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The present paper represents fluorescence-detected infrared measurements of 9(10H)-acridone (AD) and 10
of its fluorescent hydrated clusters, AD-(H2O)n (n ) 1-5 and more), which have been performed by
monitoring the fluorescence from their1(π,π*) electronic origin transitions reported in paper I. In then ) 1
and 2 clusters, free N-H stretching band has been identified in addition to O-H stretching bands characteristic
to water molecules acting as single proton donors. As the next solvation step, the H-bonded O-H stretches
are further developed in the red-shifted region and the N-H stretch becomes involved in the hydrogen-bonds
for the n ) 3-5 clusters. Forn g 6, more than one pair of double-donor O-H stretches appear. These
spectral features are well correlated to the stepwise evolution in the hydrogen-bonding networks in AD-
(H2O)n, which have been predicted by the (π,π*) spectral-shift analysis and DFT calculations presented in
paper I: water units are bound to the CdO site forn ) 1 and 2, a single water chain bridges between the
CdO and N-H sites above the AD aromatic rings forn ) 3-5, and water bridges become branched forn
g 6 and probably form three-dimensional cages at higher aggregation levels. Differences in hydrogen-bonding
topologies, stabilities, and dynamical behaviors among the conformers are discussed on the basis of the
experimental observations, the DFT calculations, and comparison with other hydrated aromatic clusters.

1. Introduction

As a part of an investigation aiming at clarifying a relation
between solvation structure and intracluster dynamics, the
preceding paper (paper I) has presented electronic spectroscopy
and DFT calculations of 9(10H)-acridone (AD) and its hydrated
clusters, AD-(H2O)n. From the fluorescence-excitation mea-
surements, only a single isomeric form has been identified for
each cluster size ranging fromn ) 1 to 5. On the other hand,
DFT structural optimizations at the B3LYP/6-31G(d,p) level
have yielded several minimum-energy conformations for every
cluster size. As AD has multiple hydrogen-bonding sites, the
identified isomers show a variety of solvation topologies. The
CdO and N-H bonded forms are found forn ) 1 and 2, and
water units become able to make a bridge between the two sites
as another water is added. Forn g 3, there exist two further
possibilities (chain-type or cyclic-type) for water units bound
to AD. For a given cluster size, calculated binding energies of
several different conformers are quite close to each other. Hence
it is practically impossible to carry out the assignments of the
observed species by considering only the calculated stabilities
at the present level. Therefore, we have estimated complexation-

induced spectral shifts in the1(π,π*) transition as HOMO-
LUMO energy differences and compared them with the
experimentally determined shifts. Forn ) 3-5, only the bridged
form shows a good match-up, but we still need more experi-
mental information to distinguish the two possibilities (i.e., Cd
O or N-H bonded forms) forn ) 1 and 2 because of the
similarity in their calculated shifts. We must also gain some
insights on H-bonding topologies for larger clusters, for which
extensive calculations are highly demanding.

As has been mentioned briefly in paper I, vibrational
spectroscopy implemented with a double-resonance (DR) detec-
tion scheme is a powerful tool for figuring out supramolecular
structures of molecular clusters.1 In particular, H-bonding
topologies in hydrated clusters are sensitively probed via infrared
(IR) spectra associated with hydride stretching fundamentals,
as O-H stretches of waters exhibit frequency shifts character-
istic to the H bonding in which the solvents are involved.2,3 IR
spectra for smaller size clusters are almost self-explanatory.
When the spectral patterns are too complicated to be analyzed
by themselves, as is often the case for larger clusters, ab initio
and/or density functional theory (DFT) computations are to be
invoked. The calculations provide crucially important outputs
on possible geometries, e.g., structural parameters, binding
energies, and frequencies and intensities of all the vibrational
modes. By comparing the theoretical results, we can tell with
much confidence which geometries are actually observed.
Therefore, complementary utilization of IR DR spectroscopy
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and ab initio and/or DFT calculations has been recently
performed by many groups,4-18 and an understanding of cluster
geometry is now steadily and rapidly progressing in various
systems. At the present stage, aromatic clusters solvated with
up to eight waters have been studied, and novel 3D topologies,
i.e., caged and cubic forms, of the H-bonding water networks
are identified.5,8,15 Hydrated clusters of multifunctional mol-
ecules also come to be actively studied.10,12,13,16,17The IR-DR
method has an another advantage of species-selectivity based
on its DR nature, which detects the IR transition as enhancement
or depletion in electronic excitation monitored by fluorescence
or resonance-enhanced ionization. This allows us to distinguish
the conformations of different species on a vibronic band-to-
band basis, which is indispensable for explicit connection of
the excited-state dynamics to the cluster geometry.

This paper represents the results of structural characterizations
of the fluorescent hydrated AD clusters by applying fluorescence-
detected infrared spectroscopy (FDIRS). Analyses of the
observed FDIR spectra and conclusive structural assignments
have been performed for relatively smaller-size clusters (n )
1-5), with the aid of various computational outputs from DFT
calculations at the B3LYP/6-31G(d,p) level. Some characteristics
in H-bonding topologies of larger-size clusters are also revealed
via observed FDIR spectra. On the basis of the experimental
and theoretical attainments, detailed discussions are presented
on marked differences between the water-solvation structures
associated to the contrasting two possible bonding sites in AD,
i.e., H-donating N-H and H-accepting CdO. These present
results are compared with previous studies on other aromatic
hydrates. The evolution of H-bonding networks in hydrated AD
clusters given here will be used as a firm basis for discussions
on changes in electronic-energy levels and remarkable size
dependence in nonradiative dynamics of the AD chromophore,
explored by various frequency- and time-domain experiments
described in the following paper (paper III).

2. Experimental and Computational Procedures

Details of the experimental setup for FDIRS have been
presented elsewhere.18,19Briefly, tunable IR light in the 2800-
3800 cm-1 region was generated via difference frequency
mixing (DFM) of the second harmonic of a Nd+:YAG laser
(Continuum, Powerlite 8010) and the output of a dye laser
(Lumonics, HD-500) pumped by the same Nd+:YAG laser. An
autotracking unit (Inrad, AT-III) with a LiNbO3 crystal was used
for DFM. The electronic excitation of the clusters was performed
with a frequency doubled output of another Nd+:YAG laser-
pumped dye laser (Spectra Physics, GCR-170/Lumonics, HD-
500). The IR and UV laser beams were introduced into a
chamber in a counterpropagated direction with each other. The
IR laser irradiated the sample prior to the UV laser pulse by
≈50 ns. FDIRS in this study was conducted in a conventional
fluorescence depletion scheme: decrease in the ground-state
population induced by the IR excitation was monitored through
fluorescence by the UV light fixed at the origin band of the
clusters. The alternative data acquisition20 was employed to
reduce the long-term fluctuation in the FDIR spectrum.

Ab initio and density-functional-theory (DFT) molecular-
orbital calculations of AD and its hydrated clusters have been
carried out with a suite of Gaussian 98 programs.21 Details of
the computational procedure have been described in paper I.

