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Can isomer structures of hydrogen-bonded solute · solvent clusters be assigned by correlating gas-phase
experimental S0 T S1 transitions with vertical or adiabatic excitation energies calculated by time-dependent
density functional theory (TD-DFT)? We study this question for 7-hydroxyquinoline (7HQ), for which an
experimental database of 19 complexes and clusters is available. The main advantage of the adiabatic TD-
B3LYP S0 T S1 excitations is the small absolute error compared to experiment, while for the calculated
vertical excitations, the average offset is +1810 cm-1. However, the empirically adjusted vertical excitations
correlate more closely with the experimental transition energies, with a standard deviation of σ ) 72 cm-1.
For the analogous correlation with calculated adiabatic TD-DFT excitations, the standard deviation is σ )
157 cm-1. The vertical and adiabatic TD-DFT correlation methods are applied for the identification of isomers
of the 7-hydroxyquinoline · (MeOH)n, n ) 1-3 clusters [Matsumoto, Y.; Ebata, T.; Mikami, N. J. Phys. Chem.
B 2002, 106, 5591]. These confirm that the vertical TD-DFT/experimental correlation yields more effective
isomer assignments.

I. Introduction
When investigating the spectroscopic properties of molecular

complexes and clusters in supersonic molecular jet expansions,
the assignment of the experimental electronic spectra to specific
cluster isomers has emerged as a challenging task.1–17 Recently,
we have explored the possibility of assigning the isomer
structures of hydrogen-bonded solute · solvent clusters by cor-
relating the observed origins of the S0 T S1 transitions with
the vertical excitation energies calculated by time-dependent
density functional theory (TD-DFT).18–21

A large number of density functional theory (DFT) studies
have treated excited-state properties based on the time-dependent
(TD) propagator method. Most of these employ the geometric
structure of the electronic ground state, yielding Vertical
excitation energies and oscillator strengths. More recently,
excited-state analytical gradients have been implemented for
propagator methods.22–24 So far, however, relatively few studies
have addressed the calculation of adiabatic excitation energies;
Furche et al. and Rappoport et al. have calculated adiabatic
excitation energies and S1 relaxed structures by TD-DFT,
comparing the ab initio calculated values to experiment for
various functionals.22,25 Excited-state geometry optimizations,
potential energy surface scans, and reaction pathways have been
explored using TD-DFT for individual molecules26–31 and also
for several hydrogen-bonded complexes and clusters.32–36

Further work was done for excited-state optimizations using TD-
DFT with long-range corrected functionals.37 The results were
compared to the experimental and adiabatic excitation energies
already computed by Furche et al.22

TD-DFT computational studies of the solvatochromic shifts
of substituted coumarins in bulk solution were performed by
Jacquemin et al.38 and Preat et al.,39 who treated the solvation
effects with the PCM model.40 TD-DFT excitation energy
calculations of the solvatochromic effects of acetone in different
sized solvent shells were performed using the frozen density

embedding scheme, which allows explicit treatment of the
solvent molecules.41 The microsolvation effects of van der Waals
interactions between rare-gas atoms and the π-electron cloud
of arenes as well as O-H · · ·π-electron H-bond interactions have
been treated at the CASSCF level.42

So far, no comparison of the computed vertical and adiabatic
excitation energies for a series of structurally related molecular
clusters has been reported. Over the last years, we have
measured a series of electronic spectra of supersonic jet-cooled
7-hydroxyquinoline and 7-hydroxyquinoline · solvent clusters. By
correlating the experimental with the calculated vertical TD-
B3LYP excitation energies, we have been successful in assign-
ing several cluster isomer structures to the observed S0 f S1

origins.19–21 The 7-hydroxyquinoline (7HQ) aromatic molecule
offers a “strong” O-H and a “weak” C-H hydrogen-bond
donor site and a single H-bond-acceptor site (quinolyl-N). In
combination with the two possible rotamers at the -O-H group,
this yields a potentially large array of possible H-bonded species.
Specifically, we have calculated the vertical TD-B3LYP excita-
tions for bare cis- and trans-7-hydroxyquinoline,43 the cis-
7HQ · (H2O)n, n ) 1-3 and trans-7HQ ·H2O clusters,43–45 the
cis-7HQ · (NH3)n, n ) 1-3 and trans-7HQ ·NH3 clusters,46–48

