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Observation of Electronic Spectra of Three Isomers of 2,6-Difluoropyridine-Water Clusters
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Electronic spectra of bare and hydrogen-bonded clusters of 2,6-difluoropyridine with water were observed in
a supersonic free jet. The spectra indicate the existence of three isomers for 2,6-difluoropytiigbng: 1

clusters. Ab initio molecular orbital calculations also support this result. The structures of the three clusters
have hydrogen bonding between water hydrogen and nitrogen (N-site), water hydrogen and fluorine (F-site),
and water oxygen and aromatic hydrogen (H-site). In the ground states of cluster cations, calculations suggest
the existence of H-site cluster structure, and experiments also support these results. Following excitation into
the Dy state of the N-site cluster from the State, the cluster dissociates into bare 2,6-difluoropyridine and
water, and the molecular orbital calculation also supports this result.

1. Introduction effect of water on the Sstate of isoquinolin&8 They reported

that the three peaks around thg ebectronic origin become a
single peak because the stabilization of the nonbonding orbital
by hydrogen bonding reduces the interaction betweg(rS

7*) and lower-lying § (nr*) states. Later, Bernstein et al.
observed REMPI spectra of the clusters and discussed them for
the structure of the clustefswallace et al. also observed the
electronic spectra of hydrogen-bonded 2-aminopyridine mol-
ecule3 Recently, Ohshima et al. observed the electronic and
IR spectra of hydrogen-bonded acridingater clusters in a jet

Hydrogen bonding is the most important intermolecular
interaction, and the study of hydrogen-bonded clusters in
supersonic free jets gives important information about this
interaction from a microscopic point of view. The cluster
formation of water molecules is especially important to the
understanding of the hydrogen bond effect that plays an
important role in the chemical or biological phenomenon. The
derivatives of pyridine exist widely in biological systems, and
understanding hydrogen bonding with water is not only a : .
chemically but also a biologically important issue. Despite the and det.ermmed the structure based on the molecular orbital
simplicity of the molecule, there have been quite a few studies ca/culations’
of the electronic spectrum of pyridine in supersonic free'jets Clusters of water with various molecules have been reported.
since pyridine is one of the most famous nonfluorescent Hydrogen bond interactions with aromatic compounds are very
molecules. Accordingly, the electronic spectrum of hydrogen- interesting from the point of view of hydroget interactions.
bonded pyridine in jets has not been reported yet. However, Brutschy and co-workers observed the IR spectra of the clusters
some pyridine derivatives give fluorescence from the electronic of water with fluorine-substituted benzene in a supersonic free
excited state, and the hydrogen-bonding clusters were observedet® They suggested the structure having water hydrogen bonded
in a supersonic free jét. to thesr-electron cloud of the aromatic ring from the observed

We found out that the fluorine substitution of pyridine gives frequencies of the OH stretching vibrations of hydrogen-bonded
fluorescence from the electronic excited state. Fluorine- water. Brenner et al. have observed the rotational contour of
substituted pyridine is expected to form hydrogen bonds with the electronic spectrum for the-difluorobenzenewater 1:1
water through the nitrogen atom in the pyridine ring. This type cluster and have performed theoretical calculation to obtain the
of hydrogen bonding, where the nitrogen atom of the hetero- stable structur&’ They concluded that the oxygen and hydrogen
aromatic ring behaves as a proton acceptor, is familiar in atoms in water bond to the hydrogen and fluorine atoms in
biological systems. p-difluorobenzene, respectively. Tarakeshwar et al. performed

For hydrogen-bonded clusters, the electronic transitions of MP2-level ab initio molecular orbital calculation with various
phenol clusters have been extensively studied by many wdtkers. basis functions and concluded that the most stable structure of
In 1:1 phenot-water clusters, the phenol molecule behaves as water-fluorobenzene and watep-difluorobenzene hasatype
a proton donor. The water molecule behaves as either a protonhydrogen bond (i.e., a water hydrogen bonds to fluorine and a
donor or a proton acceptor depending on the hydrogen-bondingwater oxygen bonds to aromatic hydrog®nThey also have
partner. Therefore, the study of hydrogen-bonded clusters whereshown that the structure explains the observed IR frequencies
the water molecule behaves as a proton donor is also interestingof the OH stretching mode for hydrogen-bonded water well.
The aza-aromatic compound is expected to behave as a proton |n this paper, the structure and dynamics of three isomers of
acceptor when hydrogen bonds are formed with water molecules.DFP—water 1:1 clusters are discussed on the basis of the results
Zewail and co-workers have reported on the hydrogen-bonding of fluorescence excitation and dispersed fluorescence spectra,
mass-resolved multiphoton ionization spectrum, and ab initio
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2. Methods
stabilization energy

2.1. Molecular Orbital Calculations. Molecular orbital (keal/mol)
calculations for DFP-water clusters were performed with the 00060 cﬁ L
Gaussian 98 prograrhat the Information Technology Center
of Fukuoka University. The structure optimization and frequency
calculations for the &states of DFP-water clusters were carried
out with B3LYP/6-31G**, B3LYP/6-31%+G**, MP2/6- 0 252
31G**, and MP2/6-313%+G**. First, various structures, which
were referred to those obtained for the clusters of ben¥ene,
fluorobenzené! p-difluorobenzené! and pyridiné* with water,
were selected as initial structures to carry out B3LYP/6-31G** QARBES ©Ox s
calculations. The optimized structures obtained above were used
as initial structures for B3LYP/6-3H+G**, MP2/6-31G**, ©c @N OF 00 cH
and MP2/6-31%+G** calculations. In the latter three calcula-  figyre 1. Optimized cluster structures and stabilization energies
tions, 7-bonded structures obtained for fluorobenzenater obtained with B3LYP/6-31%+G** for (a) H-site, (b) N-site, and (c)

andp-difluorobenzenewater clusters were also used as initial ~ F-site clusters in the Sstate. The energies are corrected with BSSE

structures. The obtained energies were corrected for basis se@nd the zero-point vibrational energy.

