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The dynamics of a series of 1-acylaminoanthraquinones with varying degrees of excited-state intramolecular
proton transfer are studied in acetonitrile and dichloromethane. Events are followed via changes in the third-
order intermolecular Raman response as a function of time after resonant excitation of the chromophore.
Compared to electronically resonant probes of the solute, measuring the ultrafast dynamics using the nonresonant
solvent response offers a new and complementary perspective on the events that accompany excitation and
proton transfer. Experimentally observed changes in the nuclear polarizability of the solvent follow dynamic
changes in the solvent-solute interactions. Reorganization of the solvent in response to the significant changes
in the intermolecular interactions upon proton transfer is found to play an important role in the reaction
dynamics. With transfer of the proton taking place rapidly, the solvent controls the dynamics via the time-
dependent evolution of the free energy surface, even on subpicosecond time scales. In addition, the solvent
response probes the effects of intermolecular energy transfer as energy released during the reactive event is
rapidly transferred to the local solvent environment and then dissipates to the bulk solvent on about a 10 ps
time scale. A brief initial account of a portion of this work has appeared previously,J. Am. Chem. Soc.2004,
126, 8620-8621.

1. Introduction

Excited-state intramolecular proton transfer (ESIPT) is im-
portant in a variety of organic and inorganic processes including
photosynthesis, metabolism, and DNA base-pair tautomeriza-
tion.1-6 Compounds that undergo proton transfer in the con-
densed phase have been the subject of many experimental and
computational studies.5,7-28 Spectroscopic measurements of the
dynamics in condensed phase systems have focused primarily
on probing the electronic energy gap of the chromophore. These
studies have provided a wealth of information concerning the
time-dependent evolution of the reactant and product popula-
tions. However, following the dynamics via changes in the
solute’s optical transitions does present some significant chal-
lenges. Mapping the electronic energy gap onto the reaction
coordinate can be very difficult because this requires detailed
knowledge about both the ground and excited-state potential
energy surfaces. For example, transition energies that are not
unique to a single configuration of the system may arise,
including overlapping transitions of the reactants and products.
In addition, resonant solute probes provide limited information
concerning the dynamic reorganization of the solvent that often
plays an integral role in charge-transfer reactions. The solute’s
ability to report on the local solvent environment is typically
compromised by large, rapid changes in the transition energy
that accompany progress along the reaction coordinate(s).
Conclusions concerning the participation of the solvent are
restricted to inference based on the rate of solute transformation,
and information concerning changes of the local solvent
response both during and as a result of the reaction are typically
absent. Our research group recently introduced a method to
probe the time-dependent change in the nonresonant intermo-

lecular solvent response following a photoinitiated event in
solution.29-31 Tracking the solvent response provides a new,
complementary perspective and provides additional understand-
ing of the complex dynamics in these condensed-phase reactions.

In this study, the nonresonant intermolecular response was
probed following photoexcitation of a series of 1-acylaminoan-
thraquinones (AAQs) in acetonitrile and dichloromethane. These
compounds offer a model system for ESIPT. It has been
established previously that by varying the acyl substituent group
of the AAQ, see Figure 1, the extent of ESIPT can be controlled.
In an extensive investigation, Smith et al. reported that as the
electrophilicity of the acyl substituent is increased the ESIPT
ranges from essentially absent in 1-(heptanoylamino)anthraquino-
ne, HPAQ, to nearly instantaneous in 1-(trifluoroacetylamino)-
anthraquinone, TFAQ.25,26The static fluorescence spectrum for
TFAQ indicates near complete proton transfer in all of the
solvents investigated, and time-resolved measurements found
that the product was created within the time resolution of the
experiments, ca. 350 fs, suggesting a lack of solvent control.25

Two compounds with acyl substituent electrophilicities that lie
between TFAQ and HPAQ, 1-(dichloroacetylamino)anthraqui-
none, DCAQ, and 1-(chloroacetylamino)anthraquinone, CAAQ,
represent intermediate cases in which the extent of ESIPT varies
significantly depending on the solvent. Because the technique
used in the present study probes time-dependent changes in the
solvent response rather than a resonant transition of the reactants
and products, the ability to tune the degree of proton transfer
(PT) provides contrast between the dynamics associated with
electronic excitation and proton transfer.

We refer to the molecule prior to PT as the normal form (N)
and following PT as the tautomeric form (T), see Figure 1. The
electronic ground and first excited singlet states of each are then
labeled as S0(N), S0(T), S1(N), and S1(T). In the electronic
ground state, the normal form is thermodynamically favored
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and effectively the only form prior to photoexcitation at room
temperature. In the S1 state, the N and T forms are energetically
similar and ESIPT varies from endothermic to exothermic
depending on the acyl substituent. Using the ratio of static
fluorescence from S1(N) and S1(T) in cyclohexane, we can
roughly approximate the free energy difference in the excited
state to range from 0.6 kcal/mol for HPAQ to-2 kcal/mol for
TFAQ.25 An energy level diagram is shown in Figure 2. Previous
investigations of selected AAQs have indicated that increases
in the solvent polarity stabilize S1(N) to a greater extent than
S1(T).25-27 In the intermediate case of CAAQ, the change in
solvent from acetonitrile to cyclohexane results in exchange of
the dominant fluorescent species from the normal form to the
proton-transfer tautomer.25 Time-resolved fluorescence for
CAAQ in acetone indicated a delayed rise in the appearance of
S1(N) emission concurrent with decay in S1(T) emission. Within
the uncertainty in the measured time scales, this was tentatively
assigned as the result of differential solvation between S1(T)
and S1(N). Using pump-probe spectroscopy with ca. 100 fs
time resolution, Neuwahl et al. demonstrated a delay in the
appearance of S1(T) in both acetonitrile and dichloromethane.27

In this study, the authors explained the delayed rise of the
tautomeric form in terms of kinetics establishing equilibrium
across a potential energy barrier along the proton-transfer (PT)
coordinate.

The experimental results we present here use a technique
developed in our laboratory, resonant pump third-order Raman
probe spectroscopy (RaPTORS).29,30 This technique directly
probes the nuclear polarizability of the solvent following excita-
tion of a chromophore. The result is a measurement of changes
in the local intermolecular solvent response during a reactive
event in solution. We recently reported initial RaPTORS meas-
urements of CAAQ in acetonitrile that demonstrated a dramatic
turnaround in the initial progress toward equilibrium along the
PT coordinate in the S1 state.31 The reversal in displacement
from equilibrium that occurs in the first 300 fs is the result of
ultrafast differential solvation effects between S1(N) and S1(T)
following the initial excitation. In this study, we expand these
results and extend the investigation to a complete series of AAQs
providing new insights when ESIPT takes place as well as when
it does not. For example, the negative solvatochromic shift
observed in all of the AAQs has previously been considered an

indication of a consistent reduction in the magnitude of the
dipole moment following excitation.26 Although the shared
solvatochomic behavior does suggest a common change in the
solvent-solute interaction upon excitation of all four AAQs,
our direct measurements of the change in the intermolecular
response demonstrate that the sign of the change is actually
opposite for AAQs that favor ESIPT thermodynamically
compared to those that do not. When ESIPT does take place,
we not only observe changes in the intermolecular response due
to changes in the solvent-solute electrostatic interactions but
the exothermic reactions also create subpicosecond increases
in the local solvent kinetic energy that subsequently relax by
intermolecular energy exchange with the bulk solvent. The
results presented here, directly monitoring the solvent response,
taken in conjunction with previous investigations focusing on
the solute dynamics, provide a more complete picture of the
excited-state dynamics in 1-acylaminoanthraquinones.

