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Ultrafast Excited-State Proton Transfer of 2-(2-Hydroxyphenyl)benzothiazole:
Theoretical Analysis of the Skeletal Deformations and the Active Vibrational Modes
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The involvement of skeletal deformations in the ultrafast excited-state proton transfer diygi(@xyphenyl)-
benzothiazole (HBT) and the identification of the vibrational modes active in the process are reported. A
multidimensional ab initio calculation of ground and excited states at the HF/DFT and CIS/TDDFT level
renders the relevant portions of the potential energy surfaces around the minimum-energy path connecting
the enol and keto configuration. The frequencies and potential energy distributions of the normal modes and
the corresponding deformations of the molecule are calculated for all minimum-energy geometries. Along
the minimum-energy path, the nuclear deformation is projected onto the relevant normal modes. This normal-
mode analysis shows that mainly five low-frequency in-plane vibrations are associated with the electronic
rearrangement and the transfer of the proton. The theoretical findings are in quantitative agreement with the

experimental study presented in the accompanying paper.

. Introduction 0—H * 0K *
. . ‘N N
The study of excited-state intramolecular proton transfer @_«:@ roton — j@
(ESIPT) has been an active area of research since the first S transfer S
experimental observation of the phenomenon by Weller in the
middle of the last century ESIPT occurs in molecules contain- internal

ing both acidic and basic groups in close proximity that may hv

rearrange in the excited electronic state via a proton or hydrogen

atom transfer. The strong and fast reorganization of the charge o—H 0 -H

distribution resulting from the tautomerization makes these @_{N kT d=<}“

molecules very attractive to design and use in fluorescence SI@ - S]@

sensorg;®laser dyes and LEDS? UV filters,5~9 and molecular _ _ _ _ _
Figure 1. Schematic representation of excited-state proton transfer in

switches!011 Janb TERTE .
. HBT. Photoexcitation initiates proton transfer to the excited keto
The relevant processes connected to ESIPT are shown ingytomer. After internal conversion, the proton is transferred back.

Figure 1 for the case of 2-(hydroxyphenyl)benzothiazole
(HBT). After the optical excitation of the enol conformer, ESIPT
occurs, the covalent bond of the proton with the oxygen atom
is changed to an intramolecular hydrogen bond, and the original
hydrogen bond with the nitrogen atom is changed to a covalent
bond. Later, the molecule returns to the electronic ground state
by fluorescence or internal conversion. Finally, the proton is
transferred back in a thermal process. The emission of the keto
tautomer is strongly red shifted from the enol absorption
spectrum. This scheme is general for all ESIPT systems, and it
is now well established that proton transfer (PT) itself can
proceed on the subpicosecond time séaié? ESIPT proceeds
adiabatically on the Shypersurfac® 3337 whereas the internal
conversion (IC) channel is due to a surface crossing or a conical
intersection and occurs on varying time scafe®:2527.30.34n

conversion

most cases, the PT and the IC can be considered to be decoupled,
as observed in ultrafast pumprobe experiment¥.

ESIPTs ultrafast dynamicskgsipr > 102 s71) challenges
spectroscopy as well as theory, and it requires an understanding
of the interplay between structure, dynamics, and reactivity. The
time scale of ESIPT is comparable to the period of the low-
frequency molecular modes, and one expects a better under-
standing of the process by learning about the vibrational
dynamics that drive and follow the PT. Until recent advances
in the development of tunable sources of ultrashort laser pulses,
information concerning ESIPT vibrational dynamics was limited
to a few resonance Raman (RR) studf$? The new develop-
ments in time-resolved spectroscopy allow the observation of
highly localized wave packets even in large reactive molecular
systems in the condensed phase. In particular, ESIPT was
studied in two-color pumpprobe experiments using 25- to 30-
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locations on the excited-state surface; therefore, the contribution
of the modes to the ESIPT process is still not well established.
The aim of this work is to investigate theoretically the vibrational
dynamics during and after the ESIPT process of HBT and to
provide a well-founded interpretation of the experimental
observations presented in the accompanying pHper.

After the UV excitation of the enol tautomer, the HBT
molecule undergoes a fast structural reorganization. In nonpolar
solvents or anorganic matrices, this reorganization is character-
ized by an emission with a Stokes shift of about 8000 &#1°
This emission can safely be attributed to a cis planar keto
tautomef® that is formed within 170 &2 Lochbrunner et al.
reported a study of HBT's ESIPT with a time resolution of 30
fs?444 and found that the emission signal appears after about
60 fs. The time evolution of the stimulated emission is strongly
modulated and consists of four low-frequency vibrational modes
with a decay time of about 1 ps. smaller PT systerrﬁ;g.'34’36~37’46~48

