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ABSTRACT: We characterize the structural and electronic
changes during the photoinduced enol−keto tautomerization
of 2-(2′-hydroxyphenyl)-benzothiazole (HBT) in a nonpolar
solvent (tetrachloroethene). We quantify the redistribution of
electronic charge and intramolecular proton translocation in
real time by combining UV-pump/IR-probe spectroscopy and
quantum chemical modeling. We find that the photophysics of
this prototypical molecule involves proton coupled electron transfer (PCET), from the hydroxyphenyl to the benzothiazole rings,
resulting from excited state intramolecular proton transfer (ESIPT) coupled to electron transfer through the conjugated double
bond linking the two rings. The combination of polarization-resolved mid-infrared spectroscopy of marker modes and time-
dependent density functional theory (TD-DFT) provides key insights into the transient structures of the molecular chromophore
during ultrafast isomerization dynamics.

1. INTRODUCTION

Understanding the coupling between electronic and nuclear
rearrangements of photoinduced proton transfer mechanisms is
central to emerging technologies ranging from optical data
storage,1 optically controlled molecular switching,2,3 molecular
electronic logic gates,1 and molecular nanotechnology,2

including molecular motors,4−6 molecular sensors,7 and
receptors.1 Monitoring the underlying ultrafast relaxation
processes in real time, however, is challenging and requires
state-of-the-art spectroscopic techniques made available only in
recent years. Here, we combine polarization-resolved femto-
second infrared spectroscopy and computational modeling to
study the ultrafast proton coupled electron transfer dynamics
associated with the photoinduced enol−keto tautomerization of
2-(2′-hydroxyphenyl)-benzothiazole (HBT). We obtain the
vibrational fingerprint patterns (including anisotropies) of the
transient states by use of polarization sensitive femtosecond
infrared spectroscopy, and we explore marker bands of local
vibrational modes providing direct insight into structural
rearrangements due to proton transfer coupled to redistribution
of electronic density. Pump−probe measurements are corre-
lated with calculations of ground and excited electronic state
infrared spectra, probing the evolution of photoinduced
intramolecular proton coupled to electron transfer. Some of
the fundamental questions resolved by the reported studies are
as follows: What kind of excited state conformational changes
are triggered by photoexcitation? Does photoinduced proton
transfer induce cis/trans isomerization of the proton donor−
acceptor moieties with picosecond twisting motion around the
interaromatic single bond8 or maintain coplanarity of the
molecule? What is the effect of conformational changes on the
subsequent dynamics? What is the influence of the surrounding

molecular environment (e.g., the nonpolar solvent) on the
transient state structures?
A variety of methods have been developed to address nuclear

and electronic rearrangements in short-lived excited electronic
states of polyatomic systems since the advent of short pulse
laser technology.9 In particular, time-resolved electronic
spectroscopy has been widely applied in conjunction with
computational modeling and the relaxation dynamics of
electronic excited states has been investigated in many chemical
and biological systems. In addition, ground state proton-
coupled electron transfer (PCET) has been studied in certain
molecules.10−23 A technical challenge for ultrafast PCET in
electronic excited states is that electronic spectroscopy provides
limited structural detail for condensed phase molecular systems.
This is due to the large spectral broadening, typical of strong
solute−solvent couplings. Here, we bypass these limitations by
implementing ultrafast vibrational spectroscopy to monitor
structure-specific marker modes during the reaction dynam-
ics.24,25

After earlier pioneering work,26−28 ultrafast vibrational
spectroscopy has become an important tool to follow chemical
reactions. Bond cleavage of metallocarbonyl compounds,29,30

ligand dissociation in heme proteins,27,31−34 twisting of side
groups,35−41 and trans/cis isomerization42−54 are examples of
photoinduced rearrangements of chemical bonds that have
been probed by ultrafast infrared (IR) and Raman spectrosco-
py. Other examples include electron55−58 and proton59−67

transfer investigated with ultrafast vibrational spectroscopy.
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We focus on PCET in HBT probed through the analysis of
the IR-active vibrational fingerprint modes (Figure 1). In
nonpolar solvents, HBT in the electronic ground state is
stabilized in the enol form by an intramolecular hydrogen bond
between the hydroxyphenyl and benzothiazole rings.

Electronic excitation triggers excited state intramolecular
proton transfer (ESIPT) in the S1 state, concerted with electron
transfer, forming the keto isomer on ultrafast time scale.26,68,69

As shown by UV/vis electronic spectroscopy and theoretical
studies, the ESIPT process is faster than 200 fs and involves
wavepacket motions of Raman-active vibrations modulating the
intramolecular hydrogen bond distance.70,71 These earlier
spectroscopic and theoretical studies71−77 have gathered
much information on the photophysics of HBT and related
molecular systems.78−80 However, the underlying mechanism
driving the ultrafast PCET process remains poorly understood.
In fact, it remains unclear whether PCET induces cis/trans
isomerization of the proton donor−acceptor moieties or keeps
the system in a coplanar configuration. Furthermore, it is
unclear whether the process involves ESIPT or excited state
intramolecular hydrogen transfer (ESIHT).79 Apart from
resolving these fundamental aspects, understanding the under-
lying structural rearrangements is of much interest for
technological applications. HBT and its derivatives have already
raised significant interest in applications to organic light
emitting diodes (OLEDs),81,82 molecular sensors62 and
receptors, optical data storage,1 and optically controlled
molecular switching,2,3 in addition to applications as ligands
in organic chelate metal complexes.81,83−88 In Zn complexes,
HBT derivatives have already been shown to form outstanding
electroluminescent materials.81,85,86,88 HBT-containing OLEDs
can thus be designed by modification of HBT88−93 as well as by
exchange of metal atoms in the complexes.90,92