2. Experimental Methods

2.1. Sample Preparation.HPAQ, 1-(heptanoylamino)an-
thraquinone, was prepared using a method analogous to that
reported previously for 1-(stearolylamino)anthraquinone.32 1-ami-
noanthraquinone (3 g; Matheson, Coleman & Bell, 98% pure)
was dissolved in nitrobenzene (20 mL; Avocado, 99% pure).
Heptanoyl chloride (1.386 mL; Aldrich, 99% pure) was added
to this, and the mixture was stirred under nitrogen for ap-
proximately 4 h. The nitrobenzene was removed by a bulb-to-
bulb distillation, and the HPAQ was recrystallized from hexane.
The resulting crystals were purified via column chromatography
using hexanes followed by a mixture of 2:1 ethyl acetate/hexane
with 3% triethylamine on silica gel.

CAAQ, 1-(chloroacetylamino)anthraquinone, was prepared
on the basis of the previously reported synthesis.33 Briefly,
1-aminoanthraquinone (2 g; Matheson, Coleman & Bell, 98%
pure) was dissolved in nitrobenzene (16 mL; Avocado, 99%
pure). Chloroacetyl chloride (0.713 mL; Acros Organics, 98%
pure) was added to this, and the mixture was stirred under
nitrogen for approximately 4 h. Excess nitrobenzene was
removed by vacuum filtration and bulb-to-bulb distillation. The
resulting crystals were rinsed with methanol and purified via
column chromatography using a mixture of 2:1:1 chloroform/
ethyl acetate/hexane with 3% triethylamine on silica gel.

DCAQ, 1-(dichloroacetylamino)anthraquinone, was prepared
in an analogous manner to CAAQ. 1-aminoanthraquinone (3
g; Matheson, Coleman & Bell, 98% pure) was dissolved in
nitrobenzene (24 mL; Avocado, 99% pure). Dichloroacetyl
chloride (1.396 mL; Lancaster Synthesis Inc.) was added to this,
and the mixture was stirred under nitrogen for approximately 4
h. Nitrobenzene was removed by vacuum filtration, and the
crystals were rinsed with methanol to remove unreacted starting
material. The crystals were recrystallized twice from methanol
and further purified via column chromatography with 1:5 ethyl
acetate/hexane with 3% triethylamine, gradually increasing the
ethyl acetate component on silica gel.

TFAQ, 1-(trifluoroacetylamino)anthraquinone, was prepared
as detailed previously.34 1-aminoanthraquinone (2 g; Matheson,
Coleman & Bell, 98% pure) was dissolved in nitrobenzene (25
mL; Avocado, 99% pure). Trifluoroacetic anhydride (2.53 mL;
Acros Organics, 99% pure) was added to this, and the mixture
was stirred under nitrogen for approximately 1 h. Nitrobenzene
was removed by vacuum filtration, and the crystals were rinsed
with methanol to remove unreacted starting material. The
crystals were further purified via column chromatography with
1:2 ethyl acetate/hexane with 3-triethylamine on silica gel. The
TFAQ was recrystallized from methanol.

Figure 1. Structures of normal (a) and tautomeric (b) 1-(acetylamino)-
anthraquinones. Rd(CH2)5CH3 (HPAQ), RdCH2Cl (CAAQ), Rd
CHCl2 (DCAQ), RdCF3 (TFAQ).

Figure 2. Schematic of energy levels for the ground and excited states
of the normal and tautomeric forms of the AAQs. The states are labeled
for the normal (N) and tautomeric (T) forms in the singlet (S) and
triplet (T) states.
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For all compounds, NMR and UV-Vis spectra were taken
to ensure the purity and removal of all solvents.

2.2. Static Spectroscopy.Absorption spectra were recorded
on a Jasco V-530 spectrophotometer. Fluorescence excitation
and emission spectra were recorded on a Jasco FP-6200
spectrofluorimeter. The molecules were excited at 400 nm, and
the spectra were corrected for the instrument response using a
series of external standards: quinine sulfate, fluorescein, sul-
forhodamine 101, and nile blue perchlorate.35

2.3. RaPTORS Measurements.The experimental setup has
been described previously.29,30The RaPTORS technique consists
of an electronically resonant pump pulse followed by a third-
order nonresonant Raman probe. The resonant pump pulse is
centered at 400 nm and has a full width at half-maximum, fwhm,
of 45 fs. Following excitation of the solute by the pump pulse,
a set of three electronically nonresonant laser pulses centered
at 800 nm, 40 fs fwhm, probe the third-order intermolecular
Raman (TOR) response. The experiment involves two adjustable
time delays, shown schematically in Figure 3. There is the delay
between the resonant pump and TOR probe labeledt and a delay
that is intrinsic to the TOR probe, between the coincident first
two nonresonant pulses and the third nonresonant pulse, labeled
τ. Samples flow through a 1 mmpath length cell with 1 mm
fused silica windows at a rate of roughly 0.5 mL/s. The optical
density of each sample is 0.4 at 400 nm, indicating sample
concentrations of∼1 × 10-3 M. Time resolution along thet
dimension is limited by the group velocity mismatch between
the 400 and 800 nm laser pulses, resulting in an instrument
response function with a 150 and 170 fs fwhm (Gaussian) for
CH3CN and CH2Cl2, respectively. Time resolution in theτ time
dimension is determined by the cross-correlation of the 800-
nm laser pulses. Acetonitrile (Pharmco, HPLC grade) and
dichloromethane (Fisher, ACS grade) are used as received. All
of the measurements are performed at room temperature.

The RaPTORS technique provides a measurement of the
change in the intermolecular Raman response because of
resonant solute excitation. The 400 nm pump pulse is modulated
at half of the laser repetition rate, and the signal, measured by
lockin detection at the modulation frequency, reflects thechange
in the TOR response following resonant excitation,∆E (3)(t, τ).
The measured signal is a cross term between∆E (3)(t, τ) and
the nonresonant TOR signal field from the bulk solvent that is
present with and without the pump pulse,E solvent

(3) (τ).29,30

The electronically nonresonant TOR probe interrogates the
intermolecular nuclear response via the third-order time domain
response function, which can be expressed in terms of a
polarizability correlation function36

The proportionality becomes equal in the impulsive limit.

In the work reported here, the value ofτ is held fixed and
the t delay is scanned. These scans are referred to ast-slices.
Setting a fixed value ofτ and collecting the response alongt
has two important consequences. First, the value ofE solvent

(3) (τ)
in eq 1 is a constant for fixedτ and thus acts as a time-
independent local oscillator. Second, the value of the fixedτ
delay dictates the point in the nuclear polarizability response
that is probed as a function oft. In this study, we focus our
discussion ont-slices near the peak of the intermolecular
polarizability response atτ ) 140 fs in acetonitrile andτ )
180 fs in dichloromethane. This portion of of the response is
often associated with libration motions, but these fastest solvent
time scales are likely to include translational motions as
well.37-41 We have chosen to probe near the peak of the
intermolecular response in this initial study because this point
in the response is sensitive to changes in the intermolecular
solvent-solute interactions and changes in the kinetic energy
of the solvent.30 The heterodyne-detected nonresonant TOR
responses for acetonitrile and dichloromethane are shown in the
Supporting Information, with the fixed value ofτ used in thet
slices indicated for reference. Recovery of the change in the
complete intermolecular response as a function of thet delay
is complicated significantly by the time dependence of the
intrinsic local oscillator alongτ,30 and this will be addressed in
a forthcoming manuscript.42 The response at a larger value of
τ is discussed briefly in section 4.5. Raw data, fits, and fitting
parameters fort-slices atτ ) 350 fs in acetonitrile andτ ) 360
fs in dichloromethane are available in the Supporting Informa-
tion.