superposition error (BSSE) and zero-point vibration. The

vibrational frequencies of DFPD,O cluster were also calcu- TABLE 1: Hydrogen Bond Energies for the Clusters

lated. For the [ state, optimization and vibrational frequency (kcal/mol)

calculations were carried out with B3LYP/6-31G** and B3LYP/  method B3LYP

6-31++G**, and no MP2 calculation could be performed | . qic et 6-31G** 6-31E+G**

because MP2 calculations were too heavy. i . ] ) i . )
2.2. Experimental. DFP—water clusters were formed and SP€¢1€S H-site N-site F-site H-site N-site F-site

cooled in a pulsed supersonic expansion using He carrier gasstabilizationenergy 3.96 537 596 294 421 354

with 5 atm of backing pressure. DFP and water were mixed in éfggg’zg‘rtrgggzaed g’-gg g’-gj 3'4213 g-gi’ g;; é-fg

a nozzle housing and expanded into a vacuum chamber. TheBSSE+ zeropoint 127 186 075 157 232 102

apparatus of the supersonic free jet and the setup for the

observation of the fluorescence excitation spectrum have beenmethod MP2
reported elsewheré.Hole-burning spectra detected with laser-  basis set 6-31G** 6-31E+G**
induced fluorescence were observed using two dye laser systemspecies H-site N-site F-site H-site N-site E-site

tbhat are shown a§ follows. A PDL-II (Spectr_a Physics) excited stabilization energy  4.34 595 625 425 510 472
y a DCR-11 Nd:YAG laser (Spectra Physics) was used as a ;g point corrected  3.45  4.56  4.64 3.08 3.77 336
probe laser, and an FL2005 (Laser Analytic Systems) excited gsSE corrected 268 347 266 284 384 3.35
by a GCR-130 Nd:YAG laser (Spectra Physics) was used as aBSSE+ zeropoint 1.80 2.08 1.06 1.67 250 1.99
pump laser. The time interval between the lasers was set to 500
ns. Figure 1. Stabilization energies obtained with various calculation
For the observation of the multiphoton ionization spectrum, methods are also shown in Table 1. As shown in Figure 1, the
the ion generated by photoionization was detected with an three clusters are called H-site (Figure 1a), N-site (Figure 1b),
electron multiplier, Ceratron (Murata Co. Ltd.), that was placed and F-site (Figure 1c) clusters hereafter. Structures other than
at 5 cm from the ionization point. In the experimental setup, these three were not obtained within our calculations, in which
the arrival time of the ions due to the different masses was various initial structures and calculation methods were tried to
measured. The resolution of the apparatus was enough to resolv@btain structural isomers. It is interesting that Brenner et al.
the peaks due to bare DFP and hydrogen-bonded DFP withhave also reported H-site and F-site structurespfalifluo-
water. For the two-color ionization experiment, the two dye robenzenewater 1:1 clusters, where a different method was
lasers, mentioned above, were used without a time delay. used to obtain a stable cluster structtfréelhey have also
The laser-induced fluorescence was dispersed with a Spexsuggested the possibility of the-bonded structure, where a
1702 spectrometer equipped with an image-intensified charge-water molecule in the cluster bonds to theelectrons of
coupled device (ICCD) detector (Princeton Instruments ITE- p-difluorobenzene. However, ne-bonded structure was ob-
1024M). The wavelength of the ICCD detector was calibrated tained for the DFP-water 1:1 cluster within our calculations.
with a Ne lamp, and the reproducibility of the peak position As seen from Table 1, BSSE zero-point energy corrected
was less than 0.5 c. The total resolution of the system, which  values give surprisingly similar results both in the B3LYP/6-
is determined from the slit width of the monochromator and 311++G** and MP2/6-31%+G** calculations. From the
the spatial resolution of the ICCD detector, was estimated to calculations with the basis set of 6-3t+G**, it is concluded
be about 5 cm! fwhm throughout the experiments. Dispersed that the N-site cluster is the most stable structure for BSSE
fluorescence was accumulated on the ICCD for 100 s. zero-point energy corrected values among the three clusters.
DFP was purchased from Aldrich Co Ltd. and was used  For H-site, N-site, and F-site clusters, the water molecule
without further purification. Deuterium oxide, obtained from mainly interacts with two hydrogen atoms, the nitrogen atom,
CND Isotopes Ltd., was also used to observe frequency shifts ang a fluorine atom of the DFP molecule, respectively.
of DFP-D;0 clusters. The structure of the N-site cluster is expected for the
hydrogen-bonding form between water and pyridih&here
pyridine behaves as a proton-accepting molecule through the
3.1. Molecular Orbital Calculations. The structures opti- lone-pair electrons of the nitrogen atom in the pyridine ring.
mized with B3LYP/6-31#+G** calculations are shown in  The calculated bond distance between hydrogen and nitrogen

3. Results and Discussion
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is 2.13 A for the N-site cluster. From the calculation of clusters
between fluoropyridines and water by B3LYP/6-31£G**,

where a water hydrogen mainly interacts with the nitrogen atom ygite
of the pyridine ring, the N-H distances are 1.94, 2.00, and 2.18

