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Coumarin 151, when complexed 1:1 by a water molecule in a supersonic jet, develops two sets of resonances,
based on features displaced by-45 cm-1 (species A) and-690 cm-1 (species B) from the uncomplexed
molecule. The vertical ionization thresholds of these species differ by a much greater amount (0.5 eV) than
the bound states, confirming that the attachment sites are functionally different. When two water molecules
are present, there appears to be a single cluster type, having an origin shifted from the bare chromophore by
-1214 cm-1. In this case, fluorescence excitation spectra recorded simultaneously at two emission wavelengths
show that the 2:1 species exhibit a Stokes shift for excitation energiesg60 cm-1. Also, above this energy
barrier, the ionization energy shifts downward by>1000 cm-1. The bare molecule also undergoes vibronically
induced nonradiative relaxation, but this occurs at higher energies (i.e.,>450 cm-1) and results in a large
increasein the effective ionization threshold. The fluorescence decay time of the 2:1 water aggregate, excited
into the zero-point level of S1, was found to be twice that of the bare molecule (6.7 ns vs 3.5 ns). Above the
relaxation barrier, the decay time of the initial state rapidly decreased below the instrument resolution of 35
ps. On the other hand, the fluorescence decay time of the product state increased to≈9.5 ns and remained
constant up to>400 cm-1 excess vibrational energy.

1. Introduction

Much current work is directed toward understanding the
interactions responsible for the solvent sensitivity of molecular
fluorescence, in fluid solution, membranes, proteins, micelles,
and other small particles, at interfaces, and in molecular clusters.
Many models used to describe dynamical solvent shifts in
solution involve the cumulative effect of a large number of
molecules. However, molecular-scale models are needed to
explain the effects of short-range intermolecular interactions in
clusters, and in the refinement of models for extended solvents,
where site-specific interactions such as hydrogen bonding play
an important role.1 This site-specific interaction sufficiently
perturbs the electron distribution of molecules that, in many
cases, it can lead to the reordering of electronic states and
consequently large changes in photochemical behavior. From
another point of view, a small molecule such as water can be
used to probe charge density changes occurring when a large
molecule to which it is attached becomes electronically excited,
or ionized. It is particularly important to identify cases where
the change in the electronic charge distribution causes the site
equilibrium to shift, since the associated spectroscopic Stokes
shift behavior can be used to probe activated barrier crossing
and the shape of the binding potential energy surface. Direct
measurements of the relaxation dynamics on a picosecond or
faster time scale could provide a means to examine the factors
constraining a molecule at a given hydrogen-bonding site.
Molecular clusters have for some time provided a means to

study the emergence of “solvation” interactions, which can be
addressed through the evolution of molecular properties with
increasing cluster size. One focus of photochemical interest
has been to identify the threshold number of molecules required
for a reaction to take place. For example, it is known that up

to five ammonia molecules are needed in a cluster with phenol,
and three with 1-naphthol, to observe an excited-state proton-
transfer reaction.2-4 On the other hand, it is not known in
sufficient detail to what degree these effects are caused by
structural placement of the attached molecules, or by thermo-
dynamic considerations. It is important to be able to specify
the energy available to a given system through structured
excitation spectra and, as far as possible, to relate reactivity to
experimental measurements of the structure.4-16

Many cases involving strong intermolecular forces do not
show significant relaxation effects at the 1:1 level. For example,
the 1:1 complex of water with 3-aminophthalimide shows
vibrationally unrelaxed emission on a nanosecond time scale
at a vibrational energy of 210 cm-1.17 Similar behavior is
revealed in the spectra of 1:1 water complexes of 4-amino-
phthalimide17 and Coumarin 152A.18 Such behavior is most
likely associated with the attachment of the first water molecule
at a site whichthat is particularly stable with respect to electronic
excitation. On the other hand, subsequent water molecules are
not necessarily locked at a particular site on the chromophore,
and are more susceptible to vibronically induced perturbation.
Coumarin 151 (C151; 7-amino-4-trifluoromethylcoumarin) is
one such case, as is demonstrated here.
Many coumarin derivatives, particularly those involving 6-

or 7-amino groups, exhibit large changes in dipole moment when
electronically excited,19 and display large fluorescence Stokes
shifts in polar solvents. In the case of C151, according to one
study,20 the dipole moment increases from the ground-state value
of 5.7 D to 11.0 D in S1. Molecules of this class are widely
used as laser dyes, and the solvent sensitivity and time
dependence of their emission spectra have been extensively
studied, both on an ultrafast time scale and via computer
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simulations.1,20-24 Despite their technical application as laser
dyes, 7-amino coumarins are remarkably weakly fluorescent in
some solvents.20,25 Thus, C151, which fluoresces with high
efficiency (i.e.,ΦF g 0.9) in polar solvents, is much less efficient
in nonpolar media (ΦF ) 0.19 in hexane). This behavior has
been attributed to coupling via a triplet state.20 On the other
hand, the dimethylamino and diethylamino derivatives, C152,
and C152A, are strongly fluorescent in nonpolar solvents, but
have much lower fluorescence quantum yields in alcohols and
water. This behavior may be due to the stabilization of a TICT
state.20 In support of this, the more rigid cyclic derivative C153
is strongly fluorescent in most solvents. These divergent solvent
effects provide additional motivation to study this interesting
series of molecules in greater detail. The supersonic jet
environment provides a valuable means to examine the elec-
tronic level structure of the isolated molecules, and its perturba-
tion as they cluster with increasing numbers of “solvent” species
in different configurations.