Recent investigations have shown that the calculation of = A glectronic structure calculations were performed with
reliable potential energy surfaces is possible even for the excited s 5,ssian 982 The Hessian of the potential energy was derived
electronic states of large reactive moleci#es®“°The energet- ¢ o)l stable structures, and the frequencies and normal modes
ics and structural parameters of HBT were determined with \yere determined from it. Because the normal-mode analysis
reasonable accurad?@Howeyer, no theoretical investigation  yg|ies only on the potential shape in close proximity to the
has been performed that precisely models the ultrafast dynamicsyqiiprium, it was sufficient to evaluate the vibrational frequen-
and investigates the involvement of skeletal motions in the Gjas in the $ state at the CIS level. For the State, we were
ESIPT process. To achieve a consistent picture of the complete, e 1o verify explicitly the validity of this approximation by
ESIPT and a detailed microscopic explanation of the ultrafast .o mnaring the frequencies calculated with HF and DFT. No
PT dynamics in HBT, we performed an analysis of the gjgnificant differences were found. The comparison of the S
vibrational modes active in the process and compared these tq,qtential energy surface (PES) around the equilibrium structure
the experimentally observed wave packet mofibA muilti- showed a nearly unchanged shape at the CIS and TDDFT levels.
dimensional ab initio calculation of ground and excited states \ye therefore conclude that the CIS vibrational frequencies are
at the HF/DFT and CIS/TDDFT levels renders the relevant ,.. rate enough for the analysis of ESIPT.
portions of the potential energy surfaces around the minimum-  \yith the REDONG prograrf® we projected the Cartesian
energy path connecting the enol and keto configurations. It ¢ce fields onto a set of redundant internal coordinates. The
allows a discussion of the structural evolution along the reqits were used to calculate the vibrational potential energy
minimum-energy path (MEP) and thereby establishes the gisyribution. Subsequently, the contribution of the normal modes
relation between the observed wave packet dynamics and the, the deformation of the molecule along the reaction path was
ESIPT mechanism. . . investigated within the formalism of the normal-mode anal§sis.

In section II, the computational methods are summarized.

Section IlI.A investigates all stable molecular structures, their |||. Results
differences, and the associated energies in the ground and
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Figure 2. Excitation and fluorescence scheme and energies of the
stationary and FranekCondon structures in HBT. See section I1l.A.1
and Table 1 for details.

the MEP has already been established in detailed ab initio studies
and in comparisons with CCSD and CASSCF/PT2 methods for

excited states. Section Ill.B extends the structural analysis to
the MEPs and determines the two relevant ESIPT coordinates.
Section I11.C then presents a 2D molecular reaction surface for
the ESIPT. In Sections IIl.D and Ill.E, we focus all previously
collected information to assess the normal modes that drive the
ESIPT process and/or are coherently excited by it. This normal-
mode information is then related to experimental observatibns.
Finally in section IV a comprehensive model for ESIPT is
distilled, and the conclusions are summarized in section V.

II. Computational Methods

In the first step, the electronic structures for thegBound
state were computed on the Hartrdeock (HF) level, and those
for the first excited singlet state; vere computed on the CIS

The ESIPT of HBT is a photoinduced mechanism in which
aznmr* electronic excitation initiates an electronic reorganization
that leads to a bond breaking and formation process associated
with a structural reorganization of the whole molecule. These
processes are intimately linked and result in observed ultrafast
reaction times of about 50 f4.

III.A. Structure and Energy of the Stationary Points.
[IlLA.1. Energy Diagram of the Proton Transferhe determi-
nation of the equilibrium structures and their differences
provides the first ideas of how the molecular frame readjusts
while the proton is transferred. Hence, we searched for all
stationary molecular geometries in the ground and excited states.
HBT was already optimized in thep&nd S states with the
3-21G* basis set® To avoid any effect of this limited basis set
on the calculated structures, we used the larger 6-31G* basis,

level, both with the 6-31G* basis. The geometries were which is much more appropriate for the description of the
optimized, and vibrational force fields were calculated. The vibrational properties and for DFT and TDDFT computations.
energy of the optimized structure was subsequently correctedMoreover, we determined how reliable the optimized structures
using the density functional theory (DFT) and time-dependent are by reproducing the energetic scheme inferred from the
DFT (TDDFT) method with the B3LYP functional for the  spectroscopy of HBT.
ground and excited states, respectively. In the § as well as in the Sstate, we found two stable
We further employed the above-mentioned HF and CIS minima corresponding to enol- and keto-like configurations. The
methods for the proton transfer's MEPs in the ground and enol tautomer is the global minimum in thg State whereas
excited states and added single-point DFT and TDDFT energy the keto tautomer is energetically favored in thes@te (Figure
corrections appropriately. The reliability of this approach for 2).
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TABLE 1: Calculated Energies of Ground- and O—H
Excited-State HBT for the Enol (E) and Keto (K) PES
Minima 32 /CG_C1 /N\ _C,
structure difference energy C5 \Cz_C7 I 13 | 11
E —1028.98764 du \C—C/ ‘S/Cs\ Cio
E* —1028.85370 au T3 Cs
E* :1832222% ﬁ Figure 3. Labeling of the atoms in HBT.
E*__KK* _gggzz e\\// /’_%3931 e’ ylbenzoxazole (HBO) molecule (4900 and 2100ép$2 Our
E /S, 3912 eév /31 550 ?:Tﬁl results contradict the situation in a low-temperature matrix where
K S4/Ss 2751 eV / 22 190 ot a stronger stabilization of the keto, State and a smaller