To suppress the instantaneous electronic response in the TOR
probe, we set the three linearly polarized nonresonant laser fields
and the detected signal to select the following tensorial portion
of the response:43,44

The relative laser polarization angles are indicated with respect
to x, whered ) - 71°, c ) 45°, andy ) 90°. Selection of this
tensorial response results in negative signal amplitudes for
intermolecular motions (for example, see the heterodyne-
detected TOR solvent measurements provided in the Supporting
Information).44 A negative TOR response not only means that
increases in the intermolecular polarizability response are
indicated by a decrease (more negative) in the signal, that is,
∆E (3)(t; τ) < 0, but it also means that the local oscillator is
negative,E solvent

(3) (τ) < 0. The measured signal intensity is the
product of these two contributions, see eq 1, and thus increases
in the TOR response caused by the action of the resonant
excitation pulse result in positive RaPTORS signals, whereas
decreases result in negative RaPTORS signals.30

2.4. Computational Methods.The optimized structures, used
as starting points for all of the energetic and dipole calculations,
were determined using Gaussian 98.45 The DFT method used
for the optimizations was Becke’s three-parameter hybrid
functional using the correlation functional of Lee, Yang, and
Parr, B3LYP.46-48 The MIDI! basis set was used for all of the
DFT calculations.49 The MIDI! basis set has been shown to
provide more accurate geometries and charge distributions than
the 6-31G* basis set at significantly reduced computational cost
for medium and large size molecules.49 The OH bond distance
in the proton-transfer tautomer was constrained to 0.97-1.01
Å to prevent back transfer during the optimization of the ground
electronic state. In the normal species, frequency calculations
were carried out to verify stationary points. Gas-phase polar-

Figure 3. RaPTORS pulse sequence.

IRaPTORS(t, τ) ∝ ∆E (3)(t, τ) Esolvent
(3) (τ) (1)

E (3)(τ) ∝ R(3)(τ) ) - i
p

〈[R(τ),R(0)]〉 (2)

3Ryyxx
(3) (τ) - Rxxxx

(3) (τ) ) Rdcxx
(3) (τ) (3)
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izabilities were calculated from the optimized B3LYP/MIDI!
structures. The excitation energies and dipole moments of the
AAQs in acetonitrile and dichloromethane are SM5.42/INDO/
S2 values calculated by the ZINDO-MN program.50 ZINDO-
MN incorporates the INDO/S2 parameters, the CM2 charge
model, the SM5.42R continuum solvation model, and the
VEM42 vertical excitation model for nonequilibrium electro-
static free energies of solvation.51,52 The CIS active space for
VEM42 calculations was (10, 10), allowing substitutions from
the 10 highest HOMOs (highest occupied molecular orbitals)
to the 10 lowest LUMOs (lowest unoccupied molecular orbitals).
The ZINDO-MN program was selected for its abililty to provide
accurate excited-state CM2 dipole moments and excitation
energies, which include solvent effects within the SM5.42
continuum model, at reasonable computational cost. Solvent
descriptors for acetonitrile and dichloromethane were taken from
the Minnesota Solvent Descriptor Database.53

3. Results and Analysis
3.1. Static Spectroscopy.The absorption spectra for all four

AAQs in both acetonitrile and dichloromethane are available
in the Supporting Information. The static fluorescence spectra
for the AAQs in acetonitrile and dichloromethane are shown in
Figure 4. All species were excited near the peak of the
absorbance at 400 nm. Emission from the normal species is
centered near 510 nm, and the proton-transfer species is
characterized by emission around 635 nm.25 The absorption and
fluorescence spectra are consistent with the previous report of
Smith et al.25 As illustrated in Figure 4, the fluorescence from
HPAQ is dominated by the shorter wavelength component
assigned to the normal form, whereas the emission from TFAQ
is dominated by the longer wavelength emission of the tautomer.
DCAQ and CAAQ exhibit dual emission in both solvents with

an increase in the intensity from the tautomeric versus normal
form in dichloromethane compared to acetonitrile. The ratio of
S1(T) to S1(N) emission is larger for DCAQ than CAAQ in
both solvents.

3.2. RaPTORSt-Slices.RaPTORSt-slices were each fit as
the sum of the following three components: a dynamic change
in the intermolecular solvent response following solute excita-
tion, a decay due to loss of anisotropy in the initially prepared
system that follows solute rotation, and the neat solvent
background. A description of each of these signal contributions
follows.

The TOR probe of the intermolecular response can both
increase and decrease with time, depending on the dynamic
changes of the system that follow electronic excitation of the
AAQ chromophore. The origins of both positive and negative
changes in the signal will be discussed in section 4. The excited-
state lifetimes of the AAQs are comparable to, or, in some cases,
much longer than the experimental capabilities of our delay
stages. As a result, changes in the intermolecular response may
persist well beyond our longest experimental delay time.30 To
allow for multiple positive and negative time-dependent changes,
we have chosen to model the observed signal as a series of
events, eq 4.

In eq 4, capital lettersA-E represent the values of the change
in the TOR probe at different points in time. The time-dependent
weighting factors,a(t)-e(t), can each have values in the range
0-1, and are constrained to sum to 1 at all times. The initial
conditions are defined bya(t ) 0) ) 1, andt1-t4 are the time
constants for transitions between the different signal values. An
analytical form for the time-dependent values of the weighting
factors in terms of the time constants was obtained by solving
the associated set of differential equations, and this is outlined
in the Supporting Information. The contribution to the time-
dependent signal, eq 1, is then simply the weighted sum of the
values in the series

ValuesA-E and time constantst1-t4 are treated as variable
parameters when fitting the data, and the result is convoluted
with the instrument response function prior to comparison with
the data during optimization. Optimizations of the fits to the
data are started with the four steps shown in eq 4. If the values
of two or more time constants converge during the optimization,
indicating an inability to resolve individual events, then the
redundant steps are removed from the response.

Because of the anisotropic portion of the nonresonant TOR
probe and the anisotropic distribution of chromophores excited
by the linearly polarized pump pulse, there is a decay component
in the measured signal that reflects solute rotation. The solute
rotational component is modeled as an exponential decay,
Rrotation(t) ) Ae-t/τrot, where the amplitude,A, and rotation time
constant,τrot, are variable parameters in the fitting. The rotational
decay is convoluted with the instrument response function prior
to comparison with the raw data in the optimization procedure.
The rotation times determined for the AAQs, reported in Tables
1 and 2, are in qualitative agreement with rotation times
determined for a dye molecule of similar size, Coumarin 153,
in these solvents.54

The solvent background is determined from the neat solvent
measured under the identical conditions as the RaPTORS data.
In the absence of chromophore, there is a signal centered at

Figure 4. Static fluorescence spectra for AAQs in acetonitrile (a) and
dichloromethane (b). All species were excited at 400 nm, and the spectra
were corrected for the instrument response. Red, HPAQ; green, CAAQ;
black, DCAQ; blue, TFAQ.

a(t)A 98
t1

b(t)B 98
t2

c(t)C 98
t3

d(t)D 98
t4

e(t)E (4)

I(t; τ) ) a(t)A + b(t)B + c(t)C + d(t)D + e(t)E (5)
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t ) 0 fs that results from electronically nonresonant interactions
of the 400 and 800 nm laser pulses. The intensity of this
background feature is reduced in solutions that contain the
AAQs because of resonant absorption of the 400 nm pulse.
Comparison of the peak intensity att ) 0 fs demonstrates a
reduction in the signal intensity consistent with the optical
density of the sample, indicating that in the AAQ samples the
time resolution limited feature att ) 0 fs is dominated by the
neat solvent background. After linear scaling of the neat solvent
response to account for the change in the optical density at 400
nm, the signals from the neat solvent are included directly as
fixed components in the fit to the data.