3. Experimental Results

FDIR spectra in the 2900-3800 cm-1 region have been
obtained for bare AD and 10 of its hydrates (i.e., species other

than G, I, and K) identified in the fluorescence-excitation
spectrum (see paper I) by monitoring their1(π,π*) electronic
origin transitions. They are presented in Figure 1. Species A
shows a single sharp band at 3478 cm-1, which is definitely
assigned to the N-H stretching fundamental. As no other bands
have been identified, the species contains no water molecule,
confirming its assignment as bare AD. In the FDIR spectra of
the hydrated clusters, most of the observed vibrational bands
correspond to the N-H stretch of AD or O-H stretches of the
solvents. Their vibrational frequencies are summarized in Table
1 for species A-F (n ) 0-5). Weak features due to the C-H
stretches in the AD chromophore are also observed at≈3080
cm-1 for some species (not included in the table). An overview
of the IR spectra for the hydrated AD clusters shows charac-
teristic changes in spectral features as cluster sizes become
larger, which indicates stepwise evolution in the H-bonding
networks as increasing degrees of solvation. The spectra can
be classified into three types for different sizes, i.e., (i) species
B and C (n ) 1 and 2), (ii) species D-F (n ) 3-5), and (iii)
species H-N (n g 6).

The first type is of the clusters with relatively smaller sizes,
n ) 1 and 2 (Figure 1, B and C). For these species, a weak
band is observed at almost the same frequency as the N-H
stretching fundamental of bare AD. As is more thoroughly
discussed in the next section, these bands have been confirmed
as the N-H stretching fundamental, indicating that H bonding
between water and the N-H group of AD isnot formed in these

Figure 1. Overview of FDIR spectra for bare AD and its hydrated
clusters, AD-(H2O)n. A-F, J, L, M, and N correspond to the species
identified in the fluorescence-excitation spectrum shown in paper I
(Figure 1). Species A is bare AD, B-F are then ) 1-5 clusters,
respectively, and H is then ) 6 cluster. J, L, M, and N are higher-size
clusters with n > 6. All of the FDIR spectra were obtained by
monitoring the fluorescence of their1(π,π*) origin bands. N-H stretch
vibrations in species B and C are located at the same frequency as
bare AD, as connected with dotted lines, whereas no correspondence
appears in other species. For most of higher-size clusters as well as
the monomer, hole-burning IR laser power had to be increased so as
to give an acceptable signal-to-noise ratio, and thus their spectra suffer
from saturation effects.
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species. Other bands due to the O-H stretch fundamentals of
water(s) are divided into two groups: one for the H-bonded
O-H bond(s) and the other for the free O-H bond(s). The
H-bonded bands are located below 3520 cm-1, while the free
O-H bands are weakly observed at around 3700 cm-1. The
numbers of the H-bonded bands are the same as the solvent
numbers. This observation confirms the size assignment on
species C (n ) 2), to which the mass-resolved measurement
cannot afford definitive conclusion, as discussed in paper I. The
large red shifts of the H-bonded bands relative to bare water
(3657 and 3756 cm-1 for ν1 andν3, respectively)22 indicate that
all of the water molecules are involved in strong H bonding
(i.e., not π-type bonding).14,18,23Thus the H-bonding networks
of waters in these species should be bound to the carbonyl group
of AD.

The larger clusters (species D-F) with n ) 3-5 show the
second-type IR spectra. In particular, the spectra of species E
and F are quite similar to each other. More detailed inspection
indicates that none of them show a band at the same position
as the N-H stretch of bare AD. This apparently indicates that
the N-H group becomes involved in H-bonding at this level
of hydration. These observations are well correlated with the
spectral shift analyses presented in paper I, which have proposed
that geometry of all the species is of the same type (i.e.,
“bridged” form), in which a linear water chain bridges the N-H
and CdO sites of AD. We note that the band at 3481 cm-1 in

the FDIR spectrum of species D (n ) 3) is located quite close
to the N-H stretch of bare AD (3478 cm-1), but this band is
somewhat broader (fwhm≈ 6 cm-1) and slightly blue-shifted
from the bare N-H stretch. This band thereby shouldnot to be
due to the N-H stretch of the AD molecule but to an H-bonded
O-H stretch of H2O. The conclusive assignment of this band
will be presented in the next section. The observed IR bands of
the n ) 3-5 clusters are grouped into three types: H-bonded
O-H (or N-H) bands, the free O-H bands, and O-H band-
(s), which is slightly (≈30-50 cm-1) red-shifted from the free
O-H bands (see Figure 1, D-F). The H-bonded O-H stretches
are more red-shifted than those in the clusters withn ) 1 and
2, indicating further development in the H-bonding networks
of waters. Besides, slightly red-shifted bands imply that weak
H-bonding interactions such asπ-H bonds will exist in these
species, since vibrational bands associated with such H bonds
have often been observed at 3600-3700 cm-1.3,7,15,24At this
level of aggregation, information from only the FDIR spectra
cannot make it clear whether the carbonyl group of AD is also
H-bonded as the type (i) or not, and detailed comparison with
computational results is necessary to address this.

The FDIR spectra of much larger clusters, i.e., H-N (n g
6), show a drastic change: strong bands appear in the 3500-
3600 cm-1 region, where vibrational bands are completely
absent in the case of types (i) and (ii). This fact reflects the
existence of “double-donor (DD)” water molecule(s) in these

TABLE 1: Observed and Calculated Vibrational Frequencies (cm-1) and Calculated IR Intensities (km/mol) of N-H and O-H
Stretching Vibrations in Acridone-(H2O)n with n ) 0-5

vibrational freq. freq. shiftb

species obs calca obs calca assignmentc

bare AD 3478 3637 (38) -229 -220 N-H
n ) 1 3479 3635 (49) -228 -222 Free NH

3510 3664 (447) -197 -193 SD
3729 3865 (68) +23 +8 F

n ) 2 3426 3543 (753) -281 -314 SD(1)
3478 3634 (36) -229 -223 Free NH
3515 3601 (441) -192 -256 SD(2)
3727 3864 (35) +20 +7 F(1)
3736 3866 (68) +29 +9 F(2)

n ) 3 3385 3370 (310) -322 -487 NH+/SD(1)+
3435 3461 (748) -272 -396 NH+/SD(1)-/SD(2)-
3481 3548 (217) -226 -309 SD(1)+/SD(2)-/SD(3)-
3509 3673 (226) -198 -184 SD(2)+/SD(3)-
3688 3872 (39) -19 +15 π(2)
3724 3873 (59) +17 +16 F(3)

3877 (38) +20 F(1)
n ) 4 3243 3247 (432) -464 -610 NH+/SD(1)+/SD(2)+

3335 3336 (1418) -372 -521 NH+/SD(1)-/SD(2)-
3377 3412 (539) -330 -445 NH+/SD(1)-/SD(2)+/SD(3)+
3395 3492 (239) -312 -365 SD(2)+/SD(3)-/SD(4)-
3457 3561 (541) -250 -296 SD(3)+/SD(4)-
3670 3858 (45) -37 +1 π(3)
3722 3871 (58) +15 +14 F(4)