A for the pyridine-water, 2-fluoropyridine-water, and 2,3,5,6- A
tetrafluoropyridine-water clusters, respectively. The comparison 2204 %,
of the hydrogen bond distances shows that the hydrogen bond

of the N-site cluster of the DFPwater cluster is weaker than

that of pyridine-water and 2-fluoropyridinewater clusters and

stronger than that of 2,3,5,6-tetrafluoropyridine. Because the

N—H bond distance of the clusters strongly depends on the b x-site
number of substituted fluorines, it is concluded that fluorine
substitution decreases the hydrogen-bonding ability of the
nitrogen atom in the pyridine ring. @C @N OF ©O0 OH

In the H-site cluster, the oxygen atom of the water molecule Figure 2. Optimized cluster structures and stabilization energies in

bonds to hydrogen atoms in the pyridine ring. The distances the 0, states with B3LYP/6-31£+G**. The stabilization energies are
between the hydrogen atoms of DFP and the oxygen atom of corrected for the zero vibrational level.

water are 2.73 and 2.55 A, respectively.

The F-site cluster has two hydrogen-bonding interactions So state could not be obtained even though théonded
between a hydrogen atom of water and a fluorine atom of DFP structure obtained for thed3tate was used as an initial structure
and between the oxygen of water and a hydrogen atom of DFP.for the optimization. As a result, two stable structures are
The structure is similar to that suggested by Tarakeshwar et al.expected in the Pstate of the DFP-water 1:1 cluster from the
by higher-level ab initio molecular orbital calculations for results of B3LYP/6-31++G** calculations. It is interesting
fluorobenzenewater ando-difluorobenzenewater clusters! that a similar structure was also observed for the benzene

The stabilization energies with the zero-point energy and Water cluste3be
BSSE corrections of the clusters are 1.57, 2.32, and 1.92 kcal/ The stable structures of N-site and F-site clusters in the D
mol for H-site, N-site, and F-site clusters, respectively, as shown state could not be obtained with the B3LYP/6-3t2G**
in Table 1. These values indicate that the three clusters havecalculations. A single-point energy calculation in the bate
similar stabilization energies despite the differences in the for the N-site structure obtained in thg State gives a higher
structures. The similarity of the stabilization energy could cause energy than the sum of the energies of bare DBRd water.
the appearance of the three types of Bfter clusters ina  The phenomenon will be discussed later with the results of
supersonic free jet, which will be discussed in a latter section. multiphoton ionization experiments.

MP2 calculations also have been made with basis sets of Because pyridine behaves as a proton-accepting molecule,
6-31G** and 6-313%+G** for the three clusters. As a result, DFP, afluorine derivative of pyridine, is also expected to behave
the three optimized structures coincide with the structures from a@s a proton acceptor through the nitrogen atom in the pyridine
B3LYP/6-31G** calculations except for small structural dif- ring. The results of molecular orbital calculations show that the
ferences. Despite various calculations with many initial struc- N-site cluster, where DFP behaves as a proton acceptor through
tures includingz-bonded structures and basis sets, the cluster nitrogen, has the largest stabilization energy among the three
structure of hydrogen bonding ta electrons, which was  clusters in the $state.
obtained for benzerewater clusters, was not obtained for 3.2. Fluorescence Excitation and Dispersed Fluorescence
DFP—water in the electronic ground state. It has been pointed Spectra of Bare 2,6-Difluoropyridine. Figure 3a shows the
out that the density functional method is not appropriate for fluorescence excitation spectrum of bare DFP in a supersonic
predicting the structure and bond energies of weakly bound vanfree jet expanded with He gas. As seen from the Figure, the
der Waals clusters such as the benzemater clustef! band origin is located at 37 820 cthand coincides with the
However, because the calculations of DRffater clusters give  values reported previously by Mehdi, which were obtained with
consistent results between the DFT method of the B3LYP a UV absorption spectrum in the vapor phas#&lehdi et al.
functional and the MP2 method with the 6-3#+G** basis assigned the Sstate to be dB,(z, 7*) state. The reversal of
set, as shown in Table 1, the calculation with the B3LYP the energy between ther(z*) and (n, 7#*) states compared
functional is applicable to DFPwater clusters, which have  with those of pyridine is due to fluorine substitution because
relatively stronger hydrogen bonding than benzemater the substitution increases the energy ofsh) states!®
clusters. Therefore, from the results of molecular orbital  The SVL spectrum from the band origin is shown in Figure
calculations, it is concluded that the DFRater 1:1 cluster has 3b. The vibronic bands in the SVL spectrum could be assigned
three conformational isomers in the ground state. This fact to totally symmetric vibrations from the results of infrared and
corresponds well to the experimental results in the fluorescenceRaman spectr¥, except for the band at 487 cth The SVL
excitation spectra of DFPwater clusters. spectrum from the & 142 cnt! band shows the progression