The raw data and complete fit are shown in Figure 5 for the
t-slice atτ ) 140 fs for TFAQ in acetonitrile. The raw data
and complete fits for all AAQs in both acetonitrile and
dichloromethane are available in the Supporting Information.
To emphasize the dynamic events of interest, we present the
raw data and fits following subtraction of the neat solvent
background and exponential decay due to molecular rotation
in Figures 6 and 7. The fitting parameters are listed in Tables
1 and 2 for acetonitrile and dichloromethane. All of the
compounds show a long time (>90 ps) decay of the signal
intensity associated with the lifetime of the excited states. Early
time dynamics vary by AAQ, and they are discussed in detail
in section 4. DCAQ and TFAQ exhibit an initial 100-200 fs

rise followed by a 1-2 ps event, and these time scales shift
slightly longer in dichloromethane. For CAAQ in acetonitrile,
the solvent response contains two subpicosecond time scales, a
100 fs increase followed by 180 fs and 1.1 ps decreases.31 In
HPAQ, there is a single negative component with a time constant
of 425 fs in acetonitrile and 610 fs in dichloromethane. In the
AAQs where tautomeric emission is significant, there is an
additional decay component of ca. 10 ps. This time scale is
present for DCAQ and TFAQ in both solvents and CAAQ in
dichloromethane.

3.3. Computational Results.Tables 3 and 4 summarize the
computational results for the AAQs in terms of bond distances,
bond angles, molecular dipole moments, and excitation energies.
The reported bond lengths and angles at the site of intramo-
lecular PT are shown in Figure 1. The bond lengths are
indicative of strong intramolecular hydrogen bonds for all AAQs
in both the normal and tautomeric species with an average
hydrogen bond length of 1.7 and 1.6 Å in the normal and
tautomeric forms, respectively. The angle of the hydrogen bond,
with the vertex at the transferring proton is 140° in the normal
species and 150° in the tautomeric species.

TABLE 1: Fitting Parameters for RaPTORS t-slices for AAQs in Acetonitrilea

A B C D E t1 (ps) t2 (ps) t3 (ps) t4 (ps) τrot (ps)

HPAQ 0.0 -24.0 -4.7 0.39 450 23
CAAQ -7.3 17.0 4.5 -10.0 -1.4 0.10 0.18 1.1 160 16
DCAQ 0.0 34.3 34.4 15.1 -1.7 0.20 1.1 12.2 106 21
TFAQ 0.0 48.0 34.9 17.3 -1.9 0.27 3.4 9.8 94 21

a See section 3.2 of the text for a description of the listed values.

TABLE 2: Fitting Parameters for RaPTORS t-slices for AAQs in Dichloromethanea

A B C D E t1 (ps) t2 (ps) t3 (ps) t4 (ps) τrot (ps)

HPAQ 0.0 -15.3 -18.0 -1.3 0.61 3.6 705 30
CAAQ -3.1 16.0 3.0 -2.1 -2.5 0.13 1.7 12.5 96 24
DCAQ 0.0 40.0 33.1 13.0 -0.4 0.22 1.2 15.5 105 28
TFAQ 0.0 39.1 32.4 12.3 -0.2 0.18 3.5 11.5 110 27

a See section 3.2 of the text for a description of the listed values.

Figure 5. RaPTORSt-slice for TFAQ in acetonitrile atτ ) 140 fs
showing the raw data (points), complete fit, and individual fit
components. Details of the fitting are described in section 3.2. Black,
total fit; red, neat solvent background; green, solute rotation; blue,
dynamic solvent response.

Figure 6. RaPTORSt-slices for all AAQs in acetonitrile atτ ) 140
fs showing the data (points) and fit as described by eq 4. Red, HPAQ;
green, CAAQ; black, DCAQ; blue, TFAQ.
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The dipole moments increase upon vertical excitation of
S0(N) for HPAQ and CAAQ, and decrease for DCAQ and
TFAQ in both solvents. The dipole moments of all AAQs
decrease upon vertical excitation of S0(T). In the excited state,
with the exception of TFAQ, the dipole moment is reduced upon
going from the S1(N) to S1(T) (i.e., upon ESIPT). In all of the
AAQs studied, the dipole moment is similar in direction for
S0(N) and S1(T). There is a significant directional change that
accompanies the change in magnitude between S0(N) and
S1(N). This is shown in Table 4, where the angle was determined
by overlapping the structures and comparing the angle between
the dipole moments of S1(N) and S1(T) with S0(N) for the given
AAQ. When comparing the dipole directions between the
normal and tautomeric structures, the molecules were aligned
to provide the best possible overlap of the atomic positions for
the oxygen, nitrogen, and three intervening carbons at the
proton-transfer sites.

The calculated and experimental excitation energies are
presented in Table 4. The VEM42/ SM5.24/INDO/S2 vertical
excitation model agrees well with the experimental excitation
energy of the normal species. There is a shift to higher excitation
energies for the species as the acyl group becomes more

electrophilic, from HPAQ to TFAQ, as seen in the experimental
absorption spectra. Excitation of the tautomer is shifted about
4000 cm-1 compared to the normal species, largely because of
the relative instability of the tautomeric ground state. The
excitation energies for the proton-transfer tautomers show the
same increase in excitation energy with acyl group electrophi-
licity as in the normal species. Inclusion of the SM5.42 solvation
model results in a blue shift of the excitation energies for all
AAQs when increasing the polarity of the solvent from
dichloromethane to acetonitrile, in agreement with experiment.
Given the increase in magnitude of the dipole moment upon
excitation in only two of the four AAQs, the negative solva-
tochromic shift that is common to all of the AAQs is due
primarily to the large change in the angle of the dipole moment
that accompanies transition to the S1 state. Negative solvato-
chromic shifts due to changes in the dipole angle have been
demonstrated experimentally for several dye molecules.55

The RaPTORS experiments are sensitive to changes in the
AAQ-solvent interactions after resonant excitation.30 Changes
in the electrostatic portion of the solvent-solute interaction that
accompany both excitation and ESIPT are approximated with
the solvent polarization energy of the Kirkwood-Onsager
continuum dielectric model.56-58

In eq 6,a is the radius of solute, assumed to be spherical, and
is fixed at 4.4 Å on the basis of the calculated molecular
volumes. The dielectric constant at 298 K for acetonitrile isε

) 35.69,53 for dichloromethane it isε ) 8.93,53 and the dipole
moments,µ, are taken from Table 4. The resulting solvent
polarization energies are presented in Table 5. We acknowledge
the quantitative shortcomings of eq 6, including the fact that
the AAQs are clearly not spherical and the approximation of
the multipole expansion with only the dipolar term.56 However,
we believe it is reasonable as an indication of the sign and
relative magnitude of the changes in the solvent-solute interac-
tion when comparing different structures and states of the AAQs.
Changes in the electrostatic interactions that result from
excitation, S0 f S1, differ depending on the acyl substituent as
a result of the different sign of the changes in the magnitude of
µ, see Table 4. The excited states are stabilized relative to the
ground states for HPAQ and CAAQ, whereas the electrostatic
interaction decreases in DCAQ and TFAQ.

In addition to the electrostatic contributions to the solvent-
solute interaction, there will also be dispersion, and there could
be specific interactions such as hydrogen bonding. For the
solvents in this study, acetonitrile and dichloromethane, we
assume that any hydrogen bonding interactions are small
compared to the electrostatic and dispersion interactions. Our
ability to assess contributions from the dispersion interactions
in these condensed phase systems is limited. With small
differences in the solute’s molecular polarizabilty between the
normal and tautomeric forms, we assume that the change in
the dispersion interaction with PT is small. In the case of the
electronic transition, S0(N) f S1(N), the dispersion interaction
is expected to increase (lower the solvation energy) as indicated
by modest increases in the AAQ's molecular polarizability.
Using finite field calculations at the HF/MIDI! and CIS/MIDI!
level, we calculate a ca. 10% increase in the polarizability from
S0(N) to S1(N) in both HPAQ and TFAQ. On the basis of this,
we predict a small, consistent increase in the dispersion
interaction for all of the AAQs studied. We emphasize that we

Figure 7. RaPTORSt-slices for all AAQs in dichloromethane atτ )
180 fs showing the data (points) and fit as described by eq 4. Red,
HPAQ; green, CAAQ; black, DCAQ; blue, TFAQ.