3877 (41) +20 F(1)
3880 (37) +23 F(2)

n ) 5 3222 3128 (584) -485 -729 NH+/SD(1)+/SD(2)+
3306 3225 (1940) -401 -632 NH+/SD(1)-/SD(2)-/SD(3)-
3327 3306 (842) -380 -551 NH+/SD(1)-/SD(2)+/SD(3)+
3345 3385 (254) -362 -472 SD(2)+/SD(3)-/SD(4)-/SD(5)-
3362 3463 (277) -345 -394 SD(3)+/SD(4)-/SD(5)-
3436 3563 (605) -271 -294 SD(4)+/SD(5)-
3678 3849 (61) -29 -8 π(3)
3691 3867 (57) -16 +10 π(4)
3720 3869 (38) +13 +12 F(5)
3727 3873 (38) +20 +16 F(2)

3875 (41) +18 F(1)

a Obtained by B3LYP/6-31G(d,p) calculations. IR intensities are given in parentheses.b Frequency shift relative to the average of the symmetric
and antisymmetric O-H stretching fundamentals of the water monomer (3706.5 cm-1 for the experimental value22 and 3856.6 cm-1 as the calculated).
c SD and F refer to single-donor and free O-H bond stretches, respectively. Stretches associated with O-H bonds bound to theπ-clouds of AD
aromatic rings are indicated byπ. Numbering of water molecules, indicated in Figures 4-7 of paper I, are given in parentheses.( represent
relative phases of vibrational displacements for each O-H bond.

9(10H)-Acridone II. Structural Characterization J. Phys. Chem. A, Vol. 104, No. 38, 20008651



clusters, as the DD O-H stretching vibrations have been located
experimentally in this region.3,5,15 Therefore, the H-bonding
networks of waters at this level of aggregation begin to form
multiple chains which are connected at the DD water(s). In
particular, a number of DD O-H stretches (at least three) are
evidently observed in species L-N, which implies development
of the H-bonding networks into three-dimensional (3D) forms.

4. Assignments of FDIR Spectra

For more detailed assignments of the observed stretching
vibrations and definitive characterizations of cluster geometry,
the observed FDIR spectra for the hydrated AD clusters are
compared with vibrational frequencies and infrared intensities
for minimum-energy structures, which have been calculated at
the B3LYP/6-31G(d,p) level of theory as described in paper I.
All of the calculated frequencies of the O-H and N-H
stretching vibrations for the stable isomers are listed in Table 2

for n ) 1 and 2, in Table 3 forn ) 3, and in Table 4 forn )
4 and 5. Before the comparisons, as a reference for the solute
chromophore in the clusters, geometrical optimization on bare
AD has been conducted without any symmetry constraint, which
has resulted in aC2V planar structure. The calculated results on
its N-H stretch are listed in Table 1. The calculated harmonic
frequency exceeds the observed (anharmonic) vibrational fre-
quency by≈160 cm-1, or 4.6%.

Harmonic frequencies of bare H2O at this level of theory are
3800 and 3913 cm-1 for the ν1 and ν3 fundamentals, respec-
tively, while the observed frequencies have been reported as
3657 and 3756 cm-1.22 Because we primarily focus on the
changesin vibrational properties by cluster formation, com-
parison of the vibrational frequencies is carried out thoroughly
in terms of relative shifts from the average of the monomerν1

andν3 fundamentals (3706.5 and 3856.6 cm-1 for the experi-
ment and calculation, respectively), adopted by Zweir and co-
workers.4

TABLE 2: DFT/B3LYP/6-31G(d,p)-Calculated Vibrational Frequencies (cm-1) of Acridone-(H2O)n with n ) 1 and 2

n ) 1 n ) 2
I

CdO bonded
II

N-H bonded
I

CdO bonded
II

N-H bonded
III

t-separately bonded
IV

c-separately bonded

freq assigna freq assigna freq assigna freq assigna freq assigna freq assigna

3635 N-H 3484 N-H 3543 SD(1) 3365 N-H 3475 N-H 3475 N-H
3664 SD 3807 ν1 3601 SD(2) 3543 SD(1) 3649 SD(1) 3649 SD(1)
3864 F 3921 ν3 3634 N-H 3741 π(2) 3807 ν1(2) 3807 ν1(2)

3864 F(1) 3875 F(1) 3862 F(1) 3862 F(1)
3866 F(2) 3881 F(2) 3921 ν3(2) 3921 ν3(2)

a Assignments of vibrations. SD and F represent single-donor and free O-H bond stretches, respectively. Stretches associated with the O-H
bond bound to theπ-cloud of AD aromatic rings are indicated byπ. ν1 andν3 represent vibrational modes similar to the symmetric and antisymmetric
O-H stretches in bare water, respectively. Numbering of water molecules, indicated in Figure 4 of paper I, are given in parentheses.

TABLE 3: DFT/B3LYP/6-31G(d,p)-Calculated Vibrational Frequencies (cm-1) of Acridone-(H2O)n with n ) 3

n ) 3
I

bridged
II

CdO bonded chain
III

N-H bonded chain
IV

CdO bonded cyclic
V

N-H bonded cyclic

freq assigna freq assigna freq assigna freq assigna freq assigna

3370 N-H 3435 SD(2) 3252 N-H 3364 SD(2) 3377 SD(1)
3461 SD(1) 3517 SD(1) 3386 SD(1) 3478 SD(3) 3462 N-H
3548 SD(2) 3555 SD(3) 3490 SD(2) 3627 DDν1(1) 3485 SD(3)
3673 SD(3) 3633 N-H 3744 π(3) 3634 N-H 3667 SD(2)
3872 F(2) 3868 F(3) 3869 F(3) 3709 DDν3(1) 3829 π(2)
3873 F(3) 3872 F(1) 3873 F(1) 3862 F(2) 3874 F(3)
3877 F(1) 3877 F(2) 3875 F(2) 3864 F(3) 3878 F(1)

a Assignments of vibrations. DDν1 and DDν3 represent vibrational modes of double-donor waters, which are similar to the symmetric and
antisymmetric O-H stretches in bare water, respectively. Vibrational modes in italic are those of concerted motions of several hydride stretches
and only the most dominant stretches contributing to the modes are listed for representative purpose. Other notations are the same in Table 2.
Numbering of water molecules, indicated in Figure 5 of paper I, are given in parentheses.