The stable structures in the cationig Etate of the clusters  with the frequency of 487 cmi. This fact indicates that the
were also calculated with the B3LYP/6-3t1+G** method with frequency of 142 cmt in the S state corresponds to 487 cin
the optimized structures obtained in the Sates as initial in the § state. In IR, far-IR, and Raman spectra of DFP in the
structures. In the calculations, two types of structures were liquid phase, no band was observed around 487'chowever,
obtained, as shown in Figure 2. One of the two structures a band at 250 cmi# was observed. This band should be assigned
corresponds to the H-site cluster obtained for thestte. to be a nontotally symmetric vibration from the depolarization
Another structure, where the oxygen atom of water bonds to experiment in the Raman spectra in the liquid phase. These
the & cloud of DFP, is also stable. The latter structure was results indicate that the 487 cfband could not be assigned
obtained only in the Pstate. Ther-bonded structure for the  to a fundamental vibration but to an overtone of a non-totally

stabilization energy
{keal/mol}

( 1021

2514

11.14
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TABLE 2: Observed and Calculated Frequency Shifts of the Intramolecular Vibrations of DFP Due to Cluster Formation with
Watera

frequency shift/cm! (Veiuster— Vbard®

baré H-site (A) N-site (B) F-site (C)
calcd calcd calcd calcd
assignment B3LYP MP2 obsd B3LYP MP2 obsd B3LYP MP2 obsd B3LYP MP2 obsd
Voa 350 350 350 0 0 3 4 2 4 4 4 4
2v1y 488 489 487 8 6 26 4 0 -2 6 3 0
V6a 551 547 546 -1 0 5 5 6 6 -1 1 -2
V1 749 746 741 -2 -1 1 1 1 1 -3 -2 -3
V12 1012 1014 998 -1 0 6 4 6 6 1 1 -1

aVibrational frequencies were calculated with B3LYP/6-31#-:6G** and MP2/6-31H+G** without scaling factor.? Observed and calculated
frequencies for bare DFP Numbers indicate frequency shifts of intramolecular vibrations of DFP in the clusters from those in the bare DFP.
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Figure 3. (a) Fluorescence excitation spectrum of bare DFP in a
supersonic free jet. (b) Dispersed fluorescence spectrum from the band
origin of bare DFP observed in a supersonic free jet.
9 P J A L. A

symmetric vibration. Considering the frequency, the favorable | | | i | | |
candidate of the band is the overtonewgf, an out-of plane 37300 37500 37700 37900
vibration of fluorine atoms. The vibrational modes discussed
in this study were based on the Wilson notafiéithe calculated
frequency of thev; vibration is 244 cmt, with an ab initio F_igure 4. Fluorescence excitation spectra of DFP with water at
calculation of B3LYP/6-312+G**. (See Table 2.) The inten-  different He pressures.

sity distribution of the vibronic bands in the electronic spectra

means that the molecular structure of DFP in the excited statestate to the overtone level in the State becomes allowed
has changed along the vibrational mode that appeared in thebecause of the FranelCondon principle. In this case, the
spectra. In the electronic transition ta(i$ 7*) observed for vibronic structure in the electronic spectrum involves non-totally
pyridine or pyrazine, non-totally symmetric out-of-plane vibra- symmetric vibrations that are related to the structural change
tions appear in the electronic transition because these vibrationscaused by the electronic transition. For DFP, the appearance of
effectively induce coupling between the(S #*) and the totally symmetric vibrations supports the assignment that the
higher-lying @z, 7*) states. The appearance of the non-totally S, state is a'B,(r, 7*) state, which is an allowed transition
symmetric vibrations is due to the intensity borrowing from the from the $ state.

-1
wavenumber/cm

(7t,t*) state through vibronic coupling. If:Ss a ¢z, 7*) state, 3.3. Fluorescence Excitation Spectra of Hydrogen-Bonded
which usually has a higher transition probability than the (n, 2,6-Difluoropyridine —Water Clusters. Figure 4 shows the
7r*) state does, vibronic coupling with the higher-lying t) spectral change around the electronic origin of bare DFP along

state, which has a weaker transition probability from the ground with a different pressure of He under the existence of water.
state, does not contribute to the intensity borrowing. However, Three peaks at304,—121, and+57 cnt! from the electronic
because a vibronic interaction distorts the potential surface of origin of bare DFP clearly appear with increasing He pressure.
the S (T, *) state along the non-totally symmetric vibrational These bands are due to hydrogen-bonded clusters between DFP
mode, the transition from the zero vibrational level of the ground and water. The bands are temporarily mentioned as the bands
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Figure 5. Arrival times of the species. The fluorescence intensities of the species were observed with respect to the delay times of the exciting
laser from the nozzle opening.

A, B, and C for the bands from lower to higher energy, A

respectively. If these bands are due to different sizes of clusters, et

such as 1:2 and/or 1:3, the relative intensity of the bands should

change depending on the nozzle condition. However, as can be

seen from the Figure, the relative intensities among A, B, and

C are unchanged despite the different carrier gas pressure and

the concentration of water in the jet. Therefore, these bands are

assigned to the clusters containing one water molecule. To B

ensure the assignment of cluster size, the arrival¥imeach

band was measured, and the results are shown in Figure 5. The

band intensities of clusters A, B, and C rise about 1.3 ms after

the nozzle opens, and that of bare DFP, about 1.1 ms after the C Mt
. . . . R M

nozzle opens. It is important to note that the arrival times of PN

clusters A, B, and C coincide very well. The experiment strongly W\VWW

supports the fact that bands A, B, and C are due to a 1:1 cluster

between DFP and water.