TABLE 3: B3LYP/MIDI! Optimized Ground State AAQ
Structural Parametersa

rO-H (Å) rN-H (Å) θN-O-H (deg)

HPAQ N 1.72 1.04 141.6
T 0.98 1.56 152.8

CAAQ N 1.73 1.04 138.7
T 0.98 1.58 149.6

DCAQ N 1.70 1.05 140.8
T 0.99 1.57 150.8

TFAQ N 1.71 1.04 140.0
T 0.99 1.56 150.6

a Structures Are Shown in Figure 1

GP ) - 1
2 [2(ε - 1)

(2ε + 1)] µ2

a3
(6)
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are not suggesting that the dominant contribution to the solvation
energy for a given state of an AAQ is electrostatic, only that
changes in the solvent-solute interaction associated with
excitation and PT will have the largest influence from the
electrostatic changes. This is a better assumption in acetonitrile
than dichloromethane because of the larger molecular polariz-
ability of dichloromethane. The results discussed in section 4
are consistent with the changes predicted by the electrostatic
interactions in both solvents.

4. Discussion

First, we consider some general observations from the
complete set of AAQs investigated, and this is followed by more
specific discussions of the individual AAQ dynamics. In Figures
6 and 7, the series of AAQs clearly present contrasting
RaPTORS responses, with a negative response for HPAQ, and
increasingly positive responses for CAAQ, DCAQ, and TFAQ.
In Figures 6 and 7, near the peak of the nonresonant TOR
solvent response, changes in this response are sensitive to
changes in the intermolecular solvent-solute interactions and
changes in the solvent kinetic energy.30 Increases in the solvent-
solute interaction (more negative interaction energy) decrease
the TOR response, and decreases in the interaction increase the
TOR response. Changes in the solvent kinetic energy produce
the opposite trend, with increasing kinetic energy resulting in
an increase in the TOR response.

The trends in the RaPTORS responses are consistent with
the changes in solvent-solute interactions predicted in section
3.3 and shown in Table 5. For HPAQ, where ESIPT is restricted,
the change reflects the difference between excited and ground
state of the normal form, S1(N) and S0(N), where the intermo-
lecular interaction increases. When ESIPT takes place, the signal
reflects contributions from both S1(N) and S1(T), with the
relative weight of the contributions depending on the extent of
PT. In the cases that favor ESIPT, TFAQ and DCAQ, there is
a decrease in the solute-solvent interaction comparing the
excited-state species with S0(N). In addition to the reduction in
solvent-solute interactions, the initial positive responses from
TFAQ and DCAQ also reflect some heating of the solvent that

follows from the exothermic PT, and this will be discussed in
section 4.2. Table 5 shows that in CAAQ, relative to S0(N),
there is an increase in the intermolecular interaction for S1(N)
and a decrease for S1(T). The responses show complex behavior
at early times with an instantaneous decrease followed by both
an increase and subsequent decrease within the first picosecond
after excitation. These dynamics in CAAQ reflect rapid changes
in the S1(N)/S1(T) ratio after excitation and are discussed in
section 4.3.

Comparison of thet-slices in acetonitrile and dichloro-
methane, Figures 6 and 7, are consistent with the changes in
the ratio of static fluorescence from S1(N) and S1(T).25 In the
limiting ESIPT cases there are very little changes, with HPAQ
dominated by S1(N) and TFAQ dominated by S1(T) in both
solvents. Only subtle changes in thet-slices are observed in
these AAQs. Both DCAQ and CAAQ have a clear increase in
the S1(T)/S1(N) fluorescence ratio in dichloromethane, and in
both cases the RaPTORS response shows an associated increase.
The DCAQ response increases to become very similar to the
TFAQ response in dichloromethane, and the majority of the
CAAQ response changes sign from negative to positive when
going from acetonitrile to dichloromethane.

The solvent-dependent changes in the static fluorescence,25

pump-probe,27 and the RaPTORS responses reported here for
CAAQ all indicate that increases in solvent polarity stabilize
S1(N) relative to S1(T). From the negative solvatochromic shift
and a semiemperical calculation on an AAQ model compound,
1-hydroxyanthraquinone, Smith et al. concluded that there is a
reduction in the dipole moment upon excitation of the AAQs,
S0(N) f S1(N).25 The negative RaPTORS response for HPAQ
and CAAQ are not consistent with this conclusion and provide
direct evidence of an increase in the solvent-solute interaction
from the ground to excited state of the normal form. Our
calculations indicate that in these two AAQs, where S1(N) is
the more intense fluorescence species, there is an increase in
the solvent-solute interaction that comes from an increase in
the magnitude of the dipole moment. The negative solvatochro-
mic shift in these compounds must be the result of the large
change in the angle of the dipole moment upon excitation, ca.

TABLE 4: ZINDO-MN Dipole Moments and Vertical Transition Energies

dipole momenta vertical excitation energyb

CH3CN CH2Cl2

S0 S1 angle S0 S1 angle CH3CN CH2Cl2

HPAQ N 5.7 6.9 39 5.5 6.7 40 25 647(24 631) 25 564(24 272)
T 8.5 5.2 17 8.3 4.8 18 21 822 21 742

CAAQ N 4.1 5.1 56 3.9 5.0 53 25 895(25 575) 25 819(25 381)
T 7.7 3.4 12 7.9 3.0 8 21 952 21 848

DCAQ N 4.5 4.4 54 4.4 4.3 56 25 980(25 907) 25 899(25 641)
T 8.5 3.9 11 8.4 3.6 13 21 947 21 832

TFAQ N 5.6 4.3 44 5.6 4.2 45 26 024(26 525) 25 939(26 178)
T 10.6 5.7 14 10.2 5.3 17 22 085 21 961

a The dipole moments are in Debye. The angles are in degrees and indicate the angle between the S1 dipole moment and the S0(N) dipole
moment.b Vertical excitation energies are reported in cm-1. Experimental absorption maxima are given in parentheses for comparison.

TABLE 5: Solvent Polarization Energies,GP
a

HPAQ CAAQ DCAQ TFAQ

solvent structure S0 S1 S0 S1 S0 S1 S0 S1

CH3CN N -919 -1347 -476 -736 -573 -548 -887 -523
T -2044 -765 -1677 -327 -2044 -430 -3179 -919

CH2Cl2 N -751 -1114 -378 -621 -481 -459 -778 -438
T -1710 -572 -1549 -223 -1751 -322 -2582 -697

a All values reported in cm-1. See section 3.3 and eq 6 for details.
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45 ° as shown in Table 4. For compounds that strongly favor
PT in the excited state, such as TFAQ and the model compound
1-hydroxyanthraquinone, our results agree with the conclusion
that there is a reduction in the dipole moment with excitation
of the normal form. In the case of TFAQ, the negative
solvatochromic behavior originates from a combination of a
decrease in the magnitude and significant change in the direction
of the dipole moment between S1(N) and S0(N). Together, these
results highlight the differences in how solvent-solute interac-
tions change after excitation depending on the acyl substituent,
with similar changes among the endothermic ESIPT variants,
HPAQ and CAAQ, and among the exothermic ESIPT variants,
DCAQ and TFAQ. This also indicates that using any single
model system to interpret the excited-state dynamics in solution
across this entire series of AAQs is not sufficient.