A - h or the mini ¢ each el _ destabilization of the (_$,stat<=}9 were f_ou_nd. Because DFT
Energy differences are shown for the minima of each electronic \\oihqqs are very reliable for predicting the ground-state
state and the vertical transitions from the global minima (Franck . . :
Condon points; lowest two lines)HF/DFT. ¢ CIS/TDDFT. properties of aromatic compounds, it can be assumed that the
discrepancy is caused by the surrounding low-temperature
For these equilibrium structures, the TDDFT method was matrix.
applied to obtain more precise values of the vertical and Ill.A.2. Structural and Electronic Changes Associated with
adiabatic transition energies. The energies calculated for all of ESIPT.The bond lengths of the optimized geometries of E, E*,
the optimized geometries and the relevant energy differencesK, and K* and the ON distance that is crucial to ESIPT are
are given in Table 1. There is no structural or vibrational data reported in Table 2. (For atoms labeling, see Figure 3.) The
of the transient states available from experiment, and the level conversion from E to K* is a complex process that intimately
scheme provides the only check, although indirect, of the links electronic and structural reorganizations. To identify and
optimized HF and CIS structures. The HBT ground-state clarify the rearrangement attributed to PT, we compare the
absorption in cyclohexane peaks at 29 700~ &mand the different structures pairwise: E/E*, E*/K*, K/IK*, E/K. These

maximum of the emission band is red shifted to 18 500&#h pairs correspond to the photoinduced electronic transition, ESIPT
For the vertical transitions, we find deviations of only 0.23 and itself, fluorescence deexcitation, and back PT.
0.45 eV for the enol and keto forms, respectively. E/E*. The first insight into the effect of the electronic

In the S state, the keto structure (K) lies 3891 thabove excitation is provided by analyzing the HOMO and LUMO
the enol minimum (E), and the;State sees a 2434-cth orbitals represented in Figure 4 for the E and K conformations.
stabilization of the keto geometry (K*) versus the enol structure Two remarkable features emerge from the enol orbitals (Figure
(E*). ESIPT processes are characterized by a strongly Stokes4a). First, the $—S transition affects ther density of the CC
shifted 0-0 transition of the keto configuration (emission bonds constituting the chelate ring. The bonding character along
spectrum) relative to the-80 transition of the enol configuration  the GCy inter-ring bond is increased, while thedensity on
(absorption spectrum). The Stokes shift is given by the sum of the GC, and GN bonds is reduced. As a consequence, the
the stabilization energies and has been evaluated to be 750@cidic character of the phenol group and the basic character of
cm~1for HBT in cyclohexané3*4in reasonable agreement with  the benzothiazole group are altered, and a shortening oftbe C
the calculated value of 6325 cth We conclude that HBT's  bond (-0.078 A) and a lengthening of the©; and GN bonds
Stokes shift mainly results from the destabilization of the (4+0.055 andt0.080 A, respectively) results. In addition to these
ground-state keto minimum. This has already been proposedchanges in the H-chelate ring, there are also significant
for other ESIPT systemi$;36and the partitioning of the Stokes  geometric changes in the thiazole ring. The second remarkable
shift agrees with the values measured for the'Zag@iroxyphen- signature is the charge-transfer character of the transition. The

TABLE 2: Bond lengths (in A) for the Optimized Structures of the Ground- (HF/6-31G*) and Excited-State (CIS/6-31G*) HBT
in the Enol and Keto Conformations®

E excitation E* ESIPT K* fluorescence K back PT
C,C3 phenol 1.401 0.026 1.427 —0.037 1.390 0.047 1.437 —0.036
CsCy phenol 1.373 —0.005 1.368 0.039 1.407 —0.063 1.344 0.029
C4Cs phenol 1.394 0.016 1.410 -0.018 1.392 0.047 1.439 —0.045
CsCs phenol 1.374 0.009 1.383 0.005 1.388 —0.044 1.344 0.030
CeCy phenol 1.395 -0.011 1.384 0.034 1.418 0.037 1.455 -0.060
C,C; phenol H-chelate  1.404 0.055 1.459 0.030 1.489 —0.030 1.459 —0.055
C,0 H-chelate 1.331 0.010 1.341 -0.075 1.266 —0.035 1.231 0.100
OH H-chelate 0.957 0.014 0.971 0.888 1.859 —0.048 1.811 —0.854
HN H-chelate 1.867 —0.059 1.808 —0.800 1.008 0.002 1.010 0.857
ON H-chelate 2.689 —0.056 2.633 —0.008 2.625 —0.033 2.592 0.097
C.C; H-chelate 1.470 —-0.078 1.392 0.015 1.407 —0.018 1.389 0.081
C:N thiazole H-chelate 1.279 0.080 1.359 —0.004 1.355 —-0.021 1.334 —0.055
NCi3 thiazole 1.384 —0.051 1.333 0.040 1.373 0.011 1.384 0.000
C;S thiazole 1.765 0.086 1.851 —0.036 1.815 —0.057 1.758 0.007
SG thiazole 1.746 0.061 1.807 0.013 1.820 —0.058 1.762 —0.016
C13Cs thiazole benzene 1.390 0.037 1.427 —0.033 1.394 —0.008 1.386 0.004
CsCo benzene 1.388 —0.011 1.377 0.001 1.378 0.004 1.382 0.006
CoCio benzene 1.380 0.010 1.390 -0.020 1.370 0.005 1.375 0.005
C1C11 benzene 1.397 0.013 1.410 -0.017 1.393 —0.002 1.391 0.006
C11Co2 benzene 1.378 -0.010 1.368 0.016 1.384 -0.012 1.372 0.006
C1:C13 benzene 1.392 0.028 1.420 -0.027 1.393 —0.008 1.385 0.007