2. Experimental Section

(a) Fluorescence Experiments.Experiments reported here
involved fluorescence excitation and electronic hole-burning
spectroscopy. The latter experiments involved a strong tunable
pump pulse and a weak fixed-wavelength pulse, separated by
≈500 ns (see Figure 1 (left)). Fluorescence signals were
recorded in the same experiment from both pulses.26,27 The
hole-burning sequence involved wavelength scanning the first
laser, from which our detector recorded together the saturated
fluorescence excitation spectrum of all species present in the
jet. The fixed probe pulse was tuned to the electronic origin
resonance of the species being studied. Changes in this second
signal, induced by scanning the first laser, reflected the saturated
absorption spectrum of the species selected. The ratio of the
two therefore represents the fluorescence quantum yield. The
delay between pulses was≈500 ns, which allowed sufficient
time for the electronics to recover between pulses without the
need for gating. These nanosecond-domain experiments used
a 10 Hz Nd:YAG laser to pump an oscillator-amplifier dye
laser, the output of which was passed through a self-tracking
second harmonic generator. The hole-burning work also used
a frequency-doubled dye laser pumped by the 532 nm output
from an actively mode-locked Nd:YAG laser. This was
continuously pumped, but acoustooptically Q-switched, in
conjunction with the stronger Nd:YAG laser.
Our procedures for picosecond time-domain fluorescence

spectroscopy, employing a time-correlated single-photon counter
(TCSPC), have been described elsewhere.28,29

(b) Mass-Resolved Spectroscopy.Coumarin 151 binds
particularly strongly to water molecules, so that the experiment
required drying the crystalline sample and the carrier gas.
Considering this strong affinity, vapor pressure correlations,
often used to estimate the aggregation levels for nonpolar
clusters, are not reliable. Instead, mass-resolved spectroscopy
is needed to identify the species present. The apparatus involved
two dye lasers, both pumped by 532 nm pulses.30 One source
generated S0 f S1 resonant pulses,λres, via a grazing-incidence
grating, LDS 698 dye, and a self-tracking BBO frequency
doubler. The second laser, in oscillator-amplifier configuration,
generated near-threshold ionization pulses,λion, in the range
270-305 nm (see Figure 1 (right)). Nd:YAG fourth-harmonic
radiation (266 nm) was also used for the ionization step, in two-
color mode. All the mass-resolved ionization data were
calibrated in wavenumber and mass against an internal standard
of anthracene.31,32

Ionization threshold data for the species studied are listed in
Table 1. Although using ionizing photons well above the
threshold caused some fragmentation, tuning this photon to a
region<500 cm-1 above threshold in each case allowed us to
isolate the parent ions for each cluster type. In each case, we
are sure that the recorded masses correspond to the species
actually excited. Referring to Table 1, our dc field ionization
conditions reduce the measured ionization energies below the
true values bye0.02 eV,33 but still provide an excellent basis
for comparison. Also, it should be noted that, for the isolated
molecule, the ionization threshold was sharp (i.e.,,0.02 eV),
whereas for water complexes, the observed spectral widths in
our experiment weree0.03 eV. This width is presumably due
to Franck-Condon effects representing changes in equilibrium
structure between the S1 state and the ion. Although we have
not found a reference value for C151, the measured value of
8.06 eV for the sharp threshold can be compared with the value

Figure 1. (left) Irradiation scheme for electronic hole-burning
spectroscopy, using fluorescence detection. (right) Irradiation scheme
for near-threshold two-photon ionization spectroscopy, using mass-
resolved cation detection.