the mixed solvent clusters of cis-7HQ · (NH3)n · (H2O)m, n + m
) 3, n, mg 1,20,21 and the two isomers of the cis-7HQ ·HCOOH
complex.49 A selection of above-quoted cluster structures is
displayed in Figure 1. So far, these investigations have shown
excellent correlations between experiment and calculated vertical
excitation energies.

Below, we explore the correlation of TD-DFT calculated
vertical and adiabatic S0 f S1 excitations with the respective
experimental values. Secondly, we investigate the relative
performance of both techniques for the assignment of cluster
isomers. Finally, we present an application of isomer assign-
ments to the series of 7HQ · (methanol)n clusters.13,43* To whom correspondence should be addressed.
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II. Theoretical Methods

The 6-311++G(d,p) basis set was used for S0 and S1 state
calculations of all complexes and clusters. The ground-state
structures were optimized with the B3LYP hybrid density
functional50 using a pruned (99,590) grid for numerical integra-
tion and were optimized until the forces were <2 × 10-6 hartree/
bohr or hartree/rad. Very tight SCF convergence criteria of RMS
density matrix element differences < 10-9 were applied.

The vertical S0T S1 excitation energies were calculated with
the time-dependent DFT method using the B3LYP functional

(TD-B3LYP), at the B3LYP-optimized S0 state structures, using
Gaussian03.40 For the adiabatic excitation energies, we opti-
mized both the S0 and S1 geometries with the B3LYP method
implemented in TURBOMOLE 5.9.23 The difference of the
optimized S0 and the corresponding S1 minimum energies was
taken as the adiabatic excitation energy. Note that the B3LYP
density functional in TURBOMOLE and Gaussian03 differ in
the formulation of the local density approximation (LDA) part.
Vosko et al. proposed various fitting schemes for the LDA
functional,51 and the VWN(V) scheme is implemented in
TURBOMOLE,23 while the VWN(III) scheme is implemented
in Gaussian03.22,40 However, the influence of the different
implementations of the B3LYP functional on the relative S0

energies was found to be small.

III. Results

A. Vertical TD-B3LYP Excitations. The TD-B3LYP-
calculated S0 f S1 vertical excitation energies of the 7HQ
complexes and clusters are compared to the experimental
electronic origins in Table 1. The calculated vertical excitations
all lie above the observed 00

0 bands, with an average offset ∆j )
[∑i

n (Ecalc - Eexp)]/n of +1810 cm-1 relative to the experiment.
As will be seen below, the calculated adiabatic energies are
rather close to experiment. Thus, the positive offset is not due
to errors of the TD-B3LYP calculation but (to a large part)
reflects the fact that vertical excitation energies from S0-
optimized structures should lie higher than the experimental
origins, which correspond to adiabatic excitations.

Apart from the overall offset, the calculated vertical excitation
energies are somewhat too high for the bare 7HQ and the
7HQ · solvent complexes and too low for clusters (n g 2); see
Table 1. The excited-state relaxation energy, that is, the cal-
culated vertical minus adiabatic excitation energy of the
chromophore, can be assumed to be approximately constant.
In this approximation, the remaining relaxation energy depends
on the impact of the ππ/ excitation on the hydrogen-bond
interactions. This contribution increases with increasing cluster
size, which justifies the use of a nonlinear fit curve.21 A quadratic
polynomial was fitted to the calculated/experimental data points.
All values lie within the 2σ interval, and 13 out of 15 values
lie within the 1σ interval; see Figure 2. The largest residuals ∆
()fitted transition energy minus calculated transition energy)
are < 160 cm-1. The ∆ residuals and goodness-of-fit parameters
are given in Table 1.