a For reference, the changes during excitation, proton transfer (ESIPT), fluorescence/IC, and back PT are given.
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Figure 4. HOMO and LUMO orbitals of (a) enol and (b) keto HBT. i 1030
_ 1k A—HF 4015
excitation of the electron from the HOMO to the LUMO pushes I | o— HF/DFT
the electronic density toward the phenol part of the molecule. ot - 0.00
The changes in the electronic density are advantageous for PT. L L L S B
4 S . 08 10 12 14 16 18
They modify the charge distribution on the H-chelate ring and OH distance (A)

thus alter the acidic and basic character of the phenol and
benzothiazole groups, respectively. enol to the keto tautomer of HBT. Calculated for (a) the ground state
I.E*/K*' The OH o bond is broken, and the Nbibond for_med. . at the HF and HF/B3LYP levels and (b) the first (eicitedgstate at the
This leads to a further rearrangement of the electronic density c|s and CIS/TDDFT levels.
in the H-chelate ring and a shortening of thgd®bond 0.075
A). But the distortions are not restricted to the H-chelate ring results are given in Figure 5a for the ground state and in Figure
and affect the whole molecule except the benzene ring. The5b for the excited state. We utilized the distinguished coordinate
phenol ring loses its aromatic character. The complete reorga-approacP?® with the OH bond elongation as the primary reaction
nization of the molecular skeleton is required to compensate coordinate. For the State, all of the other degrees of freedom
for the electronic changes in the H-chelate ring accompanying were relaxed without imposing any symmetry constraints. This
the ESIPT. was not possible or even desirable for thestate, and the
It is interesting that the structurally different E/E* and E*/  energies were calculated for thgg@ometries. The PES is used
K* are mostly opposite in sign, with comparable amplitudes to describe the ultrafast $lynamics induced by a femtosecond
for all of the bonds. This demonstrates that from the FC pulse. This situation does not allow for complete relaxation of
geometry the molecule can either relax toward the E* local all modes with respect to the, State, especially not in the FC
minimum or proceed to the K* global minimum (i.e., ESIPT regime.
happens). In the excited state, the study was restricted to the lowest
K/K*. For the keto conformer, the electronic distribution Izz* excitation. Neither thénz* nor theloz* state is expected
remains similar in the ground and excited states. The chro- to participate. Thénsz* state could possibly interact with the
mophore is localized on the phenol moiety, and the deexcitation lzz* state3546as observed in smaller systefi$?In the case
induces small changes in the H-chelate ring electronic density of HBT, the energy stabilization of ther* state is small and
(Figure 4b). Accordingly, only comparatively small changes in lies far above thelmz* state. Thelox* state should be
the bond lengths within the H-chelate ring are found. The phenol considered in studies that include nonradiative deactivation to
and thiazole rings are deformed more strongly. the ground staté*38 For HBT, the internal conversion takes
E/K. For the enol- and the keto-type ground-state minima, place on a time scale of several hundred picosecthtidn
large geometrical rearrangements are observed. The OH andhis study, we are interested in only the much faster ESIPT and
NH bonds interchange, and the chelate ring geometry changescan therefore exclude the involevment of flaer* state.
(i.e., the GO (—0.100 A) and GC; bond lengths +0.081 A) The MEP calculations reveal asymmetric curves with one
are shortened, and tha@ and GN bonds are stretched (both  shallow and one deep minimum each, reflecting the enol and
+0.055 A)). The large electronic reorganization of the chelate keto HBT structures in the ground amdr* states. Depending
ring is counterbalanced by significant geometrical changes in on the electronic configuration, the stability of the minima is
the phenol ring. The changes between the ground state structureexchanged; the enol tautomer is more stable in the ground state,
correspond qualitatively to the Lewis formulas represented in and the keto tautomer is more stable in the excited state. Along
Figure 1. both MEPs, the minima are separated by slight barriers whose
The optical excitation promotes the molecule from thst&te calculated height strongly depends on the inclusion of electronic
to the Franck-Condon (FC) region of the;State. From there,  correlations’6464’"However, in contrast to smaller molecufés,
it can either relax to the E* configuration and/or PT can lead to we find from our calculations that electronic correlations do
the K* conformer. From the vibrationally relaxed K* conforma- not qualitatively alter the MEPs of HBT. Although slightly
tion, the molecule returns to the electronic ground state with shifted, all of the minima remain and have comparable differ-

Figure 5. Energy variation along the minimum-energy path from the

high probability by internal conversioi.However, the fluo- ences in potential energy. We conclude that the CIS method is
rescence spectrum corresponds to a vertical transition to thea suitable approach to study HBT's geometric changes during
keto FC region of the Sstate. ESIPT.