Figure 6 shows the hole-burning spectra with a probe laser
tuned to the bands due to each cluster. The intensity of the pump
laser was too strong to obtain precise relative intensities in the
spectra. As seen from Figure 6, peaks A, B, and C originate
from different cluster species. The clusters that give bands A,
B, and C are hereafter tentatively called clusters A, B, and C,
respectively. With the introduction of J® into the nozzle
instead of HO, the three peaks due to the® clusters shift

from those of the DFPH,0 clusters, and the results clearly g ||

show that the three clusters contain water molecules. As a result (_;“‘04) -12)] | e
i i i 5 (+57)

of the experiment mentioned above, there exist three cluster | N JL n

species for the DFPwater 1:1 cluster. The band origins of

DFP—D-0 clusters give-2, —2, and+8 cn ! shifts from those

of A, B, and C of DFP-H,0 clusters, respectively. -1

Because both the experiments and the calculations, as wavenumber/cm

mentioned above, show the existence of three isomers for theFigure 6. Hole-burning spectra of DFPwater clusters (upper three

DFP-water 1:1 cluster, the three clusters observed in the traces) and fluorescence excitation spectrum (lower trace). In the spectra

electronic spectra correspond to those obtained in the calcula-of A and C, bands A and C in the fluorescence excitation spectrum

tions. Therefore, clusters A, B, and C correspond to three were monitored, respectively. In spectrum B, the band marked with
A v e - was probed because the band due to cluster A coincides with band B.

clusters obtained with molecular orbital calculations. Tarakesh- The weak peaks observed around the lower-energy region from the

war et al. calculated the stable structures of fluorobenzene pand origin in spectrum B are not reproducible.

water andp-difluorobenzene water clusters and concluded that

the hydrogen of the water molecule bonds to the fluorine atom existence of a similar structure from the rotational analysis of

of the aromatic ring! Brenner et al. also have suggested the electronic transitions and theoretical calculations. The structure

37500 37700 37900
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N and F-site clusters are also obtained in the molecular orbital
0-0 1 calculations, as can be seen in Table 2. Frequency shifts of
ayn 68 intramolecular vibrations due to cluster formation were calcu-
N 12 lated with the B3LYP/6-31%+G** and MP2/6-31H-+G**
o methods. The two calculations coincide well for the vibrational
_JL LA 1 L.J frequencies. These calculations predict the relatively larger blue
shift for 2v1; of the H-site and F-site clusters. If cluster C is
assigned as the F-site cluster, then cluster A is favorable to be
2v 1 assigned as the H-site cluster from the frequency-shift calcula-

tions.
(b) cluster A

(a) bare

LNJ In addition to the intramolecular vibrations originating from
LAA o the vibrations of DFP itself, several low-frequency vibrations

due to intermolecular vibrations between DFP and water were
observed. In Table 3, calculated and observed frequencies of
intermolecular vibrations are shown. The calculated frequencies
() cluster B are .closer regardle;s of.the calculation method. In addition to
L}J the intramolecular vibrations of DFP and water, there exist six
JNA__.L_.,.JL.. Y| S low-frequency vibrations due to hydrogen bonding. Considered
from the frequency shifts between DFRH,0 and DFP-D,0,
these six vibrations are divided into two groups, that is, larger
and smaller frequency differences between BFR,O and
(d) cluster C DFP-D,0, as seen from Table 4. The three vibrations with a
J relatively smaller shift in DFPD,O are assigned to out-of-
plane bending, in-plane bending, and stretching vibrations
| | l | | | between DFP and water. Three other vibrations with larger shifts
0 200 400 600 800 1000 are considered to be rotational motions of the water molecule
with respect to DFP.

Figure 8 shows the enlarged spectra of the low-frequency
regions of Figure 7 together with the spectra of BRRO
clusters. The SVL spectrum from the band origin of cluster A
(H-site cluster), shown in Figure 8a, contains low-frequency
corresponds to that of the F-site cluster in the BfRter vibrations of 31(30), 40(39), 70(66), 80(79), and 117(116)&m
cluster. The electronic origins of fluorobenzeneate?? and where the numbers in parentheses indicate the frequencies of
p-difluorobenzene-watef? clusters appear-117 cnt! and DFP-D-,0 clusters. A band at 40 cthand its overtone bands
+169 cnt! higher than those of the bare molecule, respectively. form the main progressions in the spectra. The bands for the
The band origin of cluster C appeats7 cnt! higher than first and second overtones of the vibration are observed at 80
that of bare DFP. These shifts suggest that cluster C could beand 117 cm?, respectively. The frequency of the second
assigned to the F-site cluster as obtained for fluorobenzene overtone of 117 cmt indicates the existence of anharmonicity
water andp-difluorobenzenewater clusters. The strongest band, in the higher quanta along the intermolecular bending vibration.
cluster B, could be assigned to the N-site or H-site cluster. The The frequency interval suggests that the H-site cluster has a
small red shift of this type of cluster is also observed for near-harmonic potential surface along the vibrational mode in
2-fluoropyridine-water and 3-fluoropyridinewater clusterg? the ground state. The three vibrational modes out of six
where the N-site cluster is considered to be the most stable oneintermolecular vibrations are out-of-plane bending, in-plane
If these assignments are correct, then cluster A is assigned tobending, and stretching vibrations between water and DFP
the H-site cluster. The assignment of clusters A and B is whose calculated frequencies are 31, 24, and 84'craspec-
tentative and will also be discussed in later sections. tively for H-site clusters with the B3LYP/6-311G** calculation.