TABLE 1: Threshold Ionization Conditions for Coumarin
151 and Itsn ) 1, 2 Water Complexesa

species
S1 energy
(eV) λ(S1fion) IE (eV)

Coumarin 151 3.55b 275 8.06
watern) 1 (A; -45 cm-1) 3.54 268 8.17
watern) 1 (B;-689 cm-1) 3.46 295 7.66
watern) 2 (origin;-1214 cm-1) 3.40 276 7.89
watern) 2 (Evib G 66 cm-1) [3.41] 284 E7.78c

a All measurements were made under dc field conditions of≈200
V cm-1. This implies that the values reported for the thresholds are
low by e0.02 eV.33 b 28 622 cm-1. c The ionization energy of the
product state from the ground-state surface is not known. The number
given includes the energy of the barrier in the S1 state, and therefore
represents an upper limit.
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8.05 eV reported for the related species Coumarin 120 (7-amino-
4-methylcoumarin).34 Similarly, in other work,18 we have
measured the ionization energy of C152A (7.42 eV), which is
close to that of its methyl analogue (Coumarin 1; 7-(diethyl-
amino)-4-methylcoumarin; 7.38 eV).34

3. Results

(a) Isolated C151. The first reported study of coumarins
under jet-cooled conditions was by Ernsting et al.35 Consistent
with its weak fluorescence in nonpolar media, the fluorescence
excitation spectrum of jet-cooled C151 is found to be truncated
above a vibrational energy of≈450 cm-1,35,36 unlike C152,
C152A, or C153.35,37 Figure 2 shows the fluorescence excitation
spectrum of isolated C151 near the electronic origin of the S0

f S1 transition (28 622 cm-1, 349.4 nm). The excitation
spectrum, obtained at low laser intensity where saturation is
minimal, exhibits several medium to strong vibronic bands up
to ≈450 cm-1, some of which, including the strong resonance
at 35 cm-1, have been attributed to torsional vibration of the
-CF3 group.36 This particular frequency assignment is con-
sistent with the results of AM1 calculations we have performed,
although we note that no similar band is seen in the excitation
spectrum of C152A, which is shown for reference in Figure
2.35,37 The two molecules have several key bands in common,
near 100 cm-1 and at 250-425 cm-1. The medium-strength
feature near 680 cm-1, which is characteristic of this type of
coumarin molecule, is missing from the excitation spectrum of
C151 because of the truncation above 450 cm-1.
A hole-burning experiment served two purposes here. First,

it confirmed that the feature at+35 cm-1 is due to a vibronic
band of a single species. Second, it confirmed that the
truncation of the excitation spectrum is due to a reduction in
the fluorescence quantum yield. Thus, the spectra of Figure 3
were obtained as described in section 2 and Figure 1 (left), by
setting the delayed probe laser pulse on resonance with the
electronic origin transition of C151 and scanning the pump
through the region shown. The two traces were recorded

simultaneously by the same photomultiplier tube, using different
boxcars to pick off signals coincident with the two laser pulses.
The fluorescence excitation spectrum, recorded in this way
(upper trace), is distorted by optical saturation effects, but allows
a band-by-band comparison against the hole-burning trace.
Despite the strong saturation, Figure 3 shows that all strong-
and medium-intensity transitions appear in both spectra up to
≈450 cm-1. This confirms that the resonances come from a
single ground-state species. Above 450 cm-1, the hole-burning
spectrum, which measures absorption cross sections, shows
continuation of the congested spectrum, including a strong band
at 676 cm-1, noted to be missing from Figure 2.
Results from time-resolved fluorescence measurements on

isolated C151, some of which are labeled in Figure 3, are listed
in Table 2. The emission time profile from the zero-point level
of S1 was exponential (τD ≈ 3.5 ns), and did not appear to
depend on detection wavelength. The fluorescence decay times
in the low-energy regime varied, much in the same way as
anthracene or perylene, where there are varying degrees of
singlet-triplet coupling.28,38 For initial analysis, we employed
a double-exponential fit, the numbers quoted in Table 2 and
below being from the first (principal) component. At the highest
energy for which we have obtained data for C151, corresponding
to the strong absorption band at 676 cm-1, we measured a
relaxation time of≈60 ps. This band was not observable above
the noise in the excitation spectrum of Figure 2, but was
identified via the picosecond transient feature in combination
with the hole-burning spectrum of Figure 3. Nonradiative rate
constants, estimated from the short-duration components of the
fluorescence time profiles, were calculated according to the
formula

Figure 2. (lower) Fluorescence excitation spectrum of jet-cooled C151,
recorded via unsaturated excitation and broad-band detection. (upper)
Reference spectrum of C152A. The origins have been overlaid for
comparison. Actual values are (C151) 28 622 cm-1 36 and (C152A)
26 154 cm-1.36

Figure 3. Fluorescence excitation spectrum (FES) of jet-cooled C151,
combined with the hole-burning (HB) spectrum, both recorded in the
same experiment and at higher laser intensity than for Figure 2. The
numbers indicate the measured fluorescence decay times. The probe
was resonant with the electronic origin, as indicated (v).