111.B. Minimum-Energy Path. The MEPs connecting the Whereas the analysis of the stable configurations (section

two stable structures in each electronic state were calculated tolll.A.2) suggests moderate rearrangements to take place between
identify the major coordinates involved in the PT process. The E* and K*, the MEP analysis finds quite significant skeleton
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Figure 6. Evolution along the Sminimum-energy path of HBT. (a) fg
Energy at the CIS/TDDFT level. (b) NH bond length. (c) ON distance. ;
O
distortions during the transfer process. Figure 6 shows the
changes in the NH bond length and the ON distance along the
MEP as the proton is transferred. The PT is dominated by a
large change in the distance between the two heteroatoms. The

transfer mechanism can be described in three consecutive phases 2.2 2.4 2.6 2.8 3.0
associated with the three regions (E* minimum, barrier, K* ON distance (A)

minimum) in the $ MEP energetics shown in Figure 6a. Inthe . )
first phase, the ON distance decreases (from 2.63 to 2.36 A) Figure 7. 2D PES of HBT as a function of the ON and OH distances
' : ’ for (a) the ground state and (b) the first excited state. Contour levels

along V,Vlth a shortening ,Of the NH distance (from 1.84 to 1.20 are given in eV with respect to the minimum of each state. At the
A), while the OH bond is elongated much less0(3 A). At Franck-Condon point (FC) and points 1 to 6 on the reaction path, the
the barrier, the minimum in the ON distance is reached, and NMA was performed. (See section III.E.)
OH bond character is exchanged for NH bond character. Finally,
the heteroatoms separate again and the proton remains with thgas not allowed on the;Surface. First, we calculated a fully
nitrogen. relaxed ground-state PES along the OH and ON coordinates at
In the optical excitation, the geometry E is conserved and the HF level. For each optimized point (69-dimensional
deviates from E*. The temporal evolution of the geometry geometry) on the Ssurface, we then determined thee®ergy
starts from the FC point (with the geometry of E), and when at the CIS level. This procedure enables us to cover the entire
the system passes by the E* geometry, it has already gainedarea that is relevant to the ESIPT process from the FC region
considerable momentum. The momentum is sufficient to carry to the excited-state keto minimum.
the HBT over the small barrier to K* and thus allows ESIPT. The § and § PESs along the ON and OH coordinates are
The large gradient of the PES at the FC point is the driving shown in Figure 7. The two valleys on both surfaces correspond
force that initiates ultrafast PT. to the enol and keto conformation. In both cases, the enol form
III.C. Proton-Transfer Reaction Surfaces. In the MEP gives rise to a very narrow potential well whereas the keto
analysis, several coordinates were checked for their relevancestructure exhibits a wide well. Both conformers are linked by a
in describing the PT dynamics. Most of them were found to curved channel bypassing the barrier that hinders direct OH
remain almost constant or to exhibit simple monotonic behavior elongation. A representation of the MEP from the FC region to
as a function of the OH distance. Hence, we conclude that the the keto minimum is included as the reaction path (FC and points
ON and OH distances are best suited to describe the dynamicall to 6) in the graph of the ;Ssurface.
aspects of proton transfer, and they are used for the computation 111.D. Analysis of the Normal Modes. The previous sections
of a 2D PES. In other words, the 69 vibrational degrees of dealt with the energetics and the stable structures of the
freedom of HBT are contracted to the 2 relevant reactive molecular system. Sections II.D and I1I.E deal with the excited-
coordinates. Such an approach has already been successfullgtate normal modes that promote the ESIPT process and accept
used for the description of the electrocyclic ring opening of the excess vibrational energy.
cyclohexadiené? The excited-state normal modes were calculated at the CIS
For a meaningful description of the photoinduced ultrafast level. We determined for the ground state that the normal modes
process, surfaces are needed with large enough areas to includef HBT are not strongly sensitive to the lack of electronic
enol- as well as keto-type structures in both electronic states.correlation by comparing HF and DFT results. The confidence
Most importantly, the FC region must be included; therefore, we have in CIS relies also on recent detailed experimental and
the relaxation in the 67 dimensions not explicitly considered theoretical studies of the vibrational properties of thestate
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TABLE 3: Potential Energy Distribution (in %) of the — .
Lowest in Plane Modes of Keto HBT in the $ State | al . g oo
vibrational energy (crmt) c . FC
exptk calcd potential energy distributicn v - ¥ e . »
113 114 Rw(35), Ar(31) point 1
255 258 Rn(22), GC(16). 0.04 : oy e . a
289 288 Rn(36), Air(19) : || T
370 Sing(51), Air(14). -0.2 4 A point 3
481 Sing(66).
528 514 0co(36), Sing(15), Fon(7) i :
534 Phing(25), dco(17), Ron(6) 0.0 SEEEST S I P —
566 Phing(30) ] F: s
630 ring def -0.2 4 h poin
a\Wave packet motion from ref 48 Frequencies CIS/6-31G* scaled
by 0.9.¢Notation for the internal coordinates and PED description. 029 I i :
Ron: ON distance. €C;: C,C; bond lengthA;: in-plane ring bending. 0.0 . RN I I PE—
Sing: sulfur ring in-plane deformationdco: in-plane CO bending. : | r: oint 6
Phing: in-plane phenol ring deformation. ring def: delocalized in-plane P
deformation of HBT.
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Figure 9. Normal-mode analysis along the minimum-energy path.
Shown are the coefficient€, for the projection of the molecular
deformation from the E* equilibrium geometry onto the E* normal
modes. The calculated frequencies are shown as a stick spectrum in
the lowest trace. Dashed lines show the experimentally observed
frequencies: 113, 255, 289, and 528 ¢ift

