO). The ZIOeorbital

procedure in order to represent the remaining geometry changesarticipates in the electronic excitation to the secant state.
of the spontaneous PT. The positions of the proton transfer areMO 514 is a diffuse (Rydberg-type) orbital located on one of

indicated in Figure 3 by broken vertical lines at positions where the water molecules. The different electronic states considered
the migrating proton is in the middle between its two oxygen here are characterized in Table 4 by the dominant orbital
atoms. The figure shows that the proton transfer is performed excitation. TDDFT and RI-CC2 results agree qualitatively very
in subsequent steps in a tightly coupled system ofiD--O well. At the enol side, the first excited state is th\Zz7*)
bonds. The SV(P) basis gave similar results. Calculations with state, followed by the &\'(zz*), 11A"(nz*), and ZA" (wo*)
larger basis sets and also with the RI-CC2 method were states. On extension of the;©H; bond thexo* state is
performed using the SV(P) and SVPD reaction-path geometries.stabilized, crosses with therh state, and thus becomes the
In Table 3 corresponding energy barridfs, are collected using  second excited state (see Figure 4). Simitat stabilization
point 7 as the approximate transition-state structure. It should was found by Domcke and Sobolowe$kfor the phenot

be noted that the ground-state energy curve was always locatecammonia complex and by Tanner et al. for 7igH3)3.1°
significantly below the Scurve and §S; crossing did not occur. However, thero* state of 7THAMC(H,O); does not cross the
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TDDFT/SVPDD state and the first excited state at the CIS/SVP level. Most
12'A(moe) e TN i important for the question of proton vs hydrogen atom transfer
1 A A = e is the charge of the Hand H; atoms in the approximate
13«"@)}

o \“ 5 transition state (point 7). They carry a natural charge of .61
e = i S each, revealing that thez* state reaction of 7H4MC involves
4-3A£’E@"’f \\._ s a proton transfer and hoa H atom transfer. The charge
12'A) b separation leads to long-range polarization effects, which have
3- already been observed above in the form of the strongly coupled
] geometry changes in the water chain. The results obtained are
2. in line with the dominantzz* character of the § state
-~ throughout the reaction path. This finding is in agreement with
b 'A’(So) /- T the population analy3|§ performed by Tanner éfan 7HQ
| P (NH3)3, where for the higher excitedr* state a charge of 0.20
. for the NH; moiety had been found, in opposition t€0.41e
T 2 3T T il % % & o found for thezo* state.
enol . keto The just-described charge separation is also reflected in the
e 4 Protontransf P'I'cc;ord;ne::? i e stat change of the dipole moment. The water chain is approximately
igure 4. roton-transier curves Torpana Iow-lying excited states i i i i
of THAMC (O Calcuated at fhe TODFTISVPDD fevel wis. _ rionis 2009 the 2 coordinate axis (see Figure ©) The lota
optimized structures using the TDDFT/SV(P) approach. Energies are . . .
given relative to the ground-state energy minimum. collected in Table 3S of the Supporting Information. In the
course of the PT the total dipole moment and(in absolute
value) strongly increase in the State up to the approximate

Energy (eV)

TABLE 4: Characterization of the Lowest Electronic States transition state and then decrease to the values of the keto
by Orbital Excitation structure. The increase of the dipole moment correlates well
_ o weight (%) with the charge separation due to the proton-transfer mechanism
state orbital excitation TDDFT/CC2 described in the previous paragraph. The decrease of the dipole
E+(H:0)s moment from the transition state to the keto form indicates
21A(mz*) lla—12a 91/87 increasing charge transfer, which could be considered as a
i Q(W:) éga:ga gég; driving force for the spontaneous ESPT reaction. It should be
TA(nT) a—-sa noted that the isolated enol 7H4MC and keto 7H4MC forms
2A(7ro*) 1lla—51a 96/72 . - . . . . .
transition state (point 7) show opposite direction of the dipole moments inzitérection
1Tl | H
P () 11a 123 94/85 and also support the charge .transfer going from enol to keto.
11A(r0*) 1la— 5la 99/61 To check the TDDFT potential energy curves, RI-CC2/SVPD
3A(r*) 10a—12a 93/77 calculations have been performed also. Corresponding proton-
2'A(nr) S0a—12a 98/96 transfer curves, computed for four excited states, are presented
K+(H20)s in Figure 7a. The calculated CC2 curves for the* and ne*
Z Al 1la-12a 93/91 states show a behavior similar to that for the curves obtained
11A(””*) 0a-12a 99/96 with the TDDFT method (Figure 4). As an important observa-
SATT) 10a-12a o1/89 tion, we find that the PE curve for theo* state is flatter and
2LA(70) 11a-51a 97/69 ,

even more distant to the lowestr* state as compared to the
21A'(n*) state. The calculations show that the latter state 1DDFT case. Therefore, both RI-CC2 and TDDFT methods