4.1. HPAQ: Restricted ESIPT. In both acetonitrile and
dichloromethane, the static fluorescence spectrum of HPAQ
indicates the presence of very little, if any, excited-state
tautomeric form. Time-resolved fluorescence demonstrates that
if there is ESIPT within this system then it is either followed
by nearly instantaneous back transfer or it is a very slow (.100
ps) process.25 The RaPTORSt-slices indicate two main time
scales for HPAQ, a fast initial decay followed by a long time
scale increase toward zero. The initial decrease in the response
is due to the sudden increase in the solvent-solute interactions
following excitation, and subsequent solvent reorganization
(solvation) in the S1(N) state serves to further lower the
intermolecular interaction energy. This occurs with a time
constant of 425 fs in acetonitrile, midway between the inertial,
89 fs, and diffusive, 630 fs, time scales for dipolar solvation in
acetonitrile.59 In dichloromethane, the time constant for the
initial decay of the RaPTORSt-slice is 610 fs, lying between
the experimentally determined inertial, 144 fs, and diffusive,
1.02 ps, time scales for dipolar solvation.59 The increase in the
time scale with solvent is consistent with the increased solvation
times in dichloromethane.

Following solvation, there is a long time decay in the
magnitude of the signal that measures the declining difference
in the solvent-solute interaction as the population of the excited-
state S1(N) decays. The time constants of this decay, in both
solvents, exceeds the length of the scanning delay stage. By
fixing the final time constants to the reported fluorescence
lifetimes of 450 and 705 ps observed in acetonitrile and
dichloromethane,25 excellent agreement is found with our
measured responses. However, even with the inclusion of this
very long decay due to the excited-state lifetime, the final value
in the fitting, see Tables 1 and 2, does not return to zero. The
fact that a difference in the solvent response remains indicates
that relaxation from the excited state is not exclusively to the
original ground state. We attribute this to some degree of
intersystem crossing (ISC) to the triplet state, as illustrated in
Figure 2. ISC has been determined to be a competitive excited-
state process in AAQs, with microsecond lifetimes reported for
the triplet state.28 The negative final value in the RaPTORS fit
indicates a larger solvent-solute interaction for T1(N) than S0-
(N), due most likely to a larger dipole moment in the triplet
state.

4.2. TFAQ and DCAQ: Rapid ESIPT. The static emission
from TFAQ is dominated by the tautomeric species, and this is
the larger component for DCAQ in both solvent environments.
Smith et al. measured an instrument-limited (<350 fs) appear-
ance of S1(T) for both TFAQ and DCAQ. Thet-slices in Figures
6 and 7 show that in both solvents the initial response is a rapid
increase with a time constant of ca. 200 fs. The response then

turns over and declines on two time scales, ca. 10 ps and ca.
100 ps. The largest time constants are in good agreement with
excited-state lifetimes measured by fluorescence of 99 and 125
ps for DCAQ, and 116 and 119 ps for TFAQ in acetonitrile
and dichloromethane.25 The rapid 200 fs rise is likely to come
from a combination of a reduction in the solvent-solute
interaction and an increase in the kinetic energy of the solvent.
Table 5 shows that following excitation there is a decrease in
the intermolecular interaction. After ESIPT, the solvent polar-
ization returns to a value similar to S0(N). As mentioned
previously, one of the assumptions in Table 5 was that the same
cavity radius describes both the ground and excited states. A
small increase in the molecular size on going from the ground
to excited state would produce an additional net increase in the
solvent polarization energy. The result would be a reduction of
AAQ-solvent interactions in both S1(N) and S1(T) relative to
S0(N), in agreement with our measurements. However, the
subsequent ca. 10 ps decrease in the signal, recovering to about
half of the initial increase, is not consistent with only this one
origin for the initial increase. Changes in the intermolecular
interaction are established within the first picosecond and should
persist for the lifetime of the newly created state as seen in
HPAQ.

The ca. 10 ps decline in thet-slices is exhibited only in AAQs
in which PT in the excited state is exothermic. We believe the
solvent response when rapid ESIPT takes place has an additional
contribution from the energy released during chemical reaction.
This results in an initial kinetic energy gain in the local solvent
environment. An estimate from the ratio of the normal and
tautomer emission intensities indicates that ESIPT is exothermic
by roughly 2 kcal/mol at room temperature.25 During ESIPT,
energy is transferred to the local solvent environment and then
subsequently dissipates into the bulk solvent. The initial increase
in kinetic energy is localized in the adjacent solvent, resulting
in a relatively large increase in the kinetic energy of these
solvent molecules. This is reflected in a rapid increase in the
RaPTORS response. As the energy is transferred into the bulk
solvent, the initially excited local solvent cools and the
RaPTORS response decreases. The net effect of this intermo-
lecular energy transfer process is a rapid heating of the local
solvent during the first 200 fs followed by dissipation of that
energy into the bulk on an overall time scale of about 10 ps. A
similar type of energy transfer has been reported in simulations
that followed the initial gain and subsequent transfer of excess
energy following excitation of a dye molecule in acetonitrile.60

These simulations indicated an initial 200 fs transfer of the
kinetic energy into the first solvation shell, followed by a
roughly 1 ps time constant for energy flow from the first
solvation shell to the second. The simulations were not over
long enough time scales to reach an equilibrated energy
distribution. Based on our measurements, the dissipation of the
energy into the bulk is a slightly slower process in dichlo-
romethane. These dynamics, energy transfer to and in the
surrounding molecular solvent, are fundamental components of
reactions in solution that are not captured in experiments
designed to interrogate the solute.

The t-slice signal does not return to zero on the time scale of
the experiment, settling to a slightly negative value at 300 ps.
As in the case of HPAQ, we believe this is due to some
competition in the relaxation of the S1 state via ISC to a
relatively long-lived triplet state. When ISC occurs in the
tautomeric form, Nagaoka et al. have reported rapid back proton
transfer from the tautomeric triplet state to the normal triplet
state.28 The negative offset indicates that the long-lived triplet
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has a larger solvent-solute interaction than S0(N), which is
likely due to a larger dipole moment. The triplet states are
illustrated in the scheme in Figure 2.

4.3. CAAQ: An Intermediate Case.A brief initial account
of results for CAAQ in acetonitrile has appeared previously in
ref 31. CAAQ represents an intermediate case in which the small
energetic difference between S1(N) and S1(T) amplifies the role
played by solvation dynamics during ESIPT. Although ESIPT
takes place rapidly in both solvents, the static fluorescence
remains dominated by emission from S1(N), with an increase
in the S1(T)/S1(N) emission ratio going from acetonitrile to
dichloromethane.25,27

The CAAQ RaPTORSt-slices exhibit dynamics that are not
seen in either of the limiting PT cases. In both solvents, our
fits start at a negative value (the value ofA in Tables 1 and 2)
indicating a reduction in the response within our time resolution,
and this is followed by a 100 fs rise. Looking at Table 4,
excitation of CAAQ creates an initial increase in the dipole
moment in S1(N), and PT to S1(T) results in a reduction of the
dipole moment relative to the initial state, S0(N). The t-slices
follow the sudden increase in intermolecular interaction after
excitation and subsequent reduction in this interaction with rapid
PT. This result is in excellent agreement with the pump-probe
results of Neuwahl et al., where the authors demonstrated
evidence for the impulsively excited S1(N) and a delayed, 100-
110 fs arrival of S1(T).27 These authors attributed the initial
dynamics to equilibration on the excited PES dictated by a
barrier along the PT coordinate.