ESIPT of HBT. To understand their dynamical interplay and
relative significance fully, we investigated the connection
between the normal modes and the structural changes along the
MEP on the calculated 2D,®ES. To this end, a normal-mode
analysis (NMAY¥! was performed for several points on the MEP
(Figure 7) starting at the FC point close to E*, passing the
transition state at point 3, and finally analyzing point 6 in the
Figure 8. Normal modes of the Xketo HBT. vicinity of K*.
) ) ) The deviations of the selected geometries along the MEP from
of biphenyl-like molecules whose size and normal modes are yhe gquilibrium configuration are projected onto the E* and K*
comparable to those of HBP:S" , normal modes. In other words, we analyze how much of each
~ We chose a complete set of internal natural coordinates jqe must be added to an equilibrium configuration to result
including the ON distance and calculated the potential energy i, the molecular structure found at the point of interest.
distribution .(PED) of the.ex.cned-state keto _normal mo??es. Combining the positions of all 25 nuclei of HBT in a 75-
PED determines the contribution of a selected internal coordlnated. ional torX = (qL.ah...q%)T and introducing a
to the potential energy of a normal mode. It allows the IrIne_nS|ona vec ; | 91’q2’--_-vq25) hi Ig ,
determination of the coordinates contributing significantly to a solution yectorC of equal dimension, we state this analysis as
) the matrix problem
given normal mode. Conversely, the PED of all modes shows
which normal modes contribute to the geometric changes X
associated with ESIPT. pointi
The PED for all low-frequency in-plane modes of thek8to
tautomer is reported in Table 3. Only the main contributions to  For each equilibrium configuratioer, the 75x 75 matrix
each mode are given. For clarity, we show only the cumulative ®ret comprises all 69 vibrational eigenvectors corresponding to
contribution that affects a specific molecular motion such as the reference configuration as well as the translation of the center
the bending of the phenol and benzothiazole groups (called  of mass and the rotation of the entire molecule to satisfy the
see Table 3 for details regarding notation). Eckart condition$? It is crucial to minimize the influence of
Out of all in-plane modes, only five low-frequency modes relative translation and rotation betweégs andXpoint i to ensure
are able to modulate the ON distance. PED shows that for threesolution vector entrie€, that describe only vibrational contri-
of them this is a dominant contribution (22 to 36%). Two of butions. A detailed outline of the method can be found in ref
them are bending modes, and one is a stretching mode of theb1.
C,Cy; inter-ring bond (Figure 8). All frequencies agree closely Because the proton transfer in HBT is an excited-state
with those detected in the coherent experimental sigfrfdland process, X is the E* or the K* excited-state equilibrium
the occurrence of these five modes demonstrates the multi-geometry. Solution coefficients, for X,es = Xg+ are displayed
dimensional character of the chelate ring contraction that in Figure 9; those foX,ef = Xk+ are given in Figure 10. We
determines the ESIPT of HBT. will discuss the entire normal-mode frequency range but will
I1I.E. Normal-Mode Analysis along the Reaction Path. restrict the graphical presentation 1000 cn1? for clarity.
PED shows that only five normal modes contribute to the From a mathematical point of view, both normal-mode systems
modification of the ON distance that plays a crucial role in the are equally appropriate to describe the molecular motion. The

116 cm’’ 258 em’™

Xref = ®ref -C (1)
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keto reference, these modes start with quite la@ys that
| ‘) : | diminish around K*. A large contribution to the NH stretch is
UL ' observed around E* in this reference.
c : i : FC : ; ; ; i
v ; L ; ] The analysis presented so far is quasi-static. After the optical
H | T I'p'0int1 T excitation (i.e., at the FC point), all nuclei are at rest, and the
S : distortion from the E* equilibrium gives rise to significant
0.0 ' . | —p——1 potential energy. The gradient of the PES points in the direction
02 I : point 3 of the MEP, and the molecule starts to deform accordingly. From
the upper panel of Figure 9, we can conclude that the 114-
! e : cm~1 mode (in-plane bending of the whole molecule) is initially
0.0 ) T w . dominating and a contraction of the H-chelate ring results. At
0.2 4 I ; point 5 point 3, the other four modes with ON distortion start contribut-
v ing, and eventually the sign of th&'s changes in the vicinity
A of K*. The potential energy is transformed into momentum,
004 | L . and the molecule starts ringing in these activated modes.
: L L
X point 6 IV. Discussion of the ESIPT Mechanism
The results presented in section Il give a precise picture of
0 200 400 600 800 1000 the energetics, the structural and electronic changes, and the
vibrational frequency (cm™) MEP of ESIPT in HBT. In addition, a 2D PES and the relevant