TABLE 2: Fluorescence Decay Times of Jet-Cooled,
Vibronically Excited Coumarin 151

excess energy,
cm-1

fluores decay
time (ns)

excess
energy, cm-1

fluores decay
time (ns)

0 3.5 409 2.4
35 4.8 439 0.80
89 4.3 455 0.75
180 2.9 520 0.30
289 2.7 676 0.06
318/324 3.0

kdecay) k0 + kd
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and plotted against excitation wavenumber in Figure 4. The
quantityk0 was taken to be the fluorescence decay rate constant
following zero-point excitation. From the plot, we estimate an
energy barrier of 400 cm-1. These data reflect a familiar
situation observed, for example, fortrans-stilbene,39-42 and 9,9′-
bifluorenyl.43,44 Both of those cases involve a barrier-crossing
process leading to a nonfluorescent product, which also involves
a major change in molecular structure. Unlike those cases,
evidence from the literature suggests that the nonradiative
relaxation of C151 involves singlet-triplet coupling.20 More-
over, the elimination of fluorescence above 455 cm-1 suggests
the presence ofπ-π* to n-π* singlet-triplet coupling. This
is well-known to reduce excited singlet-state lifetimes in fluid
solution to the picosecond domain in aromatic carbonyl deriva-
tives such as benzophenone,45,46and in aza-aromatic molecules
such as acridine.47-50 However, few cases have been demon-
strated under jet-cooled conditions, where singlet-triplet cou-
pling reduces S1 lifetimes to the picosecond domain. Moreover,
it is rare to encounter a case where an intrinsically strongly
fluorescent moleculesa laser dye in this caseshas a dark
relaxation channel at such a low energy above S1.
Finally, in work not shown here, we have run the mass-

resolved excitation spectrum of C151, setting the ionization laser
just above the threshold energy, near 275 nm. The spectrum
was a replica of that in the lower frame of Figure 2. That is,
even in the mass-resolved two-color ionization excitation
spectrum, the signal truncated above≈450 cm-1. Moreover,
tuning the wavelength of the ionization laser to 266 nm did not
change the outcome. From this, we deduce that there is a single
ionization threshold for the molecule up to≈450 cm-1. Above
that energy, a fast relaxation process crosses to an electronic
surface from which a 266 nm, nanosecond-duration pulse is
insufficient for ionization. This upshift in the ionization energy
is contrasted below with the behavior of the 2:1 water aggregate.
(b) 1:1 Water Aggregate of C151. Molecular mechanics

calculations predict four energy minima corresponding to
hydrogen-bonded structures for a 1:1 water complex of C151.
Three involve the amino group, and one structure involves the
carbonyl group. These are analyzed later. Experimentally,
when water is added, mass-resolved spectroscopy shows that
multiple resonances develop to lower energy, the electronic
origins of which are displaced-45, -689, and-1214 cm-1

from the bare molecule. The first two of these are due to 1:1
complexes, whereas the third is due to a 2:1 aggregate.
Figure 5 shows two excitation traces recorded via then ) 1

mass channel. For ionization wavelengths,λion, in the range
295-272 nm, the lower spectrum was observed, which we label

as species B. (The 272 nm limit was set by our dye laser.)
Although further studies are needed to resolve the apparent
inhomogeneous broadening, our experiments show that all the
resonances for species B appear at about the same ionization
threshold. We conclude that they are due to vibronic bands of
one or more similar species, with proton tunneling being a
distinct possibility for the splitting. On the other hand, if the
ionization wavelength is reduced to 266 nm, several new bands
appear, as shown in the upper trace. We place a preliminary
estimate on the threshold ionization wavelength of 268 nm
(37 300 cm-1), giving an estimated ionization energy of 65 900
cm-1 (≡8.17 eV). This should be compared with the corre-
sponding values for the B species of 295 nm (33 900 cm-1)
and 61 800 cm-1 (7.66 eV). Preliminary hole-burning experi-
ments suggest that the sequence of bands headed by the feature
at -45 cm-1 is due to a single progression of a species we
have labeled “A”. We have determined that the intense band
near 0 cm-1 displacement is due to the 1:1 complex, and not to
cross talk from the bare molecule channel.
The large difference in ionization energy between the A and

B species,≈0.5 eV, suggests a radical difference in the response
of the attachment sites to electron promotion. The higher
ionization energy of the A species is consistent with a hydrogen
bond to the nitrogen atom, since the nonbonded electron density
at that atom decreases substantially upon electron promotion.22

We do not know the structure corresponding to species B.
However, in view of the large stabilization energy in S1 and
the ion, and the predictions of molecular structure calculations,
it is likely that the water molecule is attached to the carbonyl
group (see later).
(c) 2:1 Water Aggregate of C151. The two fluorescence

excitation spectra in Figure 6 were recorded simultaneously,
using different photomultipliers connected to separate boxcar
channels. One was mounted on a monochromator set at 380(
5 nm, and the other, behind a color filter, was detectedλ >
450 nm. This approach allowed an objective comparison of
the two traces, minimizing possible contributions from system-
atic fluctuations. If the fluorescence spectrum had been
independent of excitation energy, the two parts of Figure 6
would have the same shape. However, excitation of the 2:1
species at>60 cm-1 above the electronic origin band leads to
a greater relative amount of fluorescence in the long-wavelength
region.