B. Adiabatic TD-B3LYP Excitations. To compare with the
vertical S0f S1 transition energies, we calculated the adiabatic
transitions for all monomers and clusters mentioned above; these
are also compiled in Table 1. The adiabatic excitation energies
exhibit an average offset of only +180 cm-1 relative to
experiment. This shows that the good performance of the time-
dependent B3LYP method22,25 extends also to H-bonded
complexes and clusters. The lowering of the adiabatic transitions
relative to the vertical values is of course expected.

The origins of the bare cis- and trans-7HQ rotamers are
calculated to be 405 and 128 cm-1 above the respective
experimental values. For the complexes, the adiabatic calcula-
tions are very close to experiment; for example, the cis-
7HQ ·NH3, cis-7HQ ·H2O, and trans-7HQ ·H2O adiabatic ex-
citation energies are only +13, +2, and -114 cm-1 off of the
experimental values, respectively. The formic acid isomer cis-
7HQ ·HCOOH (CTN2) is also predicted to be very close to
experiment (+58 cm-1). In contrast, the adiabatic excitations
of the cis-7HQ ·HCOOH CTN1 isomer, of trans-7HQ ·NH3, and
of the clusters are generally predicted to be too low with respect
to experiment.

Figure 1. Selected structures of clusters of 7-hydroxyquinoline (7HQ):
(a) trans-7HQ, (b) cis-7HQ ·H2O, (c) cis-7HQ ·HCOOH (CTN1) with
atom labeling, (d) cis-7HQ · (NH3)2, and (e) cis-7HQ · (NH3)2 ·H2O
(AWA).
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We performed a quadratic fit through the obtained data points
as for the vertical S0f S1 transitions and found all values within
the 2σ interval. Twelve out of 15 predictions lie within the 1σ
interval of the quadratic fit polynomial; see Figure 3. The largest
residuals are < 350 cm-1. The ∆ residuals and goodness-of-fit
parameters are also given in Table 1.

C. Electronic Transitions of the 7-Hydroxyquinoline ·
(Methanol)n, n ) 1-3, Clusters. Here, we discuss the
application of the vertical and adiabatic TD-B3LYP methods
as diagnostic tools for the isomer identification of the analogous
7-hydroxyquinoline/methanol clusters, that is, 7HQ · (MeOH)n,
n ) 1-3. The S0 T S1 transitions of two isomers of
7-hydroxyquinoline ·MeOH were measured by Lahmani et al.43

Later, Matsumoto et al.13 measured laser-induced fluorescence
excitation (LIF), fluorescence emission, UV-UV holeburning,
and fluorescence-dip infrared (FDIR) spectra of the 7HQ ·
(MeOH)n, n ) 1-3, clusters. They assigned the isomers and
interpreted the FDIR spectra based on B3LYP/6-31G(d,p)-
calculated infrared spectra. They also reported spectral features
of clusters larger than n ) 3.

For the 7HQ ·MeOH complex, both groups noted two isomers
(denoted A and B, respectively) with LIF spectra of roughly
equal intensity and origin transitions lying at 30131 (A) and
30363 cm-1 (B). Lahmani et al. assigned these spectra as the
trans and cis rotamers of the complex with the 7HQ hydroxy
group bonded to the MeOH acting as the acceptor (O-H · · ·O
isomer).43 In contrast, Matsumoto et al. assigned both species
to the cis rotamer of 7HQ, band A to the cis-O-H · · ·O isomer,
and band B to the cis-N · · ·H-O isomer, with MeOH acting
as a H donor to the quinolyl-N acceptor site.13 The latter
reassignment was based on analogy to the spectral shifts
observed for the H2O and NH3 complexes and on the compari-
son of the FDIR spectra of the A and B species to B3LYP/6-
31G(d,p)-scaled vibrational frequencies.13 While the agreement
of calculated and FDIR spectra is excellent for isomer B,13 it is
not as good for isomer A, casting some doubt on this assignment.
Also, Matsumoto et al. did not calculate the IR spectra for the
putative trans-O-H · · ·O and trans-N · · ·H-O isomers, leav-
ing the comparison incomplete.