TABLE 4: DFT/B3LYP/6-31G(d,p)-Calculated Vibrational Frequencies (cm-1) of Acridone-(H2O)n with n ) 4 and 5

n ) 4 n ) 5
I

bridged
II

N-H bonded chain
III

N-H bonded cyclic
I

bridged
II

bridged
III

N-H bonded cyclic

freq assigna freq assigna freq assigna freq assigna freq assigna freq assigna

3247 N-H 3230 N-H 3155 SD(1) 3128 N-H 3180 N-H 2997 SD(5)
3336 SD(1) 3341 SD(2) 3298 SD(4) 3225 SD(2) 3263 SD(2) 3159 SD(1)
3412 SD(2) 3435 SD(1) 3373 SD(3) 3306 SD(1) 3356 SD(1) 3298 SD(4)
3492 SD(3) 3491 SD(3) 3449 N-H 3385 SD(3) 3390 SD(3) 3400 SD(3)
3561 SD(4) 3762 π(4) 3550 SD(2) 3463 SD(4) 3456 SD(4) 3424 N-H
3858 π(3) 3871 F(4) 3843 π(2) 3563 SD(5) 3571 SD(5) 3561 SD(2)
3871 F(4) 3874 F(1) 3868 F(3) 3849 π(3) 3858 F(5) 3826 π(2)
3877 F(1) 3875 F(3) 3868 F(1) 3867 π(4) 3860 π(4) 3829 π(4)
3880 F(2) 3882 F(2) 3869 F(4) 3869 F(5) 3867 F(1) 3870 F(1)

3873 F(2) 3873 F(3) 3872 F(5)
3875 F(1) 3876 F(2) 3875 F(3)

a Assignments of vibrations. Other notations are the same in Tables 2 and 3. Numbering of water molecules, indicated in Figures 6 and 7 of
paper I, are given in parentheses.
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(1) AD-(H2O)1. The calculated IR spectra of AD-(H2O)1 I
and II are indicated as stick diagrams in Figure 2, along with
the FDIR spectra of species B recorded under high and low IR
laser power conditions. The calculated spectrum of the CdO
bonded AD-(H2O)1 I is in extremely good agreement with the
spectrum observed with weaker IR laser, which is virtually free
from saturation effects. From such an excellent quantitative
correspondence, species B is undoubtedly assigned as the Cd
O bonded-type isomerI . This conclusion is consistent with the
agreement between the observed spectral shift and the calculated
value from the HOMO-LUMO energy gap as mentioned in
paper I. The definitive assignments of the O-H and N-H
stretches are listed in Table 1. In the observed spectrum with
stronger IR power, bands other than the N-H or O-H stretching
fundamentals appear at 3532, 3539, and 3576 cm-1. They are
probably some combination and/or overtone bands of the AD
chromophore.

The calculated N-H stretching band of the N-H bonded
AD-(H2O)1 II shows an extremely large red shift of 153 cm-1

from bare AD, and its O-H stretching bands are quite similar
to those of bare H2O. It is predicted that this isomer (II ) is more
stable than isomerI (see Table 2 in paper I), but it has not
been identified in the FE spectrum.

(2) AD-(H2O)2. The calculated IR spectra for the four stable
structures are shown in Figure 3. The calculated spectrum of
the CdO bonded AD-(H2O)2 I well reproduces the observed
spectrum of species C, though the red shifts in the H-bonded

O-H stretches are slightly overestimated. Comparison of the
observed and calculated spectra provides definitive assignments
of the O-H stretching vibrations, as listed in Table 1. The most
red-shifted band at 3426 cm-1 with much larger intensity
corresponds to the H-bonded O-H stretch of water #1, which
is directly attached to AD. The second intense band at 3515
cm-1 is of the H-bonded stretch of water #2. As in the case of
the species B, i.e., AD-(H2O)1 I , the IR spectrum observed
with stronger IR power shows extra bands at 3229, 3360, and
3557 cm-1. In addition, there is a small band just below the
peak of the N-H stretch. This observation indicates the
existence of anharmonic coupling between the N-H stretching
fundamental and other vibrational state(s) with multiple quanta
excitations.

In the case of the N-H bonded-type isomerII , one of the
O-H stretching bands of water #2 appears with the shift of
-116 cm-1, which is in the typical range forπ-H-bonded O-H
stretch fundamentals. Its N-H stretching band is further red-
shifted by 272 cm-1 from bare AD. IR spectra of the separately
bonded isomersIII andIV are almost identical and essentially
additions of those of the N-H and CdO bonded AD-(H2O)1
clusters.

(3) AD-(H2O)3. Calculated IR spectra for the AD-(H2O)3
I-V clusters are shown in Figure 4, along with the observed
FDIR spectrum of species D. The assignments of their O-H
and N-H stretches are collected in Table 3. From simple
comparison, we can exclude the CdO bonded chain-type (II)
and N-H bonded chain-type (III ) isomers from the candidates

Figure 2. Comparison of the experimental and calculated N-H/O-H
vibrational bands for species B [AD-(H2O)1]. Top two panels show
observed FDIR spectra recorded under low and high IR laser powers
for the upper and lower traces, respectively. Calculated spectra for the
two isomers ofn ) 1 obtained at the B3LYP/6-31G(d,p) level are
indicated as stick diagrams: (a) the CdO bonded-type (I ) and (b) the
N-H bonded-type (II ) (see Figure 3 of paper I). Corresponding
vibrational fundamentals in the observed and calculated spectra are
connected with dotted lines. The zero of the calculated frequency shift
is set at the average of the symmetric and antisymmetric stretching
frequencies of bare water at the same level of theory (3856.6 cm-1).
Intensities in the calculated IR spectra are normalized as the strongest
transitions become the same for the different isomers.

Figure 3. Comparison of the experimental and calculated N-H/O-H
vibrational bands for species C [AD-(H2O)2]. Top two panels show
observed FDIR spectra recorded under low and high IR laser powers
for the upper and lower traces, respectively. Calculated spectra for the
four isomers ofn ) 2 obtained at the B3LYP/6-31G(d,p) level are
indicated as stick diagrams: (a) the CdO bonded-type (I ), (b) the N-H
bonded-type (II ), (c) the trans-separately bonded-type (III ), and (d)
the cis-separately bonded-type (IV ) (see Figure 4 of paper I). Other
details are the same as in Figure 2.
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for species D. Although the calculated spectrum of the bridged
isomerI best reproduces the observed feature among the rest
three conformers, possibilities for isomersIV (the CdO bonded
cyclic type) orV (the N-H bonded cyclic type) as the observed
species cannot be ruled out. On the other hand, the1(π,π*)
spectral shift analysis performed in paper I has revealed that
the calculated red shifts of isomersIV andV are much smaller
than the experimental value of species D, and only isomerI
well reproduces the observed shift within 50 cm-1. Thus,
experimental and computational results for vibrational spectra
and those for spectral shifts in electronic transitions are
complementary and their combination is crucial to structural
determination of larger-size clusters containing a bifunctional
solute molecule.

It should be noted that quantitative correspondences between
the calculated (for the conformerI ) and observed frequency
shifts of the lowest three hydride stretches are not too good:
the calculated bands separate each other more widely compared
with the observed spectrum. This should be because DFT
calculations using the B3LYP functional tend to overestimate
the frequency shifts of H-bonded stretching vibrations.4 It has
been already shown that such overestimation can be improved
by including higher order electron correlation effects.4 In
addition, the shift for the lower frequency band (3688 cm-1)
among the two in the free O-H region could not be reproduced
well by calculation (see Figure 4). The present calculation level,
i.e., B3LYP/6-31G(d,p), could not yield a sufficient flexibility
to the water bridge, and one of the O-H bonds of water #2 is
not allowed to interact with theπ cloud of AD. Nevertheless,

judging from the spectral features of the 3688 cm-1 band, e.g.,
small frequency shift of-19 cm-1, modest intensity, and narrow
breadth, this band is considered to be the stretch of the O-H
bond of water #2, which is weakly interacting with theπ
aromatic ring of AD. To reproduce these observed features by
calculations, inclusion of more diffuse functions in basis sets
would be necessary.