Figure 4. Plot of the nonradiative rate constant for jet-cooled C151
against excitation energy, measured by excess wavenumbers in S1. Figure 5. Mass-resolved excitation spectrum of C151/H2O 1:1 as

follows: (upper)λion ) 266 nm, so that both species “A” and “B” are
seen; (lower)λion ) 291 nm, which is below the ionization threshold
for species “A”.
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As we show below, the features in the region below-700
cm-1 all correspond to the same level of aggregation, namely
2:1. One explanation of the observation in Figure 6 could be
that two different 2:1 species are involved, which have different
emission spectra. Electronic hole-burning resolved this issue,
as shown in Figure 7. In that experiment, the delayed probe
laser was tuned to the-1214 cm-1 feature (as indicated) while
the saturating pulse was scanned through the region shown.
Since all of the principal resonances appear in both spectra, we
conclude that all bands in the region from-1214 cm-1 to just
below-700 cm-1 originate from a common ground state.
The extent of the fluorescence Stokes shift is indicated in

Figure 8, which shows emission spectra at 1 nm resolution,
following excitation via the electronic origin and the strong 290
cm-1 band noted in Figure 6. At first, the shift does not appear
large, certainly in comparison with the known condensed-phase
behavior, but the amount of the shift is to some degree masked
by the large widths of the spectra. Thus, electronic origin
excitation leads to structured emission, having a Franck-
Condon maximum near 385 nm, not including the 0-0 transition
at 364.9 nm, and a half-intensity point near 410 nm. On the
other hand, the emission following excitation at+290 cm-1

has a relatively sharp onset near 370 nm, a maximum at≈400
nm, and a half-intensity point near 440 nm. The extent of the
red shift, based on the centers of gravity of the two spectra, is

g1500 cm-1, which is much greater than for other nonreactive
systems under jet conditions, except for possibly bianthryl/
water.51

Figure 9 shows a plot of the band-by-band intensity ratio of
the two excitation spectra in Figure 6, fit to a sigmoidal curve.
In the regione60 cm-1, the excitation resonances detected near
380 nm are more than twice as strong as those detected in the
long-wavelength region, giving the ratio shown of≈0.38.
Above 60 cm-1, the long-wavelength emission intensity exceeds
that at 380 nm by a factor of≈2.2. Over a region<20 cm-1

wide and centered at 59 cm-1, therefore, the band intensity ratio
(>450 nm/≈380 nm) changes by a factor of≈6. We assume
that the midpoint of the curve represents the effective energy
barrier to the relaxation process.
We have also recorded the fluorescence time profiles of the

C151/(H2O)n complexes (n) 1, 2). The 1:1 species (A) showed
a fluorescence decay time of≈6 ns, which is appreciably longer
than for the uncomplexed molecule. Also, for the 2:1 species
up to 51 cm-1, the highest internal energy for which the initial

Figure 6. Fluorescence excitation spectrum in the region of the water
2:1 complex of C151, monitored at 380( 5 nm and>450 nm, and
recorded simultaneously by two detectors.

Figure 7. (HB) Fluorescence hole-burning spectrum obtained by
probing the C151/(H2O)2 origin as shown by the arrow (v). (FES)
Fluorescence excitation intensity recorded from the saturated pump
laser, 500 ns earlier than the probe.

Figure 8. Dispersed fluorescence spectra for C151/(H2O)2 recorded
for two different excitation conditions, below and above the energy
barrier. Spectra were normalized to the same area, except for the
scattered light peak in the upper trace.

Figure 9. Ratios of the excitation band intensities from the two spectra
shown in Figure 6. The fit to a sigmoidal curve suggests the presence
of an energy barrier to relaxation near 59 cm-1.
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conformation appears stable, the fluorescence decay time was
6.7-7.3 ns. This is twice that for the bare molecule in the
electronic origin region. In contrast, we note that C152 and
C152A, which are electronically similar to C151, exhibit little
vibrational dependence of the fluorescence decay time (≈6.1
ns) and little change in this quantity when complexed by water.18

In the intermediate energy region of 66-109 cm-1, C151/
(H2O)2 showed double-exponential fluorescence time profiles.
Figure 10 shows three traces monitored at≈380 nm following
excitation at 0, 109, and 331 cm-1 above the S1 origin. Other
results are given in Table 3. The increase in fluorescence decay
time from below the barrier (i.e., 6.7 ns at 0 cm-1) to well above
(i.e., 9.5 ns at 331 cm-1), shows evidence for two different
radiative lifetimes. This in turn suggests that the electronic
structure associated with the initial and final sites is significantly
different. Close to the barrier, the Stokes shift can be time-
resolved by our apparatus, as seen in Figure 10 from the trace
at 109 cm-1. This shows a 600 ps component followed by a
longer lifetime (9.5 ns) characteristic of the relaxed state.
However, our experiment did not reveal double-exponential
behavior above 109 cm-1. Since the fluorescence decay time
is constant in this region, evidently the rate of the Stokes shift
was too fast for our experiment to follow. A pump-probe
experiment withe1 ps resolution would be very useful to
examine this process further.