Due to the structural similarity of the 7HQ/methanol clusters
to the 7HQ/water and 7HQ/ammonia clusters, and since there
are conflicting assignments for the n ) 1 complex, an investiga-
tion of the 7HQ/methanol clusters seemed appropriate as a test
for the TD-B3LYP method. We optimized the structures with
the same procedure and convergence criteria as above. For
7HQ ·MeOH, four possible isomers were considered, that is,
the O-H · · ·O and N · · ·H-O isomers for both rotamers of 7HQ.
For the cis-7HQ · (MeOH)n (n ) 2, 3) clusters, the solvent-wire
isomers are calculated to be the most stable. The next higher-
energy isomers have cyclic (ring) H-bonding geometries involv-
ing the 7HQ -O-H group as both the H donor and acceptor
and lie higher by 3.1 and 5.1 kcal/mol, respectively. The
optimized ground-state structures are shown in Figure 4. The
calculated vertical and adiabatic S0f S1 transition energies and
experimental electronic origins13 are given in Table 1 and are
plotted in Figures 4 and 5.

For 7HQ ·MeOH, the vertical/experimental correlation in
Figure 5 predicts that the “A” origin at 30131 cm-1 and the
“B” frequency origin at 30363 cm-1 are due to the cis-
7HQ ·MeOH (O-H · · ·O) and (N · · ·H-O) isomers, respec-
tively. This assignment is in agreement with that given by
Matsumoto et al.13 Both data points lie within the 60%
confidence interval of the fit function. The only other point
within the 95% confidence band is due to the trans-7HQ ·MeOH
(N · · ·H-O) isomer; see Figure 5. Assignments to the trans-

TABLE 1: Experimental S0 f S1 Excitation Energies, TD-B3LYP-Computed Vertical and Adiabatic Excitation Energies, and
Fit Residuals ∆ (fitted - calculated value), in cm-1

cluster experimental vertical ∆ adiabatic ∆

cis-7HQ 30830 33024 -46 31235 -37
cis-7HQ ·HCOOH (CTN2) 30657 32649 49 30715 162
cis-7HQ ·H2O (O-H · · ·O) 30240 32110 -33 30253 -89
cis-7HQ ·NH3 29925 31786 -128 29927 -246
cis-7HQ ·HCOOH (CTN1) 29816 31579 -56 29391 134
cis-7HQ · (H2O)2 29193 30808 44 28612 133
cis-7HQ · (NH3)2 29115 30785 -5 28738 -78
cis-7HQ · (NH3)3 (3ch3) 28800 30569 -53 28450 -100
cis-7HQ · (H2O)3 (3ch3) 28770 30469 24 27980 342
cis-7HQ · (NH3)2 ·H2O (AWA) 28694 30437 0 28355 -99
cis-7HQ · (NH3)2 ·H2O (AAW) 28348 30260 -47 28075 -87
cis-7HQ · (H2O)2 ·NH3 (AWW) 28340 30157 51 27998 -16
trans-7HQ 30551 32483 50 30679 9
trans-7HQ ·H2O (O-H · · ·O) 29995 31755 -7 29881 -97
trans-7HQ ·NH3 29792 31337 157 29428 64
R2 of quadratic fit 0.9949 0.9822
standard deviation σ 72.2 157.2

Figure 2. Calculated vertical TD-B3LYP S0f S1 excitation energies
of 7-hydroxyquinoline · (solvent)n, n ) 1-3, clusters with different
hydrogen-bonded solvent molecules versus the experimental 00

0 transi-
tion energies (9). Data points were fitted with a quadratic polynomial
(full line). The 95 (dashed) and 60% (dotted) confidence interval bands
are also displayed. The dotted diagonal line indicates ideal agreement
between theory and experiment.
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7HQ ·MeOH (O-H · · ·O) isomer can be ruled out based on
the correlation. The cis-7HQ · (MeOH)2 (2ch2) and cis-
7HQ · (MeOH)3 (3ch3) clusters are nicely predicted by the
interpolating curve, the first within the 95% and the latter within
the 60% prediction band. The corresponding two cyclic isomers
(2cy2) and (3cy3) are strongly blue shifted by about 1820 and
2200 cm-1, respectively, and are thus ruled out.