In this study, we combine polarization-resolved ultrafast mid-
IR absorption measurements and computational modeling to
monitor the frequencies and anisotropies of the IR-active
fingerprint modes characterizing PCET in HBT. The analysis of
excited state vibrational fingerprint patterns is based on time-
dependent density functional theory (TDDFT) which has been
successfully applied in earlier studies of ESIPT,75 and in other
studies of excited state normal-mode analysis.80,94−97 Due to
the moderate computational cost (as reviewed in refs 98 and
99), the method is more practical than complete active space
self-consistent field (CASSCF) calculations100 and comparable
to configuration interaction with singles (CIS)37,40,101,102 which
has been used to determine, for example, whether vibrational
mode patterns provide insight into twisting or planarization
mechanisms of the NH2 group in dimethylaminobenzonitrile,

or possible twisting dynamics in the chromophore of green
fluorescent protein. Analogously, the TDDFT analysis provides
a detailed understanding of the keto-S1 state in terms of
electronic charge distributions and nuclear rearrangements
affecting the vibrational fingerprint.
The manuscript is organized as follows. Section 2 introduces

the experimental and computational methods implemented to
analyze PCET in HBT and to address the orientation of
fingerprint modes by probing the frequencies and anisotropies
of the IR-active transitions.27,31−33,45,102−104 The comparison of
experimental and calculated IR spectra is presented in section 3,
followed by a discussion of the structural dynamics insights that
emerge from the analysis of anisotropies in section 4. After the
analysis and discussion of the electronic and structural
rearrangements in section 5, we summarize and conclude in
section 6.

2. METHODS
This section describes the experimental and theoretical
methods applied to study photoinduced PCET in HBT
through the analysis of fingerprint vibrational modes and
anisotropies that respond to specific nuclear and electronic
rearrangements during the course of the reaction.

2.1. Femtosecond Transient Infrared Spectroscopy.
Polarization-sensitive ultrafast IR spectroscopy allows one to
probe the fingerprint patterns and vibrational anisotropies of
short-lived transient states during ultrafast reaction dynamics,
since the linearly polarized UV/vis pump pulse preferentially
excites molecules that are oriented along the polarization
direction of the beam. The measured quantity is the ensemble-
averaged anisotropy α(τ) of the transient IR absorption with
respect to the polarization direction of the visible pump pulse
(for details, see refs 105 and 106)

α τ μ τ μ τ= ⟨ ̂ · ̂ = ⟩P( )
2
5

[ ( ) ( 0)]2 2 1 (1)

where ⟨···⟩ represents an ensemble average over all molecular
orientations (we omit the dependence of α(τ) on the excitation
and observation frequencies). In eq 1, P2(x) = (3x2 − 1)/2 is
the second-order Legendre polynomial, while τ is the pulse
delay, with τ = 0 defined as the time of the pump-pulse. In
addition, μ̂1(τ) and μ̂2(τ) are the electronic and vibrational
transition dipole moments, respectively.
The anisotropy measure α(τ) thus contains information

about the orientation of the transition dipole moment μ̂2(τ) of
the vibrational normal mode under consideration, since the
second-order Legendre polynomial
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yields the anisotropy angle θ(τ) between μ̂2(τ) and the
electronic transition dipole moment μ̂1(τ = 0). Therefore, the
anisotropy at a specific frequency provides the time-dependent
orientation of the absorber mode from the angle θ(τ) between
the vibrational transition dipole moment μ̂2(τ) and the
electronic transition dipole moment μ̂1(τ).

102,105,107

Our experiments involve femtosecond UV-pump/IR-probe
spectroscopy on HBT dissolved in C2Cl4 (Aldrich, pro
analyze).30,64 In short, parametric frequency conversion of the
output of an amplified Ti:sapphire laser system is used to
generate 50 fs UV-pump pulses tuned at 330 nm with 2−3 μJ
pulse energies and 100 fs tunable mid-IR probe pulses, focused
to the sample with spot sizes of 200 μm diameter. Transient