Following the initial 100 fs rise, the RaPTORS responses turn
around, with a dramatic 180 fs decline in acetonitrile and 1-2-
ps decreases in both solvents. On the basis of the change in
intermolecular interactions, increases in the response indicate
progress toward S1(T), and decreases indicate progress toward
S1(N). The signal reversal in the first picosecond indicates a
dynamic shift in the displacement from equilibrium along the
PT coordinate in the excited state. This cannot be explained by
equilibration along a time-independent PT coordinate. These
results demonstrate that dynamic solvent reorganization is
changing the potential energy landscape on these time scales
and controlling the PT dynamics. This turnaround in the reaction
is not seen in the pump-probe experiments, in which the authors
chose to focus on the initial appearance of S1(T).27 However,
Smith et al. did note an interesting rise in the fluorescence from
S1(N) with an exponential time constant of 850( 350 fs.25

Within the quality of the data, this rise was suggested to correlate
with a decrease in the emission from S1(T) that was fit to a
time constant of 3( 1 ps. The authors tentatively assigned this
behavior to differential solvation of the two excited-state species.
The time constants associated with the return to S1(N) in our
data confirm this general picture; however, we find differences
in the underlying details. Smith et al. explained the greater
solvent response in S1(N) compared to S1(T) as originating from
a significant reduction in the dipole moment in S1(N), contrast-
ing this with very similar dipole moments in S1(T) and S0(N).
Our results demonstrate that there is an increase in the dipole
moment for S1(N) and a decrease for S1(T), and that this is the
basis for differential solvent reorganization for the two excited-
state species. A simple model that includes solvent reorganiza-
tion is used in the next section to illustrate this picture of coupled
solvent and PT dynamics. The turnaround in the displacement
from equilibrium that is driven by solvation is more subtle in
dichloromethane because of smaller electrostatic solvent-solute
interactions that serve to lessen the difference in stabilization
of two excited-state species. In addition, the slower time constant

associated with the solvent-driven energy lowering of S1(N)
relative to S1(T) slows from 1.1 to 1.7 ps in accordance with
observed slowing in the solvation response.59

Beyond the initial dynamics, there is a general positive offset
of the t-slice in dichloromethane compared with acetonitrile, in
agreement with the larger S1(T)/S1(N) ratio found in the static
emission. The longest time constants, 160 ps in acetonitrile and
96 ps in dichloromethane, agree with the associated measured
fluorescence lifetimes of 151 and 107 ps, respectively.25 As in
the case of the other AAQs, the RaPTORS responses do not
return to zero on the time scales determined in the experiment.
The negative asymptotic values in both solvents (the value of
E in Tables 1 and 2) are assigned to competing ISC pathways
that result in long-lived triplet states28 with larger dipole
moments than S0(N).

4.4. A Simple Model. The CAAQ dynamics indicate that
solvent reorganization cannot be separated from the proton-
transfer dynamic. Differential solvation of the excited-state
normal and tautomeric species competes with the PT time scales
within the first picosecond after excitation, creating a strong
correlation between the solvent and PT dynamics. Beyond the
inertial response, time scales>1 ps, motion along the PT
coordinate becomes rapid compared with solvent reorganization.
This leaves the dynamics controlled by diffusive solvation on
these longer time scales, driving evolution of the equilibrium
position along the PT coordinate.61 Here we consider a simple
model to illustrate the effect of combined PT and solvent
coordinates for the cases of CAAQ and TFAQ in acetonitrile.
This will show that displacement along a solvent coordinate
can produce a dramatic change in the relative energies of
S1(N) and S1(T). It will also demonstrate the effect of displace-
ment of S1(N) and S1(T) in the excited state relative to the
solvent configuration att ) 0 determined by S0(N).

The potential energy, PE, along the PT coordinate is modeled
as a pair of linearly coupled harmonic oscillators representing
the N-H and O-H stretching motions of the normal and
tautomeric forms.27,62 We map the proton transfer along a
coordinate defined by displacement from the equilibrium
S1(N) position. On the basis of our calculations in section 3.3,
we estimate the displacement from S1(N) to S1(T) to be 0.6 Å.
The harmonic frequency is set to 2000 cm-1 for both motions,
and the coupling is roughly estimated at 7500 cm-1 on the basis
of the range reported for other proton-transfer systems.61 The
relatively strong coupling assumed in the model does result in
a contraction of the distance between the minima of the two
wells shown in Figures 8a and 9a from the initial displacement
parameter of 0.6 Å. However, the resulting displacement remains
within the accuracy of our estimation for this distance. The
equilibrium energy difference from S1(N) to S1(T) in the absence
of solvent stabilization is estimated from the static fluorescence
ratios reported in cyclohexane25 at -250 cm-1 for CAAQ and
-700 cm-1 for TFAQ. We note that the parameters chosen for
the model here differ significantly from those used by Neuwahl
et al., where no explanation for the estimated values was
presented.27 The resulting PE curves along the PT are shown
as the dash-dot-dash line in Figures 8a and 9a.

The solvation polarization energy is approximated with the
Kirkwood-Onsager continuum solvation model as described
in section 3.3 and shown in Table 5. The solvent coordinate is
defined as the displacement from the solvent polarization energy
of the ground-state normal form,GP - GP[S0(N)]. Linear
response is assumed along the solvent coordinate with a
reorganization energy of 1500 cm-1 between S1(N) and S1(T).
The resulting PE curves along this solvent coordinate are shown
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in Figures 8b and 9b. Combining the models for the PT and
solvent coordinates results in the 2D model shown for CAAQ
and TFAQ in Figures 8c and 9c. These figures illustrate clearly
that the energetics of the PT are strongly dependent on the
position along the solvent coordinate. For both solutes, the PT
is endothermic at the position along the solvent coordinate near
the minimum of the normal form and exothermic near the
minimum of the tautomeric form.

Our experimental results indicate a solvent-driven reversal
in the displacement from PT equilibrium in the first 300 fs after
excitation of CAAQ. The initial displacement along the solvent
coordinate serves as the starting point when considering the
effect of solvent reorganization in the excited-state reaction. The
solvent configuration att ) 0 is determined by the equilibrium
solvent configuration around S0(N). By defining the solvent
coordinate relative to S0(N), this initial displacement is at zero
and shown as the solid line in Figure 8c. The initial solvent
displacement in the excited state is between the minimum for
S1(N) and S1(T) and lies slightly closer to the S1(T) minimum.
This results in a slightly exothermic profile along the PT
coordinate att ) 0, the solid line in Figure 8a. In the model,
PT initially favors S1(T) and involves a small barrier. In the
limit of solvent equilibration at every point along the PT
coordinate, the dashed line in Figure 8a, the reaction becomes
endothermic. This is consistent with the experimental results,
where initial progress along the PT coordinate is toward S1(T)
and there is a subsequent reversal as the solvent reorganizes.

The barrier creates a kinetic delay in the initial appearance of
S1(T) on a similar time scale to inertial solvent reorganization
(ca. 100 fs), and this translates to an initial concerted event
where progress is along both coordinates in Figure 8c. At longer
times, progress along the PT coordinate becomes fast compared
to motion along the solvent coordinate and solvent reorganiza-
tion is responsible for establishing the final equilibrium distribu-
tion. This type of trajectory is shown with a dashed line on
Figure 8c and illustrates the ultrafast reversal of the initial
increase in the S1(T)/S1(N) ratio seen in our experiments on
CAAQ.