The adiabatic excitation energies in Figure 6 lie very close
for the 7HQ ·MeOH (O-H · · ·O) and (N · · ·H-O) isomers. Of
the four possibilities, the higher-lying experimental electronic
origin (30363 cm-1) is closest to the predicted cis-7HQ ·MeOH
(N · · ·H-O) isomer. However, the value is outside of the 60%
confidence interval, and the predicted frequency of the corre-
sponding O-H · · ·O isomer also lies within the 95% prediction
band. The assignment of the red-shifted electronic origin (30131
cm-1) is even more delicate; here, all four calculated transition
energies lie outside of the 60 and within the 95% confidence
interval. The closest-lying point is that of the cis-7HQ ·MeOH
(O-H · · ·O) isomer, but a determination of the isomer based
only on the adiabatic excitation energy alone would be ambigu-
ous. Consideration of the relative total energies of the isomers
(Table 1, second column) also points to the cis-7HQ ·MeOH
(O-H · · ·O) isomer. The energy of the corresponding trans-
7HQ ·MeOH (O-H · · ·O) isomer is ∼1 kcal/mol higher, and
that of the trans-7HQ ·MeOH (N · · ·H-O) isomer is 2.4 kcal/
mol higher.

In contrast, the cis-7HQ · (MeOH)n (n ) 2, 3) solvent-wire
clusters show very good agreement based on their predicted
adiabatic transition energies and lie within the 60% prediction
limit (see Figure 6). The corresponding cyclic (3cy3) cluster
exhibits a blue shift comparable to that predicted for the vertical
excitation. For the (2cy2) cluster, structure optimization leads
to the (2ch2) isomer, and no adiabatic excitation energy could
be determined.

The assignment of cluster structures based on the excitation
energies relies on the comparison of a single number. In all
cases investigated so far, the assignment of isomer structures
has been in agreement with the B3LYP-calculated relative
cluster energy Erel, that is, the total energy of a cluster isomer
relative to the most stable isomer. Being a property of the cluster
ground state only, these represent an independent set of data
that can be used to corroborate the calculated excitation energies.

IV. Discussion

If we disregard the overall offset between the calculated and
experimental transition energies, the vertical TD-B3LYP cal-
culations yield higher-precision predictions. The calculated 00

0

transitions all lie within (160 cm-1 of the quadratic fit
polynomial, and the vertical TD-B3LYP fit (Figure 2) has
a standard deviation of σ ) 72 cm-1. As the assignment of
the 7-hydroxyquinoline · (MeOH)n clusters shows, the use of the
calculated vertical excitations yields reliable results. If the
electronic transitions of different isomers are predicted to lie
close in energy or if the experimental close-lying S0f S1 origins
are close, clear discrimination between different isomer geom-
etries can be difficult. The major drawback of the vertical
excitation energies is that an empirically adjusted energy shift
is needed; when new molecular systems are considered, such a
fit may be impossible or inaccurate.

The remarkable advantage of the computed adiabatic excita-
tion energies is their small absolute errors, which do not
necessitate any additional fitting of the energy shift (as for the
vertical excitation energies). On the other hand, the adiabatic
excitation energy predictions are somewhat less reliable. The
standard deviation of the fit for the adiabatic calculations is σ
) 157 cm-1, about twice that of the vertical calculations. This
is also seen when comparing the confidence interval bands of
Figure 3 with respect to those of Figure 2. Another drawback
of the adiabatic calculations is that the computational time is
up to 50× larger.