The conclusive assignments of the O-H and N-H stretching
vibrations in then ) 3 cluster (species D) are listed in Table 1.
The four H-bonded stretch modes (3385, 3435, 3481, and 3509
cm-1) in the observed spectrum are assigned to the concerted
motions involving several H-bonded O-Hs of water(s) and/or
the H-bonded N-H of AD, which form the bridge between the
CdO and N-H sites. These “bridge” vibrations are discussed
in some detail in the next section. Among the two highest
frequency bands (3688 and 3724 cm-1), the latter band with
doubled intensity is assigned to an overlap of two independent
free O-H stretches of water #1 and #3, and the other is assigned
as theπ-bonded O-H stretch of water #2 as mentioned above.

(4) AD-(H2O)4. Figure 5a-c shows the calculated IR spectra
of AD-(H2O)4 I-III , respectively, in comparison with the
FDIR spectrum of species E. The calculated O-H and N-H
stretching vibrations of the bridged-type isomerI and the N-H
bonded cyclic-type isomerIII are similar, even though their
molecular structures are quite different from each other. These
two clusters exhibit five intense H-bonded bands with shifts
ranging from-710 to-290 cm-1, and oneπ-bonded and three
free O-H bands with shifts between-20 and+30 cm-1. On
the other hand, the calculated IR spectrum of the N-H bonded
chain-type isomerII shows four intense H-bonded bands
between-630 and-360 cm-1 in shifts, oneπ-bonded O-H

Figure 4. Comparison of the experimental and calculated N-H/O-H
vibrational bands for species D [AD-(H2O)3]. The top panel shows
the observed FDIR spectrum, and calculated spectra for the five isomers
of n ) 3 obtained at the B3LYP/6-31G(d,p) level are indicated as stick
diagrams: (a) the bridged-type (I ), (b) the CdO bonded chain-type
(II ), (c) the N-H bonded chain-type (III ), (d) the CdO bonded cyclic-
type (IV ), and (e) the N-H bonded cyclic-type (V) (see Figure 5 of
paper I). Other details are the same as in Figure 2.

Figure 5. Comparison of the experimental and calculated N-H/O-H
vibrational bands for species E [AD-(H2O)4]. The top panel shows
the observed FDIR spectrum, and calculated spectra for the three
isomers ofn ) 4 obtained at the B3LYP/6-31G(d,p) level are indicated
as stick diagrams: (a) the bridged-type (I ), (b) the N-H bonded chain-
type (II ), and (c) the N-H bonded cyclic-type (III ) (see Figure 6 of
paper I). Other details are the same as in Figure 2.
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stretch at-95 cm-1 shift, and four free O-H stretches around
+20 cm-1 shift. In the observed FDIR spectrum of species E,
fiVe intense bands are identified in the red-shifted region (3200-
3480 cm-1), excluding the assignment to AD-(H2O)4 II . This
is consistent with the fact that isomerII is the least stable among
the three as shown in paper I. Both of the calculated spectra
for the isomersI and III indicate reasonably good match-up
with the observed spectrum, although the red shifts in the
H-bonded stretches are systematically overestimated at this level
of theory, as mentioned before. Again, this onerous problem
has been resolved by collaboration with the spectral-shift
analysis described in paper I. The calculated spectral red shifts
in the (π,π*) electronic excitation of isomerI andIII (-1764
and-498 cm-1, respectively) are much different, and the former
well reproduces the experimental value of-1589 cm-1. Hence,
we can safely conclude the geometrical structure of species E
to be the bridged form (I ). This is consistent with the energy
ordering of two isomersI andIII , i.e., isomerI is more stable
than isomerIII (see Table 2 in paper I). As will be thoroughly
described in paper III, excited-state dynamics in species E is
also consistent with the structural assignment to the bridged
form. Its fluorescence lifetime from the1(π,π*) origin is 3 orders
of magnitude longer than that of bare AD. This is because cluster
formation suppresses the rapid nonradiative decay in the AD
chromophore, and the H-bonding to the carbonyl group of AD
is essential to effect the nonradiative processes. Such an
H-bonding interaction exists in the bridged form (I ) but not in
the N-H bonded cyclic form (III ).

Band assignments of the observed FDIR spectra are listed in
Table 1. The five intense bands in the H-bonded O-H stretching
region are also assigned to the concerted motions of H-bonded
O-H and/or the H-bonded N-H as in the case ofn ) 3. The
sharp 3670 cm-1 band is assigned to theπ-H-bonded O-H
stretch of water #3, and the highest frequency band is assigned
to an overlap of three free O-H stretches of water #1, #2, and
#4.

(5) AD-(H2O)5. Figure 6 shows the comparison of the
observed FDIR spectrum of species F with the calculated ones
for AD-(H2O)5 I-III . As all of the three conformers contain
six strong H-bonds, i.e.,σ-type or CdO bondedπ-type, their
calculated IR spectra all exhibit six intense bands with shifts
reneging from-900 to-290 cm-1. The number matches with
that for the H-bonded stretches observed in 3200-3500 cm-1,
if the clump at≈3350 cm-1 is considered as three bands. The
minor difference in the calculated spectra is the number ofπ-H
bonds bound to the AD aromatic rings: two for the isomersI
and III while one for II . Though the global feature of the
observed spectrum is reasonably resembled by any of the
calculated spectra, quantitative correspondence is rather dubious
due to the limited accuracy in calculations applied in the present
study.

To make a definitive structural assignment of species F, the
following arguments are to be presented. First, the experimental
large red shift (1649 cm-1) in the 1(π,π*) electronic transition
is not reproduced by the N-H bonded cyclic isomerIII at all,
but the bridged isomersI and II reproduce very well, as have
been discussed in paper I. Second, the fluorescence lifetime of
species F is also 3 orders of magnitude longer than that of bare
AD. This indicates the existence of H-bonding interaction
involving the carbonyl group of AD, which is against the
possibility of the “N-H bonded cyclic” formIII . Third, bridged
isomerI is the most stable conformer among the three, and the
energy margin betweenI andII is larger than 1 kcal/mol at the
present calculation level (see Table 2 of paper I). Fourth, the

two bands at 3678 and 3691 cm-1 in the observed FDIR
spectrum show relatively large red shifts as free O-H stretches
and are probably assigned to theπ-H bonds to the AD aromatic
rings. This structural feature well agrees with AD-(H2O)5 I or
III but not withII . Therefore, we conclude that the AD-(H2O)5
cluster identified in the present study, i.e., species F, should be
assigned to the bridged formI , as in the case of AD-(H2O)4.
Corresponding band assignments of the observed FDIR spectra
are listed in Table 2. Vibrational motions corresponding to the
six H-bonded bands are identified as “bridge” vibrations.

(6) AD-(H2O)n (n g 6). As discussed in the preceding
section, the O-H stretching transitions due to DD water
molecule(s) have been observed in the FDIR spectra of the larger
clusters (H, J, L, M, and N). Here we briefly perform the
structural characterizations of species H (n ) 6) and other higher
clusters. The geometrical structures of the hydrated AD clusters
with n ) 3-5 (species D-F) have been assigned to the bridged-
type conformation, in which the1(π,π*) transitions of the AD
chromophore show extremely large spectral red shifts. These
results give a valuable hint on the H-bonding topologies of the
larger hydrated AD clusters. Because their1(π,π*) transitions
are further red-shifted relative to species D-F, we can securely
speculate that their geometrical structures should be also of
bridged type as the smaller size clusters (species D-F, n )
3-5).