Figure 1. Photocycle of HBT, including photoexcitation and excited
state intramolecular PCET.
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mid-IR spectra are recorded using a polychromator and a
HgCdTe mid-IR diode array. The sample solutions are pumped
through a 100 μm thick flow cell, using 1 mm thick BaF2
windows. Group velocity mismatch between UV-pump and IR-
probe pulses is the main factor for the effective time resolution
of 150 fs.
Figure 2 shows transient HBT spectra recorded at delay

times of −1, +0.3, and +100 ps relative to the pump pulse. In

the spectrum recorded at negative pulse delay (i.e., −1 ps), only
bleach signals are present, indicative of the HBT enol-S0 state
due to perturbed free induction decay contributions,108−110

with which we can determine the anisotropy of selected
vibrations of HBT in the enol-S0 state. Much larger signals
appear at positive pulse delays due to the transiently generated
HBT in the keto-S1 state. We have analyzed the fingerprint
patterns using our measurements recorded at long pulse delay
(i.e., 100 ps).
In the determination of the frequencies and anisotropies of

fingerprint marker modes, we take into account possible
spectral overlap between ground state bleach and excited state
absorption signals. In addition, intramolecular vibrational
redistribution leads to vibrational excess energy in the keto-S1
state at early pulse delay.111,112 Upon vibrational cooling on
picosecond time scales, the fingerprint modes exhibit a
vibrational frequency upshift on the order of 2−7 cm−1. Such
frequency shifts may affect the early time dynamics of the
pump−probe signals, leading to a different degree of spectral
overlap as exemplified by the weak band at 1587 cm−1 of the
keto-S1 state that is more prominent at early pulse delays than
at later times when it overlaps more with the 1600 cm−1 enol-S0
state ground state bleach (see Figure 3).
During the course of the reaction, θ(t) may change as the

nature of the vibrational marker modes changes. However, we
focus on the early time dynamics while the polarization-
resolved spectra are mostly affected by vibrational cooling,
resulting in small frequency up-shifts and rotational diffusion
with a time constant of 30 ps (Figure 4), leading to changes in

signal strengths depending on the anisotropy. We determine
the anisotropy as a function of the pulse delay τ
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where S∥(τ) and S⊥(τ) are the transient absorbance signals for
parallel and perpendicular polarization and τrot is the rotational
diffusion time constant. For robustness of our analysis, we
extrapolate the anisotropy back to zero time-delay to determine
α(τ = 0) and θ(τ = 0) while they are still unaffected by
rotational diffusion.

Figure 2. Transient IR spectra of HBT dissolved in C2Cl4 measured at
specific pulse delays for parallel (a) and perpendicular (b) polarization
conditions of UV-pump and IR-probe pulses.

Figure 3. Transient IR spectra measured at early pulse delays for
parallel (a) and perpendicular (b) polarization conditions of UV-pump
and IR-probe, showing the effects of vibrational cooling and rotational
diffusion on the fingerprint modes.

Figure 4. (a) Polarization-dependent kinetics of the 1542 cm−1 marker
mode of HBT in the keto-S1 state and (b) derived anisotropy α(τ)
showing the effect of rotational diffusion.
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Tables 1 and 2 summarize the resulting values of frequencies
and anisotropies obtained from the measurements of
absorbance changes and anisotropies shown in Figures 3 and 4.

2.2. Computational Modeling. Computational structural
models of the cis−enol, cis−keto, and trans−keto isomers
(Figure 5) in the S0 and S1 electronic states were prepared by
DFT geometry optimization. Solvation effects due to
tetrachloroethene were modeled via the solvent continuum
model PCM,113 as implemented in Gaussian 09.114

Normal modes, frequencies, and IR intensities as well as
anisotropy angles θ of specific normal modes were obtained
with a modified and extended version of the SNF pack-
age.115,116 The BP86117 and B3LYP118,119 density functionals in
combination with Ahlrichs’ TZVP120,121/TZVPP121,122 basis
sets were employed for the calculation of ground- and excited
state IR spectra, respectively. For comparison, we also
performed calculations based on the CIS/TZVP and second-
order coupled cluster CC2/TZVP methods, as implemented in
Turbomole.123 The best agreement with experiments was
obtained at the TDDFT level. Electronic energy gradients and
electric dipole moments were computed with Gaussian 09, and
the data were collected by SNF to evaluate the normal modes
and IR intensities. Differentiation was performed by using a
three-point central difference formula124 with a finite increment
differentiation step of 0.01 bohr. Electrostatic-potential (ESP)
atomic charges were computed according to the Merz−Singh−
Kollman125,126 scheme, as implemented in Gaussian 09.
Electronic transition dipole moments for S1 ← S0 photo-
excitation were obtained at the TDDFT level with the density
functional B3LYP and the TZVP or TZVPP basis sets as
implemented in Gaussian 09. Molecular structures and normal
modes were visualized by using the programs Vmd127 and
Jmol,128 respectively.

3. EXCITED STATE IR SPECTRA
Figure 6 compares the calculated spectra for the S1 trans−keto*
(a) and cis−keto* (b) isomers of HBT to the transient IR
spectrum measured at 100 ps after UV excitation (c). Due to
partial cancellation of the excited state signals with bleaching
vibrational bands of the cis−enol S0 state, panels d and e, the
intensities are difficult to correlate. However, the positions of
the transient bands are in very good agreement with the
calculated vibrational modes for the cis−keto* state.
For example, the peak at 1305 cm−1 is in accordance with the