Figure 10. Normal-mode analysis along the minimum-energy path. vibrational modes were presented. On this basis, we now want
Shown are the coefficient€, for the projection of the molecular ~ t0 discuss the ESIPT mechanism and compare our results to
deformation from K* equilibrium geometry onto the K* normal modes. the experimental observatioffs.
The calculated frequencies are shown as a stick spectrum in the lowest Three stable conformations are involved in the ESIPT of
tzrgge.zlgaglshed lines srﬁoxx the experimentally observed frequencies: 1134BT: The enol ground-state E and the enol and keto excited
' » and 528 cm. states (E* and K*). There is a small barrier along theME&EP
mode system that suits the situation best has to be selected offhat is overestimated at the CIS level but is confirmed even
physical and/or chemical grounds. after TDDFT corrections (Figure 5). The 1D MEP alone is not
The vibrational frequencies are separated into lowt@00 sufficient to describe the PT mechanism. In a multidimensional
cm1), middle- (1006-1650 cntl), and high-frequency<3000 picture, there is a large barrier between the FC point and the
cm 1) regimes. Whereas the low-frequency modes predomi- keto minimum. To circumvent this barrier, the molecules first
nantly belong to long-range vibrations involving the entire contract the H-chelate ring, and the ON distance is shortened.
molecular backbone, modes start to behave increasingly locallyA region of the PES is reached where only a small barrier has
with rising frequency. The mid-energy vibrations, for example, to be overcome for the elongation of the OH bond that leads to
deform the benzene ring or the benzothiazole subgroup only, the PT. This barrier is identical to the one found for the MEP.
and they also lead to an enhanced motion of the hydrogen atomsAt the saddle point, the enol domain of the PES is left, and the
attached to the skeleton. The high-frequency modes are restrictedketo domain is entered. A similar modulation of the barrier for
to the motion of a few hydrogen atoms. Among them, the ESIPT by a variation of the ON distance has also been found
highest modes, 3210 crhin the E* system and 3266 crhfor for 2-(2hydroxyphenyl)oxazolé® Even for intermolecular PT
K*, are highly localized in the OH or NH relative motion and there is now evidence that low-frequency solvent coordinates

do not involve the remaining structure. control the proces¥:%

At the FC point, the enol configuration is the natural In the static picure of the MEP, the crossing of the barrier
reference. According to Table 2, the ON distance is too large cannot be explained. However, in a dynamic picture, the wave
(i.e., the H-chelate ring needs to contract). The 1144cmode packet created at the FC point gains sufficient momentum along

is the main contribution to the deformation (see upper panel of the ON coordinate to pass the barrier and evolves into the keto
Figure 9). As the molecule passes by the E* configuration (point conformation. Because of the topology of the K* minimum,
1), theC, all nearly vanish. At point 3, larg€,’s are found the wave packet now possesses momentum in multiple coor-
corresponding to the strong deformation of HBT. In particular, dinates, and a back reaction becomes impossible. From the
the three modes at 114, 258, and 288 émominate. These  experiment, it is known that HBT's ESIPT proceeds on the 50-
frequencies agree closely with the experimental values of 113, fs time scale*44 On this time scale, there has to be a strong
255, and 289 cm#4 indicated as dashed lines. For the next coupling between the PT dynamics and the molecular vibrations.
points on the MEP, the enol reference gives no clear picture Such a coupling was previously discussed for the ground-state
except a huge contribution to the phenol OH stretching mode PT of phthalic acid monomethylest&rOur vibrational analysis
(not shown in the Figures). demonstrates that only five normal modes are able to modulate
At point 3, the electronic configuration changes, and the keto the ON distance. The lowest-frequency mode (114 %)nis
reference (Figure 10) becomes appropriate. Large contributionsactive from the very beginning, and excitation in the other four
of the three modes discussed above are again observed anthodes is provided by the barrier crossing and the associated
persist even as point 5 is approached. Most of the other modeschange in electronic configuration.
vanish at points 5 and 6 (i.e., around K*, the 113-, 255-, and  The actual path of the wave packet will not be identical to
289-cnT! modes are dominant.) In addition, the 514- and 534- the MEP. However, the reaction path will closely follow the
cm~ modes are seen, and their sum can be associated with theM[EP because of the tightness of the PES in the enol domain.
small contribution found at 528 crh in the experiment? Therefore, we can safely assume that our analysis of the MEP
In the enol reference, many of the modes in the 100850- gives a good approximation of the actual reaction. The geometric
cm! range show small contributions all along the MEP. In the analysis presented in the NMA should be closely related to the
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temporal evolution of the normal-mode composition of the wave and that of the excited-state keto configuration. The FC point
packet. Even though the vibrational and electronic degrees ofand the $ enol minimum both lie in a potential well that is
freedom are tightly linked in the initial phase of ESIPT, the very narrow along the OH coordinate and shallow along the
HBT will freely vibrate in the keto modes once it has reached ON distance. A large barrier therefore exists for the direct PT,
the region of K*. This ringing of the molecule is seen in the and instead a contraction of the ON distance is the initial
ultrafast experiment as oscillatory signal contributiéhs. deformation of HBT. This ON contraction lowers the barrier