The somewhat larger standard deviation of the adiabatic
relative to the vertical excitation energies should not be
overemphasized. Firstly, it could be due to zero-point vibrational
energy (ZPVE) differences that are contained in the experimental

TABLE 2: B3LYP/6-311++G(d,p)-Computed Properties for the 7-Hydroxyquinoline · (MeOH)n, n ) 1-3, Clustersa

cluster Erel experimentalb vertical ∆ adiabatic ∆

cis-7HQ ·MeOH (N · · ·HO) 0.33c 30363 32186 67 30184 182
cis-7HQ ·MeOH (OH · · ·O) 0.00c 30131 31994 -67 30149 -158
trans-7HQ ·MeOH (N · · ·HO) 2.39c 31831 96 29797 194
trans-7HQ ·MeOH (OH · · ·O) 1.02c 31641 287 29778 213
cis-7HQ · (MeOH)2 (2ch2) 0.00d 28962 30730 -83 28530 -27
cis-7HQ · (MeOH)2 (2cy2) 3.13d 32464 -1818 f
cis-7HQ · (MeOH)3 (3ch3) 0.00e 28501 30292 13 28188 -89
cis-7HQ · (MeOH)3 (3cy3) 5.14e 32497 -2191 30502 -2403

a Relative energies Erel in kcal/mol and experimental, vertical, and adiabatic S0 f S1 transitions and fit residuals ∆ in cm-1. b Ref 13.
c Relative to the total energy of cis-7HQ ·MeOH (OH · · ·O), -592.7104349 au. d Relative to the total energy of cis-7HQ · (MeOH)2 (2ch2),
-708.4285914 au. e Relative to the total energy of cis-7HQ · (MeOH)3 (3ch3), -824.1507593 au. f Minimizes to the (2ch2) structure in the S1

state.

Figure 3. Calculated adiabatic TD-B3LYP S0f S1 excitation energies
of 7-hydroxyquinoline · (solvent)n, n ) 1-3, clusters with different
hydrogen-bonded solvent molecules versu the experimental 00

0 transition
energies (9). Fit and confidence interval bands as those in Figure 2.
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adiabatic excitation energies but are not included in the
calculation (the calculation of S1 state vibrational frequencies
can currently only be done numerically, at prohibitive compu-
tational cost). Secondly, basis set effects (e.g., inclusion of f
polarization functions) might affect the results. Nevertheless,
we have explored two possible problem areas of the TD-B3LYP
calculations:

(1) The calculated vertical excitation energies are influenced
by (i) the quality of the B3LYP description of the S0 state
electronic wave function, (ii) the limitations of the linear
response ansatz in describing the S1 excited state potential, and
(iii) the B3LYP description of the hydrogen-bond interactions

in the S0 and S1 states at the S0 state geometry. The adiabatic
excitation energies additionally depend on the accuracy of the
TD-B3LYP description of the S1 state cluster equilibrium
structures. We considered the possibility that the larger variance
exhibited by the adiabatic calculations is due to problems with
the TD-B3LYP S1 state cluster geometries. To diagnose this,
we searched for correlations of large ∆ values with unusual
H-bond geometry changes. The calculated heavy-atom hydrogen-
bond distances between the 7HQ moiety and the solvent
molecule(s) are listed in Table 3, together with the TD-B3LYP-
calculated changes in H-bond length that occur upon S0 f S1

electronic excitation. Large changes on the order of (0.2 Å
are predicted for the 7HQ ·HCOOH isomers CTN1 and CTN2,
specifically for the weak C-H · · ·OdC hydrogen bonds between
7HQ and the CdO group of the HCOOH moiety. However,
while the CTN1 and CTN2 isomers show considerable ∆R
values, they are not the largest outliers in Figure 3. A large
change of H-bond distance is predicted for the long (and weak)
N-H · · ·N hydrogen bond from the second NH3 moiety of cis-

Figure 4. B3LYP/6-311++G(d,p)-optimized S0 state structures of (a,
b) cis-7-hydroxyquinoline ·MeOH complexes with the methanol bound to
thehydroxygrouporthequinolyl-N,(c,d)theanalogoustrans-7-hydroxyquino-
line ·MeOH complexes, (e) cis-7-hydroxyquinoline · (MeOH)2 (2ch2) clus-
ter, (f) cis-7-hydroxyquinoline · (MeOH)3 (3ch3) wire cluster, and (g, h)
the corresponding (2cy2) and (3cy3) cyclic clusters, respectively.