To underline the above observation of electronic relaxation
in then) 2 species, we compare in Figure 11 the mass-resolved
excitation spectrum of the 2:1 species, recorded for two
ionization wavelengths,λion. Although it was noted above that
there is a single ground-state species at the 2:1 level, the
experiments again reveal two ionization energies. The measured
threshold, obtained in the usual way by tuning the first laser,
λres, to the electronic origin at-1214 cm-1, is near 273 nm.
Thus, the upper frame in Figure 11 shows a spectrum,
resembling the fluorescence excitation spectrum of Figure 6.
The lower spectrum in Figure 11 could be observed by setting
the wavelength of the ionization laser,λion, at 275-284 nm.
This spectrum is conspicuously missing the strong electronic
origin transition, although the doublet feature at+66/72 cm-1

is evident. Moreover, the relative intensities of the remaining
bands in the spectrum are about the same over this region of
λion. Evidently, the conformational relaxation process reduces
the effective ionization threshold of this cluster by>1000 cm-1.

4. Discussion

(a) Coumarin 151. Results presented here show that, for
Coumarin 151 itself, the lifetime of the S1 state decreases rapidly
at energies>400 cm-1 above the origin. The diagram in Figure
12 qualitatively illustrates the relaxation sequence, in which
interaction with a higher triplet state (Tn>1) depopulates S1 above
some threshold energy. Redistribution of the excess energy
within T1 on a picosecond or faster time scale also effectively
removes the cross section for ionization, by shifting the Franck-
Condon maximum to higher energies. Calculations of the
energy level structure, using the AM1 semiempirical technique,
confirm those previously reported20,22in that a low-lying triplet
state (T2) lies nearby in energy to the S1 state, and thus may be
the cause of the nonradiative decay. This picture is also
consistent with the increased fluorescence quantum efficiency
for C151 in polar solvents.20,25 Thus, polar solvents may tend
to stabilize the polar S1 state, lowering it below the active triplet

Figure 10. Fluorescence time profiles of C151/(H2O)2 measured at
≈380 nm for several different excitation positions: 0, 109, and 331
cm-1, showing the evolution in decay time. The electronic origin decay
is nearly pure exponential (6.9 ns (95%), 2.9 ns (5%)). The 109 cm-1

trace shows double-exponential (600 ps (50%), 9.6 ns (50%)) behavior
due to the Stokes shift. The 331 cm-1 case showed a similar decay
time (9.3 ns (100%)) due to product emission, but the Stokes shift
occurred on a shorter time scale than our instrument response function.

TABLE 3: Fluorescence Decay Times of Vibronically
Excited Coumarin 151/(H2O)2
excess energy

(cm-1)
τf at 380( 5
nm (ns;(2%)

excess energy
(cm-1)

τf at 380( 5
nm (ns;(2%)

0a 6.7 127 9.3
19 7.3 290 9.5
46 7.3 331 9.5
66 9.0, 1.2 (2:1) 352 9.5
72 9.1, 1.0 (7:1) 441 9.5
109 9.5, 0.6 (1:1)

a -1214 from bare.

Figure 11. Mass-resolved excitation spectrum of C151/(H2O)2 as
follows: (upper)λion ) 272.5 nm, which detects essentially the same
spectrum as in the fluorescence excitation traces of Figure 6; (lower)
scan of the same region, except withλion ) 279.5 nm, which is below
the ionization threshold from the electronic origin transition.
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state and reducing the effects of intersystem crossing. A
negative-ion photodetachment experiment would be quite useful
to reveal the location of the low-lying nonfluorescent states of
the bare molecule.52

(b) Structure Calculations for Coumarin 151/Water. We
will shortly report the results of rotational coherence experiments
on C152A which provide strong support for molecular mechan-
ics and semiempirical predictions of the structures of different
water complexes. However, C151 has not yielded rotational
coherence data of sufficient quality to support such an analysis.
Nonetheless, since the computational approach has proved useful
for a similar molecule, the predictions, even at a semiquantitative
level, are useful for illustration in this case.
Molecular mechanics calculations of different types predict

several possible attachment sites for the first complexing water
molecule on Coumarin 151, represented by potential energy
minima of different depths. In the present case, we have
minimized the structure of C151/H2O via the Merck Molecular
Force Field (MMFF; SPARTAN 5), and refined the two lowest
energy results further, via a semiempirical procedure (PM3).53