In the observed FDIR spectrum of species H, two charac-
teristic bands are observed at 3500 and 3564 cm-1. The
transition frequencies of these bands well correspond to the
symmetric and antisymmetric vibrations of a double-donor (DD)
water molecule (DDν1 and DDν3), which have been typically

Figure 6. Comparison of the experimental and calculated N-H/O-H
vibrational bands for species F [AD-(H2O)5]. The top panel shows
the observed FDIR spectrum, and calculated spectra for the three
isomers ofn ) 5 obtained at the B3LYP/6-31G(d,p) level are indicated
as stick diagrams: (a) the bridged-type (I ), (b) the bridged-type (II ),
and (c) the N-H bonded cyclic-type (III ) (see Figure 7 of paper I).
Other details are the same as in Figure 2.
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observed in 3450-3650 cm-1 with modest intensity.3,5,14

Furthermore, the band at 3668 cm-1 should be assigned to
π-bonded O-H stretch(es). Therefore, one DD H2O and at least
oneπ-bonded O-H bond should exist in the H-bonding network
in species H. In addition, only two weak bands are identified
in the free O-H region of the FDIR spectrum, suggesting that
only a few free O-H bonds exist in this species. Figure 7 shows
one stable bridged-type structure of AD-(H2O)6 obtained at
the B3LYP/6-31G(d,p) optimization. In this structure, four water
molecules (#2-#5) make a cyclic unit, in which water #4 acts
as a DD and waters #3 and #5 areπ-H bonded to the AD
aromatic rings. The cyclic water tetramer is propped by the other
two water molecules (#1 and #6), which are bound to the N-H
and CdO sites of AD, respectively. Only three free O-H bonds
(#1, #2, and #6) exist in this structure. These features of the
bridged conformer ofn ) 6 are in good agreement with the
H-bonding topology of species H estimated from its IR spectrum
as described above. The calculated vibrational spectrum for this
conformer at the B3LYP/6-31G(d,p) level is shown in Figure
8 along with the observed FDIR spectrum of species H.
Quantitative correspondence between them is far from satisfy-
ing: frequency shifts of single-donor (SD) O-H and DD O-H
stretches are largely overestimated. Detail assignments of each
bands are difficult to carry out at the present level of calculation,
but qualitative correspondence between the observed and
calculated spectra can be made for characteristic features of SD-,
DD-, π-, and free O-H stretching modes, as shown with dotted
lines in Figure 8. Therefore, we conclude that this bridged-type
conformer is the most probable structure of species H.

Since mass assignments of the other larger clusters have not
been conducted, we cannot perform their definitive structural
assignments at present. However, we surmise that bridged-type
structures with structural motif of the “cyclic bridge” forn )
6 (species H) would be also favored in larger hydrated AD
clusters (n g 7), since water clusters consisting of rings with
four water molecules have been identified as especially stable

by molecular orbital calculations.25 For example, a cubic
bridged-type structure, in which another water tetramer is bound
to AD-(H2O)6, has been obtained as a stable conformer forn
) 10 at the RHF/6-31G level. It is noted that eight water
molecules in this conformer make a cube, which is essentially
the same as the most-stable form identified in water octamer26,27

or benzene-(H2O)8.8

5. Discussion

5.1. Evolution of H-Bonding Networks in the Hydrated
Clusters of AD. In the present study, the stepwise evolution of
hydration structure in fluorescent AD-(H2O)n has been clarified
by the combined use of experiments and calculations: in the
early stage of hydration, i.e.,n ) 1 and 2, water units are bound
to the CdO site, the CdO and N-H sites come to be bridged
by a single water chain for the next solvation step inn ) 3-5,
and water bridges are extended into 2D/3D networks at higher
aggregation level withn g 6. It is noted that only a single isomer
has been identified for each cluster size withn ) 1-6 via the
fluorescence-excitation measurements, despite that the DFT
calculations have identified several isomeric forms with similar
binding energies for each cluster size. Of course, the size
evolution in geometry of the observed species is mainly
controlled by the relative stabilities for stable isomers. Here we
discuss the geometrical crossovers in relation to the possibility
for the coexistence of different isomeric forms.

The DFT calculations have shown that the N-H bonded
hydrates of AD forn ) 1-3 [AD-(H2O)1 II , AD-(H2O)2 II ,
and AD-(H2O)3 III ] are more stable than the corresponding
CdO bonded hydrates by≈1-2 kcal/mol at the B3LYP/6-31G-
(d,p) level with BSSE corrections. Thus these N-H bonded

Figure 7. Probable geometry for species H [AD-(H2O)6] calculated
as a stable isomeric form at the B3LYP/6-31G(d,p) level. Possible
H-bonds are marked with broken lines, and numbering of each water
molecule is given.

Figure 8. Comparison of the experimental and calculated N-H/O-H
vibrational bands for species H [AD-(H2O)6]. The top panel shows
the observed FDIR spectrum, and the calculated spectrum for the
bridged form obtained at the B3LYP/6-31G(d,p) level (see Figure 7)
is indicated as a stick diagram. Dotted lines connect the corresponding
groups of vibrational fundamentals with the same type, i.e., single-
donor (SD), double-donor (DD),π-bonded (π), and free (F) hydride-
stretching modes.
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forms should also exist with appreciable abundance in super-
sonic expansions, but havenotbeen identified in the fluorescence-
excitation (FE) spectrum. As will be discussed thoroughly in
paper III, this experimental observation correlates to a remark-
able dependence of intersystem crossing (ISC) rates of the AD
chromophore on solute-solvent conformation: when water
molecule(s) arenotbound to the CdO site, rapid ISC processes
arenot suppressed so that the N-H bonded forms are virtually
nonfluorescent as bare AD. This dynamical consequence is the
origin of the absence of any N-H bonded hydrates in theFE
spectrum. When we utilize a sensitive ion-detection method for
molecules in triplet-states, i.e., delayed ionization,28-31 (probably
more than one) nonfluorescent hydrates, which did not appear
in the FE spectrum, have been detected in the AD-(H2O)1+

channel. This issue will be further discussed in detail in the
following paper. The definitive structural assignments of these
new species must await further experiments, e.g., ion-detected
IR spectroscopy with the delayed ionization scheme, but we
are convinced that these species are N-H bonded isomers of
AD with n in the range of 1-3.