Figure 5. Calculated vertical TD-B3LYP S0 f S1 transitions of
7HQ · (MeOH)n clusters versus the experimental 00

0 transitions, taken
from ref 13. The assigned isomers are marked by •, and alternative
correlations are marked by O. The calibration curve and confidence
intervals are those of Figure 2.

Figure 6. Calculated adiabatic TD-B3LYP S0 f S1 transitions of
7HQ · (MeOH)n clusters versus the experimental 00

0 transitions, taken
from ref 13. The assigned isomers are marked by •, and alternative
correlations are marked by O. The calibration curve and confidence
intervals are those of Figure 3.
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7HQ · (NH3)2 to the quinolyl-N. However, the adiabatic transition
energy of cis-7HQ · (NH3)2 lies close to the fit parabola. The
largest outlier in Figure 3 is the adiabatic transition energy for
the cis-7HQ · (H2O)3 cluster, lying 342 cm-1 below the fit. For

this cluster, however, the calculated geometry changes are in
line with the H-bond geometries of the cis-7HQ ·H2O and cis-
7HQ · (H2O)2 clusters. We conclude that the larger variance
exhibited by the adiabatic/experimental correlation is not due
to problems of TD-B3LYP in describing the solute-solvent
hydrogen bonds in the S1 state.

(2) An alternative is that the larger deviations of the adiabatic/
experimental correlation arise for clusters that undergo large
S1 state relaxation between the vertical Franck-Condon point
and the S1 state minimum energy. Figure 7 shows the TD-
B3LYP-calculated S1 state relaxation energies. An intramolecu-
lar relaxation energy of ∼1800 cm-1 is associated with the
7-hydroxyquinoline chromophore, both for the cis and trans
forms. The diagonal dotted line indicates that for 12 of the 17
clusters, the relaxation energy increases roughly linearly with
the number of hydrogen bonds in the cluster, in agreement with
the argument given at the end of section III.A. Significantly,
Figure 7 shows that, with the exception of the cis-7HQ ·HCOOH
(CTN2) isomer, all clusters that involve a O-H group as a
proton donor to the quinolyl-N undergo a relaxation in the S1

state that is 100-350 cm-1 larger than that calculated for the
other clusters. Comparison of Figure 7 with Figures 3 and 6
shows that these are also the complexes or clusters that show
the largest deviations from the adiabatic fit curve. We conclude
that the slightly larger deviations from the adiabatic/experimental
correlation curve (compared to the vertical/experimental cor-
relation) may arise from the TD-B3LYP-calculated relaxation
associated with the O-H · · ·N hydrogen bond to the quinolyl-N
group.

V. Conclusions

For a series of 19 hydrogen-bonded complexes and clusters
involving 7-hydroxyquinoline, we have investigated the cor-

TABLE 3: Calculated Heavy-Atom Distances (in Å) of the Hydrogen Bond(s) Linking 7-Hydroxyquinoline to the Solvent
Moleculesa

cluster sistance Rb S0 state S1 state ∆R ( S1 - S0)

cis-7HQ ·HCOOH (CTN2) R(NQ · · ·OH) 2.7134 2.6460 -0.0674
R(C2 · · ·OdC) 3.3190 3.5247 0.2056

cis-7HQ ·H2O (O-H · · ·O) R(O · · ·O) 2.8288 2.7555 -0.0733
cis-7HQ ·NH3 R(O · · ·N) 2.8348 2.7442 -0.0906
cis-7HQ ·HCOOH (CTN1) R(NQ · · ·OH) 2.7263 2.6241 -0.1022