calculated band at ∼1309 cm−1 for the CH rocking and C
C stretching vibrations (Figure 7). Also, the most intense
experimental band at 1542 cm−1 corresponds to the calculated
normal mode at 1540 cm−1 including CO, CC stretching,
CH bending and rocking vibrations, mostly on the quinone
ring. Furthermore, the broad experimental band in the 1430−
1460 cm−1 range correlates nicely with the two normal modes
at 1435 and 1439 cm−1, showing CH rocking vibrations in
the benzothiazole and quinone rings, respectively. Finally, the
experimental band at 1475 cm−1 corresponds to the calculated
mode at 1471 cm−1 associated with the mixture of in-plane C
H, CC, and carbonyl stretching vibrations of the quinone
ring (Figure 7). The only band in disagreement is the peak at
1397 cm−1 that is apparently shifted to 1383 cm−1. However,
this band might be a combination or overtone band, as
suggested by the analysis of anisotropies (vide inf ra). In
addition, peaks at 1267, 1582, 1601, and 1612 cm−1 are missing
in the pump−probe signal due to cancellation with bleaching S0
bands.
In contrast to the spectrum of the cis−keto* isomer (Figure

6b), the computed spectrum of the trans−keto* form (Figure
6a) shows less agreement with experimental data (Figure 6c).
This observation partially supports the finding that the cis−
keto* form is the dominant product of photoinduced PCET in
the first electronically excited state of HBT.26,69 Nevertheless,

Table 1. Measured and Calculated Anisotropy Angles θ of
Selected Experimental Bands/Calculated Normal Modes Ω
of Cis−Enol in the Ground Statea

Ω (cm−1) θ (deg)

exp. theory exp. theory

1491/1496 1500 10 ± 10 9
1594/1600 1572 65 ± 10 63
1594/1600 1578 65 ± 10 41
1633 1610 12 ± 12 11

aVibrational transition dipole moments: DFT (BP86/TZVP/PCM).
Electronic transition dipole moment: TDDFT(B3LYP/TZVP/PCM).

Table 2. Measured and Calculated [TDDFT (B3LYP/TZVPP)] Anisotropy Angles θ of Selected Experimental Bands/
Calculated Normal Modes Ω of Cis−Keto and Trans−Keto in the First Electronically Excited State

Ω (cm−1) θ (deg)

exp. theory cis−keto* (trans−keto*) exp. TDDFT cis−keto* (trans−keto*)

1305 1309 (1301) 29 ± 5 23 (6)
1397 673 + 736 (685 + 727) 90 − 15 90 (90)
1439 1439 (1433) 77 ± 13 77 (34)
1475 1471 (1472) 90 − 15 65 (79)
1475 1480 (1488) 90 − 15 71 (39)
1542 1540 (1523) 23.5 ± 2.5 26 (28)

Figure 5. Structures of HBT, including the enol and keto (cis and
trans) discussed in the text.
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we emphasize that the analysis of the frequencies alone cannot
rule out formation of trans−keto*, since most of the bands of

that isomer are similar to those of the cis−keto* form. For
example, the experimental band at 1305 cm−1 is also found in
the trans−keto* spectrum, resulting from a normal mode at
1301 cm−1. The normal mode computed at 1400 cm−1 may
give rise to the experimental band at 1397 cm−1, and several
normal modes having frequencies in good agreement with the
experimental bands are computed for the 1430−1480 cm−1

range. The most conspicuous difference between the calculated
cis−keto* and trans−keto* excited state IR spectra, however, is
the band belonging to the carbonyl stretching vibration,
observed in experiments at around 1542 cm−1 and computed
for cis−keto* at 1540 cm−1. For trans−keto*, however, only a
weak band is obtained and with a lower wavenumber (1523
cm−1). Other differences include the normal modes in the
1330−1370 cm−1 range, showing high IR absorbance in
contrast to the corresponding cis−keto* normal modes and
the experimental data. Therefore, we conclude the fingerprint
analysis is more consistent with the HBT S1 population in the
cis−keto* state than in the trans−keto* state generated by cis/
trans isomerization upon rotation of the quinone and
benzothiazole moieties relative to each other along the
connecting CC bond, as discussed for the ground state48 as
well as for other similar systems.8 Resolving the cis−keto*
versus trans−keto* issue, however, requires the analysis of
anisotropies.

4. ANISOTROPIES
The anisotropy angle θ between the vibrational and electronic
transition dipole moments provides information on the
orientation of the normal mode as quantified by its
perturbation on the orientation of the molecular dipole
moment with respect to the electronic transition dipole
moment. As described before, it is obtained from the internal
product of the electronic transition dipole moment of the
system and the vibrational transition dipole moment (i.e.,
dipole moment change per unit displacement along the normal
mode of interest).
Table 1 reports the comparison of calculated and

experimental anisotropy angles θ for various vibrational bands
of HBT in the S0 cis−enol state. We show that the 1495 cm−1

band has an anisotropy angle of θ = 10 ± 10° in very good
agreement with the value θ = 9° obtained from quantum
chemistry calculations. Two normal modes at 1572 and 1578
cm−1 may contribute to the experimental band at 1597 cm−1,
since the anisotropy angle corresponding to the 1572 cm−1

component agrees very well with the experimental value.
Furthermore, the calculated anisotropy angle of 11° for the
normal mode at 1610 cm−1 is also in line with the experimental
value of 12 ± 12°. This consensus between experimental and
calculated anisotropy angles supports not only the quantum
chemistry procedure for calculations of θ but also the
assignment of fingerprint bands. Furthermore, these results
show that the TDDFT electronic transition dipole moments
are reliable and allow for predictions of anisotropy angles.
Table 2 shows the comparison of calculated and

experimental anisotropies for the S1 cis−keto* state. The
experimental value of 29 ± 5° for the band at 1305 cm−1 is
reproduced by the calculated value of 23° for the normal mode
at 1309 cm−1. An exception to this agreement is the band at
1397 cm−1 with an anisotropy angle of 90 − 15°. The
computed anisotropy values for the closer normal modes at
1383, 1363, and 1435 cm−1 are very different (e.g., 11, 3, and
14°, respectively). As mentioned in the previous section, this