remains the lowest excited state throughout the PT reaction path@re in good agreement: the ESPT occurs on theugface,
The same trend was observed also for@eeaction path; see characterl_zed throughout as* state, and no crossing with the
Figure 1S in the Supporting Information. Obviously, the reaction 70 state is found.
mechanism here is completely different from the one observed CIS/6-31G¢)G(d,p) calculations of the ;Senol — keto
in the NH; wire of 7HQ (NH3)3.1° The PE curve of thero* tautomerization in the 7HONH3;)3 system showed a crossing
state shows two shallow minima: the first one corresponds to between the lowestrz* and mo* states!® For the sake of
a structure with the transferred hydrogen atom on the first comparison we performed CIS/SVPD calculations for the
H-bonded water molecule: the second one, with hydrogen atom 7H4MC:(H2O)z cluster. The results are displayed in Figure 7b.
bound to the second water molecule. The calculations confirmed ther* state as the lowest excited
To illustrate the consequences of the just-described orbital state throughout the ESPT reaction path. No crossing between
occupations, in Figure 6 the electron density difference betweenthe zzz* and theso* states was found. On the other hand, the
the ground and lowestz* state is depicted for the saddle- CIS/SVPD calculations predict that both low-lyiRg" states
point structure. The first observation is that this difference is are ofwo* character throughout the reaction path. This result
located almost exclusively in the region of 7H4MC. The electron is at variance with the observed stabilization of the state
density increases on the proton acceptor sit¢ &0d decreases  found with the TDDFT and CC2 methods on the keto side of
on the Q of the proton donor group, indicating an increase of the PT reaction (compare Figure 7b with Figure 4 and Figure
the Q(=C) basicity and a weakening of thg-©H; bond. These 7a). The CIS method predicts that the lowest state along the
density changes facilitate the ES enol-to-keto reaction. More- ESPT is thews* state in agreement with CC2 and TDDFT
over, we can conclude that the shift of electron density within results. However, all excited-state curves are shifted b2 1
the organic chromophore 7H4MC due to the optical excitation eV to higher energies as compared to the RI-CC2 and TDDFT
is the driving force for the ESPT. curves. Moreover, as it has already been discussed in connection
Natural population analyses of all 7H4MEl,0); structures with Table 3, the CIS energy barrier ofi $ significantly
along the reaction path have been performed for the groundoverestimated and the reaction is endoergic (Table 1).
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Figure 5. Evolution of occupied and unoccupied molecular orbitals that contribute dominantly té(the), 2*(z*), (n*), and(wo*) transitions
for the enol, transition state (point 7), and keto structures along the water wire (cutoff value 0.05).

IV. Conclusions

The nondissociative ESPT in 7H4MC has been modeled by
a “wire” of three hydrogen-bonded water molecules connecting
the proton donor (HO) and the proton acceptor=Q) sites.
In agreement with the fluorescence evidence for the existence
of an excited-state keto form of 7H4MC, TDDFT and RI-CC2
calculations in gas phase and solution predicted a lower energy
of the K* structure in comparison td*, pointing to the
energetic possibility of endito-ketd® proton transfer. The
TDDFT and CC2 methods appear to be reliable approaches for
description of the energy surfaces for ESPT of 7H4MC along
a water wire. The Sstate along the reaction path of the ESPT
hasmt* character. No intersections with other low-lying states,
in particular with thero* state, were observed. The Sotential
energy curve shows minima (undeg symmetry restriction) of
enol andketa7H4MC-(H,0); structures, separated by a barrier
of 17—20 kcal/mol. Relaxation of th€s symmetry constraint
has only a small effect on the computed barrier height. The
transition state on the PE curve is characterized by a highly
Figure 6. Electron difference density between thwe* and the ground correlated structure where the first_ proton is completely
state at the TS structure (point 7) of 7HAMB.0)s, calculated with transferred from the enol OH to the first water molecule, the
the CIS/SVP method. The black (or dark blue) regions indicate an proton of the first water is close to the midpoint to the next
increase of electron density and the gray (or red) regions a decrease ofvater molecule, and the OH bond of the second water is strongly
electron density. stretched. During the following optimization steps, spontaneous

PT occurs and the final structure is tke -(H,0)s form.

Preliminary TDDFT investigations on the 7H@Hs); system The observed structural reorganization in the water-wire
using the TDDFT/SVPD method led to a crossing of the* cluster is classified as proton transfer based on the fact that the
andso* states and to a hydrogen atom transfer mechanism aslowest excited singlet state has* character and on population
reported by Tanner et &.Thus, the different transfer mecha- analysis. By excitation to ther* state and during the PT

nisms (proton transfer in the; State of 7H4MC(H,0); and
hydrogen atom transfer inyState of 7HQ(NH3)3) are due to

process the hydrogen bonds are strengthened in relation to the
ground state and assist the PT through the H-bonded solvent

the different system properties and are not artifacts of the wire. The structural and energetic resultsEdr(H,O); suggest

computational methods used.

cooperative effects that reinforce the proton acceptor and proton
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; CC2/SVPD reaction in 7HQ cluster¥:%* The present study revealed that
6 2'A"(no+) P s G PP the type of the proton acceptor sites, N or O, might also play
23 = 2 ’\' : an important role for the PT process.
g1 Anm), = The most extended calculation (RI-CC2/SVPD) gives an
1 31A'{1'm:*).____-—f""'______.__. __""‘---~.\ e energy barrier of 17.7 kcal/mol. This is substantially larger than
%‘ 4-21A'I1E;c:)- \.H_ f the 10.8 kcal/mol for the first barrier reported in ref 10. The
= 3_' * present calculations on the proton-transfer mechanism were
2 7 carried out for the isolated system. It can be expected that the
2 2 ionic mechanism of PT in 7H4M@H,0); will be stabilized in
. /'L'_“"“H-H_,\- polar solvents and the energy barrier could be reduced substan-
141'A(S,) /' . tially, making the ESPT more favorable. Extended investigations
. ./' will be necessary using, e.g., larger cluster models in order to
0 — T T T T T T —T— T obtain more information on solvation effects on the PT barrier
wip 8 SR MRS G R 85 VRO in the excited state.
PT coordinate
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