R(C8 · · ·OdC) 3.3020 3.1078 -0.1942
cis-7HQ · (H2O)2 R(O · · ·O) 2.9247 2.7588 -0.1659

R(NQ · · ·O) 2.9530 2.8010 -0.1520
cis-7HQ · (NH 3) 2 R(O · · ·N) 2.8339 2.7157 -0.1182

R(NQ · · ·N) 3.4209 3.2324 -0.1885
cis-7HQ · (NH3)3 (3ch3) R(O · · ·N) 2.7432 2.6159 -0.1272

R(NQ · · ·N) 3.1814 3.0867 -0.0947
cis-7HQ · (H2O)3 (3ch3) R(O · · ·O) 2.7205 2.6052 -0.1153

R(NQ · · ·O) 2.7857 2.6964 -0.0893
cis-7HQ · (NH3)2 ·H2O (AWA) R(O · · ·N) 2.7434 2.6147 -0.1287

R(NQ · · ·N) 3.1244 3.0244 -0.1000
cis-7HQ · (NH3)2 ·H2O (AAW) R(O · · ·N) 2.7400 2.6047 -0.1353

R(NQ · · ·O) 2.8264 2.7383 -0.0881
cis-7HQ · (H2O)2 ·NH3 (AWW) R(O · · ·N) 2.7423 2.6075 -0.1347

R(NQ · · ·O) 2.7867 2.6983 -0.0884
trans-7HQ ·H2O (O-H · · ·O) R(O · · ·O) 2.8414 2.8388 -0.0026
cis-7HQ ·MeOH (OH · · ·O) R(O · · ·O) 2.7884 2.7097 -0.0787
cis-7HQ ·MeOH (N · · ·HO) R(NQ · · ·O) 2.8965 2.8096 -0.0869
cis-7HQ · (MeOH)2 (2ch2) R(O · · ·O) 2.8667 2.7112 -0.1555

R(NQ · · ·O) 2.9863 2.8200 -0.1663
cis-7HQ · (MeOH)3 (3ch3) R(O · · ·O) 2.6871 2.5711 -0.1160

R(N · · ·O) 2.7980 2.7072 -0.0908

a B3LYP or TD-B3LYP methods with the 6-311++G(d,p) basis set. b NQ: quinolyl-N of 7HQ; OdC and OH refer to HCOOH. For atom
labeling, please refer to Figure 1c.

Figure 7. Calculated TD-B3LYP S1 state relaxation energies for the
7-hydroxyquinoline · (solvent)n clusters as a function of the number of
hydrogen bonds. Values referring to the trans-7-hydroxyquinoline
rotamer are noted explicitly; all others refer to the cis rotamer. See
text for details.
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relation of the calculated TD-B3LYP S0 f S1 vertical and
adiabatic excitation energies with the experimental electronic
origins as a tool for isomer identification and structure assignment.

The TD-B3LYP-computed adiabatic excitation energies are
close to the experimental excitation energies in absolute terms,
typically within 400 cm-1. This small absolute error is truly
remarkable and shows that the good performance of the time-
dependent B3LYP method22,25 extends also to H-bonded
complexes and clusters. The computed vertical excitation
energies are shifted about 1800 cm-1 higher than the experi-
mental values but yield even smaller standard deviations from
the shifted mean than the adiabatic ones.

We have studied the consequences of the ππ/ electronic
excitation in the 7HQ chromophore on (i) specific hydrogen
bonds between 7HQ and the solvent molecule(s) and (ii) the S1

state relaxation energies. The analysis indicates that the
somewhat larger deviation of the adiabatic/experimental cor-
relation (relative to the vertical/experimental correlation) can
be traced to the relatively large relaxation energies predicted
for clusters that involve a O-H group as the proton donor to
the quinolyl-N. However, it is not possible to attribute the extent
of relaxation to specific geometry changes within the cluster.

In summary, the identification of different structural isomers
based on the correlation of TD-B3LYP vertical excitations with
experiment is slightly better than that when using the calculated
adiabatic excitations. These investigations are currently being
extended to structurally related clusters.52
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