Because all of the CdO bonded forms are strongly fluorescent
as exemplified forn ) 1 and 2, the observed geometrical
transition from the CdO bonded form to the bridged one
betweenn ) 2 and 3 indicates that the former should be much
less abundant under the jet-cooled conditions forn g 3. This
implies that the CdO bonded isomer becomes less stable than
the bridged one for the larger clusters which is consistent with
the results of the DFT/B3LYP/6-31G(d,p) calculations forn )
3, where binding energy of bridged isomer is>2 kcal/mol
greater than that of CdO bonded chain isomer (19.8 and 17.7
kcal/mol with BSSE corrections for the isomersI and II ,
respectively; see Table 2 of paper I). However, enegetics alone,
i.e., relative stabilities, cannot explain the absence of the CdO
bonded isomers, because the less stable CdO bonded formsdo
coexist with the more stable N-H bonded forms forn ) 1 and
2. Thus we also have to consider kinetic constraint for
interconversion between different isomers: if the potential
barrier separating them is high enough, the relaxation to the
lower species cannot proceed effectively, keeping substantial
population for the less stable form even under jet-cooled
conditions. This is the case for the coexistence of the CdO
and N-H bonded isomers withn ) 1 and 2. The interconversion
between them requires a movement of the whole water unit from
one site to the other, which must be energetically very
unfavorable. On the other hand, the absence of the CdO bonded
AD-(H2O)3 II indicates the efficient relaxation of the species
into the more stable bridged formI (and/or the N-H bonded
form III ), implying sufficient flexibility in the water unit in
the isomerII . This may be reasonable since one end of the
water unit is bound strongly to the CdO site but the other side
interacts only weakly with the 2-hydrogen of AD.

Judging from the large spectral red shifts in the1(π,π*)
transition forn g 6, no isomeric forms other than bridged types
exist for the larger hydrated clusters of AD under the supersonic
expansion condition. This should be quite equitable as the
bridged forms are the most stable, even for the smaller sizes (n
) 4 and 5). The geometrical transition from the linear chain to
the structured bridge atn ) 6 can be rationalized by additional
stability from aσ-H bond between waters as well as another
π-H bond to the AD aromatic ring, while the linear chain with
six water molecules is too long to bridge the CdO and N-H
sites while keeping the contacts withπ-electrons.

5.2. Hydration Structures at CdO and N-H Groups. On
the basis of the present results, it is intriguing to assess the

characteristics of water-solvation structures at the proton-
accepting CdO and the proton-donating N-H groups. Several
striking differences have been identified in geometrical structures
of water moieties associated to the two H-bonding sites. In the
CdO bonded chain-type structures, e.g., AD-(H2O)2 I and
AD-(H2O)3 II , waters lie approximately in the AD molecular
plane and surround the edge of the aromatic ring of AD. On
the other hand, water chains bound to the N-H site are out of
the AD molecular plane to bridge the N-H site and theπ-clouds
of AD [see AD-(H2O)2 II and AD-(H2O)3 III ]. This contrast
in solvation structure is related to so-called “cooperative
effects”.32 Once a water molecule is bound to an H-accepting
(or donating) site, its H-accepting (donating) ability becomes
stronger due to the polarization in its O-H bond. Such an
enhancement in H bonding is cooperative since the bond
polarization is increased as more water molecules acting as a
H-donor/acceptor are gathered, though the increase should
become saturated for a certain aggregation level.33 Therefore,
a water chain whose one end is bound to a rather strong
H-accepting site, e.g., CdO, tends to be an H acceptor at the
other end. This is actually seen in the CdO bonded chain forms
with n ) 2 and 3, in which the oxygen atom of the terminal
water is weakly interacted with the 1- or 2-hydrogen of the AD
aromatic ring. Situation for a water chain bound to an H-
donating site is completely reversed: the chain is predominately
terminated as an H donor, such as those in the N-H bonded-
chain form withn ) 2-5, which make H bonds to theπ-cloud
of AD. These structural motifs should be universal for other
hydrated clusters containing an aromatic molecule with polar
functional group(s), and have actually been identified in previous
studies on clusters of benzonitrile (with an H-accepting CN
group),23 acridine (with an azo-nitrogen as an acceptor),18 and
indole (with an H-donating N-H).10,12 Furthermore, the H-
bonding structures at the CdO and N-H groups thus identified
can be a molecular-level basis for understanding of local
hydration structures at the functional groups in various biological
systems.

Similar to the chain-type clusters, a sharp contrast in structural
motifs has also been identified in the CdO and N-H bonded
cyclic-type clusters. In the CdO bonded cyclic-type AD-(H2O)3
IV , the molecular plane of the cyclic water trimer is nearly
perpendicular to that of AD. On the other hand, in the N-H
bonded cyclic-type AD-(H2O)3 V, the water trimer is substan-
tially tilted toward the AD aromatic ring to form aπ-H bond.
In this case, it is difficult to make a simple explanation for the
difference, as the polarization of the O-H bonds should not be
affected so much by the relative orientation of the cyclic waters
against the AD molecule. We only note that the oxygen atoms
of waters #1 and #3 in the isomerIV locate nearly at the same
positions of those of water # 1 and #2 in the CdO bonded AD-
(H2O)2 I , and the orientation of waters #1 and #2 in the isomer
V resembles that of the water dimer (#1 and #2) in the N-H
bonded AD-(H2O)2 II . This leads to a speculation that the
interaction between the polar site and water #1 is the predomi-
nant factor to determine the conformation in cyclic-type
clusters: in order to keep the maximum interaction, the O-H
bond of the water should be directed strictly to the carbonyl
lone-pair electrons in the CdO bonded formI , while the
H-bonding between the water and the N-H site is more flexible
and thus another water is allowed to make aπ-H bond to gain
additional stability.

5.3. Relative Stabilities for Different Conformations. In
the present study, a number of conformations have been
identified as minimum-energy structures for a given cluster size
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by the DFT calculation. For the clusters with more than one
water molecule, the above-mentioned cooperative effects play
an important role to determine the relative stabilites among the
conformers. The calculated binding energies of water and the
CdO or N-H site in AD with BSSE andno ZPVE corrections
(6.1 and 6.4 kcal/mol, respectively) are>2 kcal/mol greater
than the water-water binding energy (3.7 kcal/mol). Neverthe-
less, the isomers forn ) 2 with water units bound to the CdO
and N-H sites (I andII ) are calculated to be more stable than
isomersIII and IV in which the two sites are H bonded by
waters independently (see Table 2 of paper I). The separately
bonded forms also show a cooperative effect due to the
polarization of the AD chromophore as mentioned in paper I,
but the polarization in the water dimer has predominant effects
to increase both the water-water and water-solute interactions.

If water units can connect between strongly H-accepting and
H-donating sites, the cooperative effects are maximized to give
a substantial stability to the system. This situation is partly
fulfilled in the most stable N-H bonded forms forn ) 2 (II )
andn ) 3 (III ), despite the relatively low H-accepting ability
in the π cloud which is bound by the other end of the water
chain. Of course, the bridged conformation forn ) 3-5 is best
to be categorized in this case. The isomers forn ) 3 of this
type (I ) are calculated as almost isoenergetic to the CdO
bonded-typeII at the present level of theory but should be more
stable as mentioned in section 5.1. Calculations with sufficiently
diffuse functions will provide the system with more flexibility,
leading to the reduction of the strain in the water bridge which
should now spoil the stability from the cooperative effect. Also
for other hydrated aromatic clusters, various bridged structures
have recently been studied10,12,24,34-36 and such water bridges
are realized as a common feature for clusters containing a solute
molecule with multiple H-bonding sites.34-36

The present DFT calculations have predicted that the cyclic-
type conformers forn ) 3-5 are almost isoenergetic to or
slightly unstable than the bridged forms. However, more
extensive calculation should reveal that the latter is substantially
more stable than the former due to the structural relaxation given
by extended molecular orbitals. This estimation is in accord with
the present experimental result that no conformers in which
cyclic water units bound to the polar H-bonding sites have been
observed. Similar observations have been experienced for the
acridine-(H2O)3 (ref 18) and the benzonitrile-(H2O)3 clusters.23

This is in contrast to hydrated clusters of aromatic hydrocarbons,
in which cyclic conformation of water units has been considered
as most stable. For example, benzene-(H2O)3 has been identi-
fied to possess the cyclic water trimer bound to theπ cloud of
the aromatic ring.3,4 This may be because the polarization in
the water units induced by the solute molecule (e,g., benzene)
is insufficient to gain an additional stability at theπ-H bond,
which originates the structural change of the water units from
that of the free water trimer37 to a linear chain.