3.4. Dispersed Fluorescence Spectra of 2,6-Difluoropyri-  In the H-site cluster, because the oxygen atom lies on the DFP
dine—Water Clusters. Figure 7 shows the single vibronic level ~molecular plane, the symmetry of the clusteiCs Under Cs
(SVL) fluorescence spectra from the electronic origins of three Symmetry, in-plane bending and stretching vibrations belong
clusters together with that of a bare one for comparison. The to the totally symmetric vibration. Considered from the fre-
vibronic structures for the intramolecular vibrations of the three quency of the band at 40 crh which appears in the SVL
clusters are similar to that of bare DFP. The fact indicates that spectrum of the H-site cluster, this band could be assigned to
intramolecular vibrations of the DFP chromophore in the clusters an in-plane bending or out-of plane bending vibration of the
are not significantly perturbed by water with hydrogen bond hydrogen bond from molecular orbital calculations. In the case
formation. The vibrational frequency differences of the intramo- of nontotally symmetric vibrations, the longer progression
lecular vibrations between bare and DFFater clusters are very ~ originates from the structural distortion along a symmetry-
small and less than 7 cth as shown in Table 2. One exception breaking vibrational mode. The distortion results in the progres-
is observed in the spectrum of cluster A, shown in Figure 7h. sion of an overtone of a nontotally symmetric vibration-related
The band observed at 514 cincould be assigned to the vibrational mode of the distortion, as observed for 1,2,4,5-
overtone of the out-of-plane ring-deforming vibratiom, from tetrafluorobenzen&. However, the stronger band origin ob-
its intensity. The frequency of the band in bare DFP is observed served in the electronic spectra removes the possibility of the
at 487 cnti(Figure 7a, Table 2). This fact means that the distortion. Therefore, the band at 40 cthin the dispersed
overtone ofvy; in cluster A has a 27 cm higher frequency fluorescence spectrum could be assigned to be a totally
than that of a bare one. The blue shifts of the vibration for H-site symmetric in-plane bending vibration of hydrogen bonding.

. -1
relative frequency /cm

Figure 7. SVL spectra from the band origin of (a) bare, (b) cluster A,
(c) cluster B, and (d) cluster C.
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TABLE 3: Frequency Dependence of the Intermolecular Vibrations of DFP-Water Clusters on the Calculation Methods and
Basis Sets Together with Observed Frequencigs

H-site (A) N-site (B) F-site (C)
MP2 B3LYP MP2 B3LYP MP2 B3LYP
assignment 316 311G 31G 311G obsd 316G 311G 31G 311G obsd 31G 311G 31G 311G obsd

v,P 31 36 33 31 31 12 8 16 18 32 28 36 30
vg© 43 43 34 24 40 53 23 45 33 26 93 76 91 70 64
V8 100 100 94 84 70 123 114 122 109 100 124 112 124 102

139 135 160 107 161 91 143 102 71 177 180 188 118
H,O rotation 131 179 115 170 203 276 223 290 195 228 201 233 204

118 226 104 179 409 455 399 499 435 280 447 297

a2 All calculated frequencies were obtained without scaling factor correctiomt-of-plane bending vibratiori.In-plane bending vibration.
d Stretching vibration® 6-31G** basis setf 6-3114++4G** basis set.

TABLE 4: Observed and Calculated Intermolecular Vibrations of DFP—H,O and DFP—D,0O Clusters?

H-site N-site F-site
calcd obsd calcd obsd calcd obsd
assignment KD D0 H0O D0 HO D0 HO DO HO DO H.O DO

v,P 31 29 31 30 18 18 30 30
vg° 24 23 40 39 33 32 26 21 70 67 64 62
VP 84 80 70 66 109 105 100 96 102 102

107 76 102 73 71 48 118 84
HO rotation 170 131 290 208 233 167 204 154

179 136 499 349 297 205

a Calculations were made with B3LYP/6-3+3%G**. ® Refer to the notation in Table 3.

a) cluster A (H20) b) cluster B (H20) ¢) cluster C (H20)
17 | 64 204
I A | |
1 1 1 1 1 1
0 100 200 0 100 200 0 100 200
cluster A (D20) cluster B (D20) cluster C (D20)
39 79 116
21 96
I 48 !
/ 62 154
| |
1 1 1 1 1 L
0 100 200 0 100 200 0 100 200
relative frequency /cm™ relative frequency /cm™ relative frequency /cm™

Figure 8. Expanded SVL spectra around the intermolecular vibrational region of the clusters. The upper trace and lower trace are due to DFP
H,O and DFP-D,O clusters, respectively.

In the dispersed fluorescence spectrum from the band origin with a large frequency shift of the electronic origin. Therefore,
of phenol-H,0, the intermolecular stretching vibration was a band at 70 crit is assigned to a stretching vibration of the
observed to be the main progressirirhe red shift of the hydrogen bond. A band at 31 crhis weakly observed as a
electronic origin of cluster A means that the hydrogen bond shoulder beside the band at 40¢nn the spectrum with higher
energy in the excited state is larger than that in the ground stateresolution. The band at 30 crthin the DFP-HO cluster could
by 304 cntl. Therefore, it is expected that the bond distance be assigned as the out-of-plane vibration of the hydrogen bond.
between water and DFP in the excited state becomes shorteThese assignments also well explain the deuterium effect of
than that in the ground state. From the Fran€london the cluster (i.e., the frequency change of BRRO (Table 4)).
principle, the change in the hydrogen bond distance results in  The dispersed fluorescence spectrum of cluster B (N-site
the appearance of a stretching vibration between DFP and watercluster) gives the bands at 26(21), 71(48), and 100(96)'cm
in the electronic spectrum. As a result, the stretching vibration for DFP—H,O(DFP-D,0). From the consideration of the
is expected to appear in the electronic spectrum for the clusterfrequencies and deuterium effects of the cluster, 100- and 71-
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cm! vibrations are assigned to the stretching and rotational
vibrations, respectively. The band at 26 ¢heould be assigned