Figure 6. Spectra of HBT in the S1 state in the trans−keto* (a) and
cis−keto* (b) configurations, calculated with TDDFT (B3LYP/
TZVPP), and compared to the transient IR spectrum measured at 100
ps pulse delay after excitation at 330 nm (c). The steady state IR
spectrum of HBT in C2Cl4 (d) is compared to the spectrum calculated
at the DFT (BP86/TZVP/PCM) level (e) for HBT in the cis−enol
configuration of the S0 state.

Figure 7. Graphical representation of selected fingerprint normal
modes of cis−keto* [TDDFT(B3LYP/TZVPP)] with the correspond-
ing wavenumbers in cm−1.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp403342w | J. Phys. Chem. A 2013, 117, 5269−52795273



disagreement suggests that the 1397 cm−1 band arises from
combination or overtone bands. According to the calculated IR
spectrum, we find that the normal modes at 673, 705, 728, 736,
and 746 cm−1 lead to an anisotropy angle of 90° whereby
especially the ones at 673, 736, and 746 cm−1 show also a high
IR absorbance. Thus, a combination band resulting from the
normal modes at 673 and 736 cm−1 may be the reason for the
high θ value measured in experiments. The experimental band
at 1439 cm−1 with an anisotropy angle of 77 ± 13° is easily
assigned to the calculated normal mode with the same
wavenumber leading to exactly 77°. The computed normal
modes at 1471 and 1480 cm−1 with anisotropy values of 65 and
71°, respectively, reproduce quite well the experimental 90 −
15° for the band at 1475 cm−1. A very good agreement is also
obtained for the prominent experimental band at 1542 cm−1

and the calculated normal mode at 1540 cm−1 with values of
23.5 ± 2.5 and 26°, respectively. It is important to emphasize,
however, that the size of the basis set is critical for this
agreement. In fact, anisotropies obtained with the smaller
TZVP basis set do not show the level of agreement with
experimental data, as shown in Table 1 for the larger TZVPP
basis set.
As discussed in the previous section, the comparison of

calculated and experimental S1 IR spectra did not allow one to
determine whether the photoinduced PCET induces cis/trans
isomerization and generates a mixture of cis−keto* and trans−
keto* isomers in the excited state or if one of the two isomers is
the predominant excited state component. Here, we show that
the comparison of anisotropy angles clearly resolves this
fundamental problem.
Table 2 also compares the anisotropy angles θ for selected

vibrational bands of the trans−keto* states to show much
better agreement with experiments for the cis−keto* bands
than for the trans−keto* isomer. For example, the experimental
band at 1305 cm−1 has an anisotropy of 29 ± 5°, while the
corresponding trans−keto* band (at 1301 cm−1) has an
anisotropy of 6°. In contrast, the 23° anisotropy of the
corresponding band for the cis−keto* isomer (at 1309 cm−1) is
in much better agreement with experiments. Another example
is the normal mode at 1439 cm−1 with anisotropy of 77° in
quantitative agreement with the frequency and anisotropy of
the corresponding band for the cis−keto* isomer. In contrast,
the corresponding band for the trans−keto* state (at 1433
cm−1) has an anisotropy of 34° significantly different from the
experimental value. Similarly, the experimental band at 1475
cm−1 has an anisotropy of 90° in much better agreement with
the corresponding band for the cis−keto* band at 1480 cm−1

with an anisotropy angle of 79° than for the corresponding
mode of the trans−keto* state at 1480 cm−1 with an anisotropy
angle of 39°. In summary, the calculated wavenumbers and
anisotropy angles of trans−keto* show a larger deviation from
the experimentally derived values than those evaluated for the
cis−keto*. This supports the conclusion that cis−keto* is the
product of intramolecular PCET, a process that does not
induce out-of-plane rotation of the benzothiazole proton
acceptor relative to the phenol/quinone proton donor. These
findings are consistent with earlier studies of the dynamics of
HBT where the cis−keto* isomer was favored as the main
reaction product in nonpolar solution.24,59,60,62,63,67,101,102