The close match between the observed vibrational frequenciesalong the OH coordinate as well as the frequency of the OH
of 113, 255, 289, and 528 crhand the calculated frequencies vibratior>47 such that it can mix with low-frequency modes.
of 114, 258, 288, and 514/534 cingives strong support to  The channel for PT is finally opened, and the electronic
this model. The lowest-frequency vibration was also recently configuration is changed to the keto type. Subsequently, the
found to couple to the OD stretching mode in deuterated BlBT. molecule evolves into the keto well, and five in-plane modes
In addition, it is reported to couple to the CO mode of K* after with large changes in the ON distance are coherently excited.
a delay of 50 f¢2 which is exactly the time found for PT inthe  The back reaction is hindered because of the multidimensionality
accompanying experimental wotk. of the process and the topology of the PES.

It is interesting to compare our present results with the  The proton itself does not play an active role, and the OH
extensive resonance Raman (RR) analysis of the HBT proton-vibration (before PT) or the NH vibration (after PT) is not
transfer mechanisif:#! In this work, the in-plane inter-ring  excited. Instead, the contraction of the H-chelate ring leads to
bending mode (293 cnt in the S state, 288 cm! in the § a shortening of the doneacceptor distance, and it is this
state) was identified as the transfer-promoting mode (TPM). nuclear motion that dominates the initial phase of ESIPT. The
The interpretation was based on the overtone progression that118-cn normal mode closely correlates with this contraction,
reflects a strong anharmonicity in this mode. The RR intensity and the mode therefore acts as a promoting mode. After the
is related to the propagation of the excited-state wave packetelectronic configuration changes due to UV excitation and PT
and the FranckCondon overlap back to the ground state. For are complete, the molecule is solely under the influence of the
a multidimensional PES, the excited-state wave packet quickly excited-state keto PES and rings freely in the five normal modes
leaves the FC region without recurrence. Therefore, RR spectraconnected to the H-chelate ring contraction.
mainly contain information about the PES around the FC region,  The calculations presented for the ESIPT of HBT reveal a
sometimes called the “short-time effect” of the Raman intensity. fundamental reaction mechanism that is most likely the basis
In refs 40 and 41, a dephasing time of 15 fs was concluded, of the ESIPT of many other molecules with a H-chelate ring as
which corresponds to the limiting time during which RR probes the site of PT. There are even hopes that a full understanding
the wave packet dynamics. This time is much shorter than the of the ESIPT mechanism will allow the coherent control of the
PT time of about 50 fs measured in the time-resolved experi- proces$4 We furthermore expect that similar ab initio calcula-
ments, and we suppose that for HBT the RR intensities are tions of chemically reactive systems will elucidate the initial
sensitive only to the PES features in the vicinity of the FC forces that drive the reaction. This analysis is made possible
region. The RR observation can be related directly to the reactive by the identification of a small number of vibrational coordinates
process only if there is already a unique reaction coordinate gyt of the N — 6 normal modes closely connected to the
starting in the FC region. deformation of the molecular skeleton caused by electronic

From our analysis and in agreement with the experimental excitation. It is this difference between the Fran€kondon
findings, we assign the 114-crhbending mode to be the TPM  geometry reached by the optical excitation and the excited-state
of HBT. We emphasize that this assignment is further supported equilibrium that drives the reaction. The shape of the PES will
by the studies on 2-(Bydroxyphenyl)benzooxazole (HBO) and  then determine the interplay between the various vibrational
2,5-bis(2benzooxazolyl)hydroquinorté;!”%*whose PT units are  modes, and quite likely a coherent excitation of selected modes
very similar to those of the HBT molecule. In these experiments, results from the subsequent changes in the electronic configu-
the authors probed the wave packet dynamics prior to the actualration. This coherent excitation can then be observed in ultrafast
ESIPT step and identified the 118-cfbending mode of the  pump-probe experiments as wave packet oscillations. The
HBO unit as the TPM. analysis of the experimental signal will in turn allow the

The five low-frequency in-plane modes associated with the thorough validation of the theoretical predictions.

PT in HBT act as accepting modes. Wave packet motion in the
analogous transfer-promoting and transfer-accepting modes has Acknowledgment. We acknowledge financial support from
also been observed for TINUVIN # o-hydroxybenzaldehydg, the Deutsche Forschungsgemeinschaft and the Fonds der

and 1-hydroxy-2-acetonaphthoffeThe presented ESIPT mech-  Chemischen Industrie. Discussions with S. Lochbrunner and A.
anism is completely confirmed in all of these cases. J. Wurzer were most helpful.
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