The MMFF structures, shown in Figure 13, involve (a) proton
donation by a water molecule to the-NH2 group at the
7-position and (b) to the carbonyl group. The PM3 calculation
supported the MMFF structure of Figure 13 (b), although a PM3

calculation on the amino group site minimized the structure via
proton donation from-NH2 to the water molecule. This
discrepancy between two approximate methods could readily
be resolved via infrared double-resonance experiments probing
the -N-H stretch region. Despite this difficulty, the sites
represented by (a) and (b) in Figure 13 should undergo
substantially different perturbations upon electronic promotion,
considering the large increase in dipole moment (see below).
(c) Experimental Results for 1:1 Species.An important

observation from the present work is the large difference in
ionization energy depending on the location of the water
molecule in the 1:1 species. One may note that the two
conformers of indole/H2O also have substantially different
ionization energies (≈2000 cm-1).54,55 An estimate of the
change in the charge distribution of C151, induced by electronic
excitation, can be made by considering changes in the partial
charges on an atom-by-atom basis.1,22 This approach has been
used for correct predictions of molecular dipole moments.22

Semiempirical calculations for C151 predict a substantial amount
of excess electron charge on the nitrogen (q ) -0.38) and
carbonyl oxygen atoms (q ) -0.27). Upon excitation, the
charge rearrangement occurs with depletion of negative charge
near the amine (∆q(N) ) +0.14) and an increase in the vicinity
of the CF3 group. Our calculation, which used an AM1 routine
from SPARTAN 5,53 gives for the ground and excited dipole
moments similar values to those calculated elsewhere (µ(S0) )
5.7 D; µ(S1) ) 12.0 D).20,22

Experimentally, we find two sets of absorption resonances
for the 1:1 water adduct. One sequence (A), having an origin
at -45 cm-1, most likely represents attachment to the amino
group, since the small shift suggests a more repulsive Coulombic
interaction in the excited state. This species also exhibits an
ionization energy of 8.17 eV, which is 0.11 eV higher than for
C151 itself. This suggests that the binding energy is also
considerably less in the ion. Indeed, AM1 calculations suggest
a further reduction in the negative charge at the nitrogen atom,
when the molecule is ionized (i.e.,∆q(S0fion) ) +0.19), and
a dipole moment>10 D. However, the overall interaction is
complex, and the change in this interaction upon excitation is
difficult to model accurately. Also, one may note that the
methanol 1:1 adducts of both perylene and anthracene show an
increase of≈0.1 eV in the ionization threshold, so that this
observation is not unusual. The significant observation about
C151/water is that the two sets of conformers have greatly
different ionization energies. Thus, the second set of resonances
near-690 cm-1 (B) most likely represents attachment of water
to the carbonyl group, in view of the large reduction in the
ionization threshold to 0.4 eV lower than C151 itself.
A second observation on the 1:1 species (see Figure 5) is

that, in addition to the strongest band at-689 cm-1, there is a
second resonance, at-694 cm-1. Also, many of the low-energy
excitation resonances are compound. One possible conclusion
is that there is more than one attachment site, having similar
spectroscopic properties. Electronic spectral hole-burning ex-
periments could determine how many ground-state species are
responsible, while infrared-ultraviolet double-resonance experi-
ments will be able to examine the types of hydrogen bonding
present.56,57 However, in the absence of further information
about the attachment site or the type of coordination of the water
molecule at that site, one should also consider the possibility
of splitting due to torsional tunneling of the water molecule. It
can be seen, for example, from Figure 13 that structure in (b)
could present a torsional barrier to a singly hydrogen-bonded
water molecule.

Figure 12. Energy level diagram schematically representing the
increase ionization threshold of isolated C151, resulting from singlet-
triplet coupling.

Figure 13. Two lowest energy structures for C151/H2O calculated via
molecular mechanics (MMFF).53
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(d) Experimental Results for 2:1 Species. Figure 14
represents, in terms of an energy level diagram, the picture we
have obtained from the experiments on C151/(H2O)2. The
ionization threshold of the “original” or ground-state structure
is readily measured to be 7.89 eV. Following barrier crossing
and relaxation, the “relaxed” structure is reached. Since
relaxation occurs, we assume that the equilibrium energy of this
species is lower than the original. At the excitation energy
above the barrier, the population is redistributed into a dense
manifold region of the S1 state of the relaxed speciesswe know
that this species has a lifetime of 9.5 ns. Ionization takes place
to the corresponding Franck-Condon region of the ion, which
occurs at a lower total energy than for the original structuresthe
onset was estimated at 7.78 eV. This picture again shows, like
the 1:1 data, that the vertical ionization energy depends critically
on the attachment site of the water molecule, relative to the
coumarin. It is particularly noteworthy that an activation energy
of only 60 cm-1 results in>1000 cm-1 reduction in ionization
energy.
The observed relaxation process in C151/(H2O)2 happens at