However, for the first time, our anisotropy data shows that
formation of trans−keto* can be excluded as an outcome of the
isomerization of HBT in C2Cl4. These results demonstrate the
capabilities of our approach based on the analysis of

polarization-resolved ultrafast infrared spectroscopy for resolv-
ing the possible involvement of the twisting coordinate during
PCET. The resulting insight is consistent with the shorter
lifetime of the S1 state for HBT in the gas phase,73 the observed
transient trans−keto product in the S0 state in acetonitrile,48

and analogous observations for HBO.129,130

5. ELECTRONIC AND NUCLEAR CHANGES DUE TO
PCET

The photoinduced PCET dynamics in HBT involves structural
rearrangements associated with breaking the OH bond in the
phenyl moiety, and electron transfer to the benzothiazole to
form the NH bond (Figure 1). To quantify these changes, we
first discuss the structural changes of the cis−enol as it gets
photoexcited from the ground state to the S1 state, and then the
changes due to conversion into the cis−keto* in the excited S1
state. In accordance with ref 72 and contrary to ref 75, we find
an energy minimum for cis−enol in the S1 state. Table 3 and

Figure 8 shows that there are significant differences in the
structure of cis−enol* already when compared with the ground
state cis−enol. The N−C1 bond (for the numbering of atoms,
see Figure 5) in the S1 state becomes longer, whereas the C1−
C2 distance gets shorter (compare the bond lengths in Table
3), consistent with the double bond formed by photoexcitation.
Analogously, the neighboring C2−C3 bond in the phenol ring
deviates from its equilibrium value due to elongation by 0.047
Å and an increasing double-bond character is observed for the
C3−O bond due to shortening by 0.027 Å. The N−H distance
of cis−enol* is already significantly shortened by 0.158 Å,
compared to cis−enol in the ground state, and the O−H bond
is slightly longer. These changes facilitate PCET with a net
hydrogen transfer from the oxygen donor to the nitrogen
acceptor.
The N−C1 and C2−C3 bonds remain almost unchanged

during the cis−enol* to cis−keto* transformation. However,
the C1−C2 bond is lengthened in the cis−keto* state,

Table 3. Calculated Bond Lengths [(TD)DFT(B3LYP/
TZVP/PCM)] of Cis−Enol in the Ground and Excited
States as Well as Cis− and Trans−Keto* and Cis−Keto

bond length
(Å) cis−enol cis−enol* cis−keto* trans−keto* cis−keto

N−C1 1.304 1.356 1.357 1.367 1.335
C1−C2 1.453 1.418 1.449 1.444 1.413
C2−C3 1.420 1.467 1.467 1.463 1.458
C3−O 1.346 1.319 1.275 1.268 1.277
O−H 0.991 1.037 1.805 4.760 1.543
N−H 1.741 1.583 1.032 1.008 1.076

Figure 8. Electron density differences cis−enol*-minus-cis−enol (left)
and cis−keto*-minus-cis−enol* (right). Blue: electron difference
density at −0.003 e/bohr3 (left, e is the charge of the electron) and
−0.005 e/bohr3 (right). Magenta: 0.003 e/bohr3 (left) and 0.005 e/
bohr3 (right).
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facilitating the formation of twist excited state keto forms, as
suggested in ref 73. For the C−O bond, a further shortening is
obtained during formation of the carbonyl group. The
hydrogen bond length, scaling with the sum of the O−H and
N−H bonds, is indicative of the hydrogen bond strength. From
the calculations, we learn that this sum decreases by 0.11 Å
upon excitation from cis−enol to cis−enol*, and then increases
again by 0.22 Å when cis−keto* is generated. This shows again
that the optical excitation induces electronic charge redis-
tribution and prepares HBT in a state that facilitates the
intramolecular hydrogen transfer.
For completeness, bond lengths of the trans−keto* and cis−

keto isomers are also given in Table 3. We note that the N
C1, C1C2, and C2C3 bonds are shorter in the cis−keto
state than in the cis−keto* configuration, in agreement with ref
72. It is worth mentioning that the C1C2 bond length in the
cis−enol* state is similar to the corresponding double bond
length in cis−keto. In addition, the NC1, C1C2, and C2
C3 bond lengths are similar in the trans−keto* and cis−keto*
states. The electronic changes occurring during the electronic
excitation and the subsequent enol−keto transformation are
visualized in Figure 8. The left-hand side of Figure 8 shows the
change in electron densities due to the cis−enol* ← cis−enol
excitation. The magenta and blue isosurfaces show regions
where the electron density is respectively increased and
decreased upon excitation. We note that the electron density
centered on the NC1, C2C3, and OH bonds is reduced
upon excitation to the S1 state, according to elongation of these
bonds as presented in Table 3. Similarly, a higher electron
density is computed for the shortened C1C2 and CO
bonds as well as on the N atom, thus raising its base character.
The higher double-bond character of the CO bond and the
weakened OH bond in cis−enol* support an enhancement
of the acidity of the phenol group. The right-hand side of
Figure 8 shows the changes from cis−enol* to cis−keto* due
to formation of the NH bond and the CO double bond,
visualized by the increased electron density (magenta) as well
as the increased electron density upon formation of the
additional lone pair in O of the carbonyl group.
Comparing the ESP charges of cis−enol* to those of cis−

enol, lower charges are obtained for the N, C2, and O atoms,
whereas higher ESP charges are calculated for H, C3, and C1.
These findings show that the excitation of cis−enol to the S1
state leads to electronic changes that favor intramolecular
PCET. However, it is important to note that no net charge is
transferred from phenol to benzothiazole during the electronic
excitation, since the sum of ESP charges for the phenol (0.13 qe
with qe being the elementary charge) and benzothiazole (−0.13
qe with qe being the elementary charge) remains almost
unchanged.
A small amount of positive charge is transferred to

benzothiazole when cis−enol* converts into cis−keto*.
Specifically, the benzothiazole charge difference is about 0.34
qe (i.e., only 34% of a full proton transfer) upon excited state
enol−keto tautomerization, with cis−enol* −0.13 qe and cis−
keto* 0.21 qe. According to these results, we conclude that the
photoinduced PCET in HBT should be described as excited
state intramolecular hydrogen transfer, i.e., ESIHT, rather than
the traditional ESIPT, with the proton transfer through-space
concerted with electron transfer through a conjugated double
bond.