to an in-plane or an out-of-plane bending vibration of hydrogen
bonding. The stable structure of the N-site cluster is expected
to have a nearly planer form as a result of molecular orbital
calculations. If the symmetry of the cluster could be treated as
Cs, then the in-plane and out-of-plane vibrations belong to totally
and nontotally symmetric vibrations, respectively. As discussed
in the H-site cluster, a totally symmetric in-plane bending
vibration is suitable as the assignment of the vibration considered
from a relatively smaller structural change. Although the
intensity of the band is similar to that of the band of the in-
plane bending vibration, which appears at 40°&ffor the H-site
cluster, the intensity of the overtone band is very weak in the
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Figure 9. Two-color ion yield spectra due to (+ 1') REMPI. The

spectrum of the N-site cluster. The band intensity of the totally energy scale represents the total energy of the excitation (fixed) and
symmetric vibration is governed by the displacement of the ionization (scanned) lasers. The bands marked with * in the spectra of
potential minimum, frequency difference, and vibrational mode clusters A and C are due to the one-color REMPI signals from the

mixing (Duschinskii effect) between the electronic states.
Therefore, the inconsistency in the intensity distribution of the

bands between H-site and N-site clusters is due to the difference

in the factors mentioned above.

ionization laser @) itself.

that of phenot-water clusters. Because the stretching frequency
of hydrogen bonding reflects the strength of hydrogen bonding,

cluster B has stronger hydrogen bond than cluster A in the
ground state, and the molecular orbital calculation also supports
. . this result. The stretching frequency of the F-site cluster was
(DFP—D-0) are observed very weakly. This fact indicates that s shserved; however, the correspondence between calculated

the displacement of potential minima along the intermolecular 5.4 experimental values is quite good. These facts indicate that
vibrational coordinate is very small for the electronic excitation o B3LYP/6-31#+G** calculation explains the hydrogen

in cluster C. The result well corresponds to the small frequency 4,4 strength of the DFRwater system, though DFT calcula-
shift of the band origin from that of bare DFP, which indicates jong with the B3LYP functional cannot take into account the
that the strength and stabilization energy of the hydrogen gispersion force adequatelyin other words, the dispersion

bonding are similar in both states. Although the dispersed fo1ce might not be dominant in determining the structure and
fluorescence spectrum of the hydrogen bond cluster usually hong strength of DFPwater clusters.

gives the stretching vibration of the hydrogen bonding, the
frequencies of 64(62) and 204(154) chare too low and too
high, respectively, to be assigned to the stretching vibrations
of hydrogen bonding. From the results of molecular orbital
calculations, the frequency shifts for DFBP,O clusters are
smaller for bending and stretching vibrations and larger for
rotational vibrations in intermolecular vibrations when thg®H
molecule is replaced by f® in the DFP-water clusters.

In the spectra of cluster C (Figure 8c), bands at 64(62) and
204(154) cm? due to intermolecular vibrations of DFH,0-

3.5. Multiphoton lonization Spectra of DFP—Water Clus-
ters. Figure 9 shows the mass-selected ion yield spectra where
the ionization laser was scanned to ionize from the®jins
of bare cluster A (H-site) and cluster C (F-site), respectively.
The ionization potentials of the bare DFP and H-site clusters
are determined to be 78 375 and about 76 100 gcmespec-
tively. For the F-site cluster, the ionization threshold is too broad
- i to determine the ionization potential precisely; however, the
Therefore, the bands at 64 and 204 ¢rare assigned to be an i aion threshold exists around 76 500 dmBecause the
in-plane or an out-of-plane bending vibration or rotational g, itation and ionization laser intensities during the observations
vibration, respectively. From the calculated frequencies, the , 1y_and F-site clusters were kept constant, different ionization
assignments of the bands are shown in the Table 4. They, ashoids between H-site and F-site clusters were ascribed to
experimental frequency shifts of DFD;0 agree well with the ¢ gitference in the FranekCondon overlap between the zero
molecular orbital calculations. The intermolecular vibration is vibrational levels of the Sand Dy states in the clusters. A sharp
obsewed very v_veakly in the electronic spectrum that is also jynization threshold corresponds to a larger Fran€kndon
obtained forp-difluorobenzenewater clusters> where the  gyeriap, which indicates a smaller structural change between
cluster structure correspo_nds to that of an F-site cluster oFDFP_ the S and D, states. The H-site cluster gives a relatively sharper
water. The frequency shifts and the features of the electronic jopization threshold than the F-site cluster. This fact indicates
transitions also support our structural assignment for-BF&er  {hat the structural change along with the electronic transition
Clusters. from S; to Dy states is smaller in the H-site cluster than that in

The vibronic structure in the dispersed fluorescence spectraF-site cluster. Ab initio molecular orbital calculations fog D
for the three clusters differs in the intensity distribution of the states indicate that the H-site cluster is stable in thestate
intermolecular vibrations. These results correspond well to the and that the F-site cluster is not, as mentioned before. If the
fact that bands A, B, and C originate from different cluster F-site cluster is unstable in the,Btate, then the appearance
species. In phenelwater clusters, the frequency of the hydrogen- ionization potential must increase compared to that of the H-site

bond stretching vibration is 155 crhin the electronic ground
state?® Since the hydrogen bond interaction between DFP and
water is weaker than that of pheralater, the frequency of
the hydrogen bond stretching vibration of DFRater clusters
is expected to be lower than that of phenwlater. From the
consideration of the stretching frequencies of hydrogen bond
vibrations in clusters A and B, it is expected that the strength
of the hydrogen bond between DFP and water is smaller than

cluster, and the ion yield spectrum becomes broader. As a result,
it is concluded that the H-site cluster has a stable structure in
the Dy state and the F-site cluster is unstable in thesiate,
although both the structures are stable in theu®l S states.