The initial solvent configuration not only determines the
energetic difference between S1(N) and S1(T) at t ) 0 but it
can also play a role in the effective barrier along the PT
coordinate att ) 0. For TFAQ the initial ESIPT is ballistic, in
contrast with the initial kinetic delay seen in CAAQ that has
been attributed to a barrier along the PT coordinate.27 In the
pump-probe experiments of Neuwahl et al., the authors did
not report results for TFAQ, but they did compare CAAQ with
the ballistic PT exhibited in 1,8-dihydroxyanthraquinone (DHAQ).
The authors explained the different dynamics observed in terms
of structural differences in the molecules that shortened the
distance along the PT coordinate in DHAQ, effectively elimi-
nating the barrier. A similar explanation for loss of the barrier
in TFAQ does not apply because there is very little difference
in the structure of TFAQ and CAAQ at the site of PT, see
section 3.3. However, consideration of the solvent reorganization

Figure 8. Illustration of the combined solvent and proton-transfer coordinates for CAAQ in acetonitrile. Details of the simple model employed are
available in section 4.4. (a) The potential along the PT coordinate without the solvent model (‚ - ‚ -), with the solvent model immediately after
excitation from S0(N) (s), and assuming complete solvent relaxation at each point along the PT coordinate (- - -). (b) The solvent potentials for the
excited-state normal (s) and tautomeric species (- - -). (c) The 2D excited-state PT surface, with the solid line indicating the point along the solvent
coordinate that corresponds to S0(N).
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coordinate can offer some insight. The additional driving force
in TFAQ compared with CAAQ does lower the energy of
S1(T) relative to S1(N). This causes a slight reduction, but not
elimination of the forward barrier along the PT, see the dashed
lines in Figure 9a. However, as shown by the solid line in Figure
9c, the initial solvent configuration for TFAQ determined by
S0(N) is nearly identical to S1(T) and significantly displaced
from S1(N). The result is that there is no barrier along the PT
coordinate at the time of excitation, the solid line in Figure 9a.
Although an increase in the coupling along the PT coordinate
could also contribute to lowering the barrier, we believe that
the initial solvent configuration plays an important part in the
differences found for the initial ESIPT dynamics in AAQs.

4.5. τ-Dependence of thet-Slices. In this study, we have
focused on RaPTORSt-slices taken with aτ delay near the
peak of the inertial response. This was chosen for the large signal
at this point and the sensitivity of this point in the response to
both changes in the intermolecular solvent-solute interaction
and the solvent kinetic energy.30 However, by changingτ one
can probe different portions of the intermolecular response.
Recovering the complete intermolecular response (i.e., the full
τ-dependence) as a function oft adds significant complexity to
the experiments30 and will be reported in a subsequent manu-
script.42 Here we compare the response at one later point along
τ. This provides confirmation of the dynamics measured near

the peak of the intermolecular response and indicates some
subtle differences that arise when probing at a slightly later value
of τ.

Figure 10 compares the fits forτ values near the peak of the
TOR response and at a later fixed value ofτ, 350 fs in
acetonitrile and 360 fs in dichloromethane. The raw data, fits,
and fitting parameters at the largerτ values are available in the
Supporting Information. Although the data is shown with
arbitrary scaling, the absolute signal intensities are reduced
significantly as a result of a smaller TOR response at the longer
τ delay. The fits at the two differentτ values are very similar.
This is consistent with the fact that the intermolecular spectrum
consists of broad, overlapping time scales rather than well-
resolved specific intermolecular motions. Increasing theτ delay
by 200 fs may cause changes in the weighting of different
contributions to the intermolecular response. However, at 350
or 360 fs the probe will still sample the same types of solvent
motions, primarily inertial and translational, only at a slightly
slower point in these distributions.

The fits do indicate small changes in the response at longer
τ. For HPAQ, the initial negative response slows. For CAAQ,
the initial rise is reduced prior to the turnaround in the response.
Both of these results are consistent with the RaPTORS probe
following changes in slower intermolecular motions at a later
point in the TOR response. These slower motions have a reduced

Figure 9. Illustration of the combined solvent and proton-transfer coordinates for TFAQ in acetonitrile. Details of the simple model employed are
available in section 4.4. (a) The potential along the PT coordinate without the solvent model (‚ - ‚ -), with the solvent model immediately after
excitation from S0(N) (s), and assuming complete solvent relaxation at each point along the PT coordinate (- - -). (b) The solvent potentials for the
excited-state normal (s) and tautomeric species (- - -). (c) The 2D excited-state PT surface, with the solid line indicating the point along the solvent
coordinate that corresponds to S0(N).
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sensitivity to the faster dynamics. There are also subtle changes
in the TFAQ response times; however, the responses are
generally very similar at the two reported values ofτ. Probing
over a much larger range ofτ will be required to enhance the
contrast between different contributions in the intermolecular
solvent response associated with excited-state dynamics. Future
determinations of the change in the entire TOR response will
greatly broaden the range of different solvent motions being
sampled, and should provide an improved understanding of how
these different motions are affected by changes in the intermo-
lecular solvent-solute interactions and changes in the solvent
kinetic energy.

5. Conclusions

The work presented here represents the investigation of
reactive systems through information gained from changes in
the intermolecular solvent response. The RaPTORS method
provides complementary information to techniques that probe
changes in the solute during reactive events, resulting in a more
complete picture of the complex dynamics that occur in the
condensed phase. For the series of AAQs investigated in this
study, the ability to follow changes in the intermolecular
solvent-solute interaction leads to significant insight into the
participation of the solvent as well as assignments of the changes
in the solute. For example, in HPAQ where PT is restricted
and CAAQ where PT is limited, the negative change measured
with RaPTORS is a direct indication of an increase in the

solvent-solute interaction upon excitation. This is consistent
with the semiempirical calculations that indicated an increase
in the dipole moment of both HPAQ and CAAQ; however, this
is a reversal of previous assignments based on a negative
solvatochromic shift. In the case of ESIPT in DCAQ and TFAQ,
a rapid increase in the RaPTORS signal was shown to be the
result of two important changes in the solvent associated with
the reaction. In addition to a decrease of the intermolecular
solvent-solute interaction in the excited state, there is also a
rapid (ca. 200 fs) increase in the kinetic energy of the local
solvent during ESIPT. The RaPTORS response follows the
intermolecular transfer of energy from the local solvent as it
dissipates into the bulk on a time scale of about 10 ps. Rapid
changes in local solvent kinetic energy, which could be thought
of in terms of the local nonequilibrium temperature during
reactive events, are an important aspect of condensed phase
dynamics that are not often considered and are not typically
available from electronically resonant solute probes.

In the intermediate case of CAAQ, the measurements
demonstrated a turn around in the displacement from equilibrium
along the PT coordinate on the excited state within the first
picosecond. This is a direct observation of the coupling between
solvent reorganization and PT in the first (roughly) 200 fs after
excitation. After the initial time scale, motion along PT
coordinate becomes fast compared to the solvent, and the
subsequent dynamics are controlled by solvent reorganization.
Using a simple model, we are able to illustrate the influence of
the solvent reorganization in these reactions and show how the
initial solvent configuration at the time of excitation can have
a significant influence on the reactive dynamics. This model
offers an example of how the initial solvent configuration can
account for the change from an observed kinetic delay in PT
for CAAQ to a barrierless, ballistic event in TFAQ.

The work presented here offers an introduction to measuring
changes in the intermolecular Raman response during reactive
events in solution. Probing a single point in the TOR response
illustrates the ability to probe these events from the perspective
of the solvent, providing insight into the dynamic changes in
the solvent-solute interaction and the rapidly changing local
solvent kinetic energy. Future work to recover the changes in
the entire intermolecular spectrum during reactive events should
lead to even greater understanding of condensed-phase reactions.
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Figure 10. Comparison of the fits tot-slices at different values ofτ,
see text for details. In both plots, the red traces are for HPAQ, green
traces are for CAAQ, and blue traces are for TFAQ. (top) The solvent
is CH3CN. Solid lines are fits atτ ) 140 fs, and dashed lines are fits
at τ ) 350 fs. (bottom) The solvent is CH2Cl2. Solid lines are fits atτ
) 180 fs, and dashed lines are fits atτ ) 360 fs. For each AAQ, the
fits at differentτ values have been scaled to be equal att ) 30 ps.
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