■ SUMMARY AND CONCLUSIONS

We have combined experimental and computational methods
to characterize the dynamics of PCET in HBT due to
photoinduced keto−enolic tautomerization in the S1 state.
The methodology involves UV-pump/IR-probe spectroscopy
and quantum chemical modeling, allowing us to quantify the
redistribution of electronic charge coupled to intramolecular
proton translocation in real time. An essential advantage of this
approach is the analysis of anisotropy angles for fingerprint
modes from both the ground and excited state IR spectra. The
vibrational anisotropies provide valuable information on the
orientation of vibrational transition dipole moments, with
respect to the electronic transition dipole moment, that are
sensitive to proton and electron transfer.
We find that the calculated vibrational properties of the cis−

keto* isomer are in much better agreement with experimental
data than the corresponding vibrational features of the trans−
keto* form. These results suggest that PCET does not involve
cis/trans isomerization with out-of-plane twisting motion, as
suggested for similar systems, but rather maintains coplanarity
of the molecule as in HBO,129,130 ensuring in-plane net
hydrogen transfer from phenol to benzothiazole.
Our quantum chemical analysis shows that the S1 ← S0

electronic excitation of cis−enol HBT leads to nuclear and
electronic changes that facilitate hydrogen transfer. Certain
bonds show a pronounced double-bond character, while the
N−H bond becomes shorter, already in the cis−enol* form, as
observed in the cis−keto* structure. However, no net charge is
transferred from the phenol to the benzothiazole part during
the cis−enol electronic excitation.
Looking at the cis−keto* isomer, we find that the bond

lengths of NH and CO are similar to those of cis−keto in
the ground state. These results are consistent with functional
groups that remain neutral due to the simultaneous proton
transfer coupled to redistribution of electronic charge in the
enol−keto isomerization. The resulting PCET of cis−enol* to
cis−keto* is thus described as ESIHT, instead of the
traditionally used ESIPT. These findings demonstrate that
ultrafast polarization-sensitive mid-IR measurements provide a
powerful method for the study of photoexcited PCET when
combined with TDDFT calculations. The data provide a
profound understanding of both electronic and nuclear
rearrangements in the excited state. The methodology can be
straightforwardly applied to the analysis of ultrafast PCET in
other molecules. Therefore, it should be particularly valuable
for the characterization and optimization of molecular photo-
switches.
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Challenges in the Calculation of Electronic Excited States.
ChemPhysChem 2012, 13, 28−51.
(99) Roos, B. O. Perspectives in Calculations on Excited States in
Molecular Systems. Computational Photochemistry; Elsevier: Amster-
dam, The Netherlands, 2005; pp 317−348.
(100) Dreyer, J.; Kummrow, A. Shedding Light on Excited-State
Structures by Theoretical Analysis of Femtosecond Transient Infrared
Spectra: Intramolecular Charge Transfer in 4-(Dimethylamino)-
benzonitrile. J. Am. Chem. Soc. 2000, 122, 2577−2585.
(101) Jas, G. S.; Kuczera, K. Ab Initio Calculations of S1 Excited
State Vibrational Spectra in Benzene, Napthalene and Anthracene.
Chem. Phys. 1997, 214, 229−241.
(102) van Thor, J. J.; Ronayne, K. L.; Towrie, M.; Sage, J. T. Balance
between Ultrafast Parallel Reactions in the Green Fluorescent Protein
Has a Structural Origin. Biophys. J. 2008, 95, 1902−1912.
(103) Usman, A.; Mohammed, O. F.; Nibbering, E. T. J.; Dong, J.;
Solntsev, K. M.; Tolbert, L. M. Excited-State Structure Determination
of the Green Fluorescent Protein Chromophore. J. Am. Chem. Soc.
2005, 127, 11214−11215.
(104) Stoner-Ma, D.; Melief, E. H.; Nappa, J.; Ronayne, K. L.; Tonge,
P. J.; Meech, S. R. Proton Relay Reaction in Green Fluorescent Protein
(GFP): Polarization-Resolved Ultrafast Vibrational Spectroscopy of
Isotopically Edited GFP. J. Phys. Chem. B 2006, 110, 22009−22018.
(105) Szabo, A. Theory of Fluorescence Depolarization in Macro-
molecules and Membranes. J. Chem. Phys. 1984, 81, 150−167.
(106) Lin, Y.-S.; Pieniazek, P. A.; Yang, M.; Skinner, J. L. On the
Calculation of Rotational Anisotropy Decay, as Measured by Ultrafast
Polarization-Resolved Vibrational Pump-Probe Experiments. J. Chem.
Phys. 2010, 132, 174505.
(107) Van Wilderen, L. J. G. W.; Lincoln, C. N.; Van Thor, J. J.
Modelling Multi-Pulse Population Dynamics from Ultrafast Spectros-
copy. PLOS ONE 2011, 6, e17373.
(108) Chachisvilis, M.; Fidder, H.; Sundström, V. Electronic
Coherence in Pseudo Two-Colour Pump-Probe Spectroscopy. Chem.
Phys. Lett. 1995, 234, 141−150.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp403342w | J. Phys. Chem. A 2013, 117, 5269−52795278