a lower activation energy than for nonradiative processes we
have observed in other systems. For example, we have observed
a Stokes shift in complexes of the aromatic hydrocarbon
perylene (C20H12) with somen-alkyl halides.58-61 In perylene/
1-chlorobutane, we could detect three distinct structures at the
1:1 level, which were simultaneously present for a given set of
conditions. Moreover, vibronic excitation (355 cm-1) of two
of the three conformers caused emission spectra to shift,
suggesting the coupling of these sites via vibrational energy
redistribution. The resulting small Stokes shifts of≈80 cm-1

could be detected, because the spectra were not subject to large
broadening. Also, the spectrum of one conformer chlorobutane/
perylene showed a low-frequency mode progression suggesting
a metastable structure constrained by a shallow well, similar to
the present case of C151/(H2O)2. However, we concluded from
that work that all three structures seen in the ground state were
also present in the excited state, with little change in structure.
In this case, the barrier to conformational change was not
determined beyond an upper limit of 355 cm-1.
Another Stokes shift case is the 1:1 complex of perylene with

p-dichlorobenzene.62 Here, only one ground-state structure
appears to be present under jet-cooled conditions, the structure
of which was shown by rotational coherence data to involve an
overlapped parallel-plane conformation in which the molecular
long axes are perpendicular. The Stokes shift here is much
greater than for the alkyl halide case, at≈400 cm-1, although

the activation barrier is stille350 cm-1. Both this and the alkyl
halide case involve strongly bound dimeric complexes not
subject to large-amplitude motion, resulting in simple excitation
spectra, and highly resolved rotational coherence data.
The observed activation energy of 60 cm-1 in the present

case is the most direct evidence we have obtained for such a
process. However, unlike the above two examples, the relevant
structural conformations have yet to be determined. Recently,
we have reported successful studies, combining rotational
coherence spectroscopy with structure calculations for simple
complexes of polycyclic aromatic molecules with polar adduct
species.17,62-64 We have attempted to use rotational coherence
spectroscopy to analyze the structure of C151/(H2O)2. Indeed,
the data, which are not shown here, suggest values of the
rotational constants, as follows:A+ B) 790( 50 MHz;C)
220( 20 MHz, based on a purely mathematical fit. However,
we do not consider these data to be of sufficient precision for
a direct structure assignment, especially since they could equally
well fit both 1:1 and 2:1 structures. Moreover, C151 itself did
not yield useful rotational coherence data, in part because of
the high rotational asymmetry. Therefore, a structural model
for this molecule would need to come from computations, the
accuracy of which is weakened by the large change in dipole
moment from S0 f S1.
If one assumes that the two water molecules are present as a

hydrogen-bonded dimer, it is possible to assert that in then )
2 species, these cannot be involved in a hydrogen bond to the
amino group. Simulations show that, since the NH2 group is
on theA axis of the bare molecule, such an attachment would
cause the species to be a near-prolate top having a parallel
transition. This would give rise to strongJ-type transients,
completely at variance with the experimental data. On the other
hand, attachment of the water dimer in the vicinity of the
R-pyrone ring near the oxygen atoms could give rise to rotational
constants consistent with experiment. A further potential
complication is that we know that the excited state of then )
2 species is constrained only by a 60 cm-1 barrier, suggesting
a weak restraining potential. It is therefore likely that a rigid-
rotor model is not completely suitable for this species.
We will show in a forthcoming paper that rotational coherence

spectroscopy can be used, in conjunction with molecular
mechanics calculations, to analyze the structures of several
derivatives of Coumarin 151, and some of their hydrogen-
bonded complexes. Coumarin 151 itself, however, appears not
to be well suited for such a study. Clearly, more detailed
spectroscopic analysis is needed both to assign the base structure
of the aggregate and to suggest a relaxation pathway.

5. Conclusion

In this work, we have demonstrated that different conforma-
tions of the n ) 1 complex of C151 exhibit substantially
different ionization energies. Moreover, the single conformation
of then ) 2 complex exhibits vibronically induced relaxation
leading to a fluorescence Stokes shift and a reduction in the
ionization energy. These preliminary measurements set the
stage for a more detailed examination of the relaxation process,
including stimulated emission pumping experiments to follow
vibrational relaxation dynamics, and pump-probe threshold
ionization experiments to study the barrier-crossing process.
There is an important need for better structural data, particularly
about the changes in hydrogen-bond strength which may be
induced by electronic excitation. These can be obtained via
infrared-optical double-resonance techniques.
In a forthcoming paper, we will further explore the structure

predictions of molecular mechanics and semiempirical quantum

Figure 14. Energy level diagram schematically representing the
decrease in ionization threshold of C151/(H2O)2 upon conformational
barrier crossing.
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mechanical techniques for derivatives of C151, for both the
isolated molecules and some water complexes. An important
distinction between those cases and C151 itself is that good
quality rotational coherence data have already been obtained,
for both uncomplexed molecules and some of their water
complexes. This will aid greatly in assignment of the structures.
Considering the early stage of refinement of conformational
calculations, especially with respect to molecules having
multiple functional groups, it remains a high priority to establish
experimentally verifiable structural models.
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