5.4. Bridged Structures and Their Vibrations. Since
H-bonded bridges between the H-accepting and H-donating sites
might play a particularly important role in excited-state proton
transfer (ESPT) reactions, they have become a subject for
extensive experimental and theoretical studies.35,36,38,39One of
the most representative examples is a recent study by Leutwyler
and co-workers on the 7-hydroxyquinoline-(H2O)n clusters, in
which water chains composed of up to four water molecules
bridge the O-H group and the N atom of the solute.35 They
investigated the intermolecular vibrations of 7-hydroxyquinoline-
(H2O)2 in both the S0 and S1 states in order to explore the
correlation between H-bonded water bridges and ESPT reactiv-

ity.36 In the present work, the FDIR and DFT results have led
to confirm the bridged structures for the hydrated AD clusters
with n ) 3-5, in which water chains composed of three to
five water molecules bridge between the CdO and the N-H
groups. Although we have not examined whether the ESPT
occur or not in these hydrated AD clusters, it is important to
survey some characteristic features in the bridged-type struc-
tures.

The 1(π,π*) origins of the bridged AD-(H2O)n with n ) 3,
4, and 5 show very large red shifts relative to bare AD (1364,
1589, and 1649 cm-1, respectively), which have been already
rationalized by the HOMO-LUMO energetics in paper I. These
large red shifts correspond to 3.9-4.7 kcal/mol increase in
H-bond dissociation energy upon electronic excitation. Com-
parably large shifts have been observed for the bridged hydrates
of 7-hydroxyquinoline withn ) 2-4.35,36 The drastic increase
of the H-bonding interaction by electronic excitation often
induces structural change in the water chain along the bridge
coordinates, which results in the enhancement of Franck-
Condon activities for intermolecular vibrations along the
coordinates.12,35The UV-UV HB measurements of AD-(H2O)n
(n g 3) have shown that the low-frequency progressions (20-
30 cm-1) involving one or more intermolecular vibrations begin
to appear at this aggregation level. Therefore, these progressions
might be due to the water chain (intermolecular) vibrations just
mentioned.

The DFT calculations performed in the present study have
revealed that H-bonded vibrational modes of the bridged-type
structures are described as concerted motions of several H-
bonded bonds along the water bridge; such vibrational modes
have recently been termed as “bridge vibrations”.12,35,36 One
notable feature in the bridge vibrations ofn ) 3-5 is that the
bond showing the largest vibrational amplitude is moved from
the N-H bond to the CdO bonded O-H bond along the bridge,
as the vibrational frequency of the mode becomes larger. For
example, the lowest bridge vibration (3385 cm-1) of n ) 3 is
assigned as a concerted motion of the N-H bond of AD and
the O-H bond of water #1: the relative magnitudes of the
vibrational displacements are approximately 75:25 for the two
bonds. The other three bridge vibrations (3435, 3481, and 3509
cm-1) are also the concerted motions of several bonds, and the
relative displacements in these modes are: N-H f O/O-H(#1)
f O/O-H(#2)f O (20%/60%/20%), O-H(#1)f O/O-H(#2)
r O/O-H(#3) r O (25%/64%/11%), and O-H(#2) f O/O-
H(#3) r O stretch (16%/84%), respectively, wheref andr
denote the relative phase of the bond stretching motions. Similar
trends are also identified in the bridge vibrations of the bridged-
type conformers ofn ) 4 and 5 as listed in Table 2.

In general, red shift and increase in intensity for hydride
stretches induced by H-bond formation well correlate with
H-bond strength.18,23 Particularly, in the case of the hydrated
clusters of chain-type structures, the most red-shifted transitions
for the hydride stretches have been identified as the most intense
ones.18,23The present FDIR spectrum ofn ) 2 (species C) serves
as another example. In contrast to this, thesecondlowest bands
(3435, 3335, and 3306 cm-1) are the most intense in the FDIR
spectra ofn ) 3-5 (species D-F). However, by careful
consideration, it is realized that the above-mentioned tendency
also holds for the FDIR spectra ofn ) 3-5 as follows. The
lowest bands (3385, 3243 and 3222 cm-1) are mostly contrib-
uted by the N-H stretch of AD and the shifts of these bands
relative to free N-H stretch are-93, -235, and-256 cm-1,
respectively. On the other hand, the most intense bands (second
red-shifted bands) ofn ) 3, 4, and 5 are practically due to the
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O-H stretches of waters and their frequency shifts relative to
ν1 (3657 cm-1) of free water22 are-222,-322, and-351 cm-1,
respectively. Therefore, it is recognized that the most intense
H-bonded O-H bands are actually more red-shifted than the
lowest bands (the H-bonded N-H bands).

6. Conclusions

In the present paper II, FDIR spectroscopy of AD and 10 of
its hydrated clusters, AD-(H2O)n (n ) 1-5 and more) have
been described. The observed spectra have shown characteristic
features, which are changed in accord with the hydration
aggregation level of the clusters as follows. In then ) 1 and 2
clusters, the N-H stretching mode has been located at the same
position as the bare AD, and all of the O-H stretching bands
of the solvent(s) have been assigned to those of water molecules
acting as single proton donors. As the next solvation step, no
free N-H stretch is observed and single-donor H-bonded O-H
stretches are further developed in the red-shifted region for the
n ) 3-5 clusters. Forn g 6, O-H stretching bands due to
double-donor (DD) water(s) appear, and clusters probably with
n > 6 show more than one pair of DD O-H bands. These
experimental observations provide concrete support, and more
detailed information about the stepwise evolution of hydration
structure in AD-(H2O)n, which has been predicted by the (π,π*)
spectral-shift analysis and DFT calculations presented in paper
I. Particularly, the FDIR spectra have definitively assigned the
observed fluorescentn ) 1 and 2 clusters as the CdO bonded
form among the two possible stable conformations, which cannot
be differentiated only by the spectral-shift analysis. It is also
confirmed that a single water chain bridges the CdO and N-H
sites above the AD aromatic rings in the observed clusters with
n ) 3-5. Vibrational characters of H-bonded hydride stretching
modes along the bridge are considered by comparing the
experimental spectra and DFT calculations. Forn g 6, water
bridges become apparently branched and probably form 3D
cages at higher aggregation level. These H-bonding topologies
for hydrated clusters, especially with bifunctional solute mol-
ecules, are discussed in relation with their stabilities.
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