The two stable structures in theyBtate have been obtained
with molecular orbital calculations (i.e., one is a H-site structure
obtained for the §state and another is-site structure where
the oxygen atom of the water molecule bonds tosttedectrons,
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Figure 10. Mass-selected two-color (+ 1') REMPI spectra of DFPH,0 clusters. The frequencies of the ionization laser are set to (a) 40 000
and (b) 44 440 cmt. The spectra of the upper traces monitored the mass channel at 133 amu, and the lower, at 115 amu, which correspond to the
masses of DFPH,O and bare DFP, respectively.

which is not stable in thesState (Figure 2)). If the structures  ionization energy of H-site and F-site clusters, the bands due
of the H-site cluster in the;Sand Oy states were similar, then  to H-site and F-site clusters were observed in the spectra at the
the ionization yield spectrum could give a stepwise threshold. mass channel of 133 amu. The absence of the N-site cluster in
However, the ion yield spectrum for the H-site cluster gives a the spectra indicates the increase in the ionization energy for
relatively lower threshold. This fact might indicate that the zero the N-site cluster. The energy of 44 440 nfor the ionization
vibrational level of the ion could not be accessible from the laser can ionize the N-site cluster, and it gives the bands at the
zero vibrational level in the Sstate. The B3LYP/6-31t+G** mass channel of 115 that corresponds to the mass number of
calculation of the H-site cluster in the) State shows that the  bare DFP, as shown in Figure 10b. The ionization laser was
bond length between the oxygen and the ring hydrogen at thescanned in this region; however, the ionization threshold is too
y position, 2.51 A, is larger than that between the oxygen and broad to determine the clear ionization onset. Therefore, the
the ring hydrogen at thg position, 2.30 A. (See Figure 1.) ionization threshold was determined by observing the appearance
However, the above relationship in the Sate is reversed in  of the origin band of the N-site cluster with various fixed
the Dy state. (See Figure 2.) That is, the bond length between ionization lasers in the (+ 1) REMPI spectra. The appearance
the oxygen and the hydrogen is shorter than that between the energy of the band due to the N-site cluster was determined to
oxygen and thg hydrogen in the Pstate. The distance between exist between 79 240 and 80 190 tmA weak band observed
the oxygen and/ hydrogen is similar both in theeSand Iy at the mass channel of 133 in Figure 10b, which is close to the
states. However, the distance between the oxygen /and electronic origin of cluster B, is assigned to a band due to cluster
hydrogen becomes shorter in the fates by 0.43 A. Fromthe A from the result of the hole-burning spectrum shown in Figure
electronic spectrum of the H-site cluster, the structural change 6. This fact means that the N-site cluster is ionized with a
between the §and S states is small because the intensity of frequency of 44 440 cri from the zero vibrational level of
the band origin is the strongest among the intermolecular modesthe § state and dissociates after the ionization. Therefore, the
This fact means that the bond distance in thea®d S states total energy of 81 956 cmt exceeds the dissociation limit of
could be similar. If the B3LYP/6-3Ht+G** calculations the N-site cluster cation. The ab initio calculations also indicate
predict the hydrogen bond distance correctly, then the geometrythat the N-site cluster is not stable in thg ate, although the
change along with ionization might be quite large for H-site structure is most stable among the three isomers in jls¢age.
clusters. The absence of a stepwise threshold for the ionizationThe calculation also shows that the H-site cluster is the only
yield spectrum regardless of the transition within the corre- stable structure among the three stable structures ingthat®.
sponding structure between thg 8nd b states might be  As shown in Figure 9, the photoionization spectra of the H-site
ascribed to the change in the hydrogen bond distance with thecluster give sharper ionization thresholds than the spectra of
ionization of the H-site cluster. the F-site cluster. This phenomenon coincides with the stability

Figure 10 shows the mass-selectge S excitation spectra, of the H-site cluster in §and Oy states as obtained in the
where the two different ionization energies were used for the molecular orbital calculation. The broad threshold of the F-site
ionization from S to Dy states. The ionization energies that are and N-site clusters might be due to the unstable structure in the
used are 40 000 and 44 440 thpand the results are shown in  Dg state as obtained in the molecular orbital calculation. The
Figures 10a and 9b, respectively. As can be seen in Figure 10aab initio molecular orbital calculation with the method of
the energy of 40 000 cm can ionize the H-site and F-site  B3LYP/6-31H-+4G** well supports the experimental results for
clusters but cannot ionize bare DFP. As expected from the the § and D) states of DFP-water clusters.
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(9) Barth, H. D.; Buchhold, K.; Djafari, S.; Reimann, B.; Lommatzsch,

4. Conclusions " > y
. . . . U.; Brutschy, B.Chem. Phys1998 239, 49.
The electronic spectra of DFP with water in a supersonic free (10) Brenner, V.; Martrenchard-Barra, S.; Millie, P.; Dedonder-Lardeux,

jet were observed, and the spectra showed the existence of three.; Jouvet, C.; Solgadi, Dl. Phys. Cheml995 99, 5848.
structural isomers for DFPwater 1:1 clusters. The structures 1181%()Tlafa|<93hwaf, P.; Kim, K. S.; Brutschy, B. Chem. Phys1999
of the Clu_SterS are as follows. (12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
(1) H-site cluster: The oxygen atom of water bonds to two M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