(109) Wynne, K.; Hochstrasser, R. M. The Theory of Ultrafast
Vibrational Spectroscopy. Chem. Phys. 1995, 193, 211−236.
(110) Hamm, P. Coherent Effects in Femtosecond Infrared
Spectroscopy. Chem. Phys. 1995, 200, 415−429.
(111) Rini, M.; Kummrow, A.; Dreyer, J.; Nibbering, E. T. J.;
Elsaesser, T. Femtosecond Mid-Infrared Spectroscopy of Condensed
Phase Hydrogen-Bonded Systems as a Probe of Structural Dynamics.
Faraday Discuss. 2003, 122, 27−40.
(112) Rini, M.; Dreyer, J.; Nibbering, E. T. J.; Elsaesser, T. Ultrafast
Vibrational Relaxation Processes Induced by Intramolecular Excited
State Hydrogen Transfer. Chem. Phys. Lett. 2003, 374, 13−19.
(113) Scalmani, G.; Frisch, M. J., Continuous Surface Charge
Polarizable Continuum Models of Solvation. I. General Formalism. J.
Chem. Phys. 2010, 132, 114110.
(114) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; et al. Gaussian 09; Gaussian, Inc.: Wallingford,
CT, 2009.
(115) Neugebauer, J.; Reiher, M.; Kind, C.; Hess, B. A. Quantum
Chemical Calculation of Vibrational Spectra of Large Molecules -
Raman and IR Spectra for Buckminsterfullerene. J. Comput. Chem.
2002, 23, 895−910.
(116) Neugebauer, J.; Herrmann, C.; Luber, S.; Reiher, M. SNF 4.0
 A Program for the Quantum Chemical Calculation of Vibrational
Spectra, 2010.
(117) Becke, A. D. Density-Functional Exchange-Energy Approx-
imation with Correct Asymptotic Behavior. Phys. Rev. A 1988, 38,
3098−3100. Perdew, J. P. Density-Functional Approximation for the
Correlation Energy of the Inhomogeneous Electron Gas. Phys. Rev. B
1986, 33, 8822−8824.
(118) Becke, A. D. Density-Functional Thermochemistry III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(119) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron-
Density. Phys. Rev. B 1988, 37, 785−789.
(120) Schaf̈er, A.; Horn, H.; Ahlrichs, R. Fully Optimized Contracted
Gaussian-Basis Sets for Atoms Li to Kr. J. Chem. Phys. 1992, 97, 2571−
2577.
(121) Schaf̈er, A.; Huber, C.; Ahlrichs, R. Fully Optimized
Contracted Gaussian-Basis Sets of Triple Zeta Valence Quality for
Atoms Li to Kr. J. Chem. Phys. 1994, 100, 5829−5835.
(122) Dunning, T. H., Jr. Gaussian Basis Sets for Use in Correlated
Molecular Calculations: I. The Atoms Boron through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007−1023.
(123) Ahlrichs, R.; Bar̈, M.; Has̈er, M.; Horn, H.; Kölmel, C.
Electronic Structure Calculations on Workstation Computers: The
Program System Turbomole. Chem. Phys. Lett. 1989, 162, 165−169.
(124) Bickley, W. G. Formulae for Numerical Differentiation. Math.
Gaz. 1941, 25, 19−27.
(125) Singh, U. C.; Kollman, P. A. An Approach to Computing
Electrostatic Charges for Molecules. J. Comput. Chem. 1984, 5, 129−
145.
(126) Besler, B. H.; Merz, K. M., Jr.; Kollman, P. A. Atomic Charges
Derived from Semiempirical Methods. J. Comput. Chem. 1990, 11,
431−439.
(127) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual
Molecular Dynamics. J. Mol. Graphics 1996, 14, 33−38.
(128) Hanson, R. M. Jmol - A Paradigm Shift in Crystallographic
Visualization. J. Appl. Crystallogr. 2010, 43, 1250−1260.
(129) Guallar, V.; Batista, V. S.; Miller, W. H. Semiclassical Molecular
Dynamics Simulations of Intramolecular Proton Transfer in Photo-
excited 2-(2′-Hydroxyphenyl)-oxazole. J. Chem. Phys. 2000, 113,
9510−9522.
(130) Kim, J.; Wu, Y. H.; Bred́as, J. L.; Batista, V. S. Quantum
Dynamics of the Excited-State Intramolecular Proton Transfer in 2-
(2′-Hydroxyphenyl)benzothiazole. Isr. J. Chem. 2009, 49, 187−197.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp403342w | J. Phys. Chem. A 2013, 117, 5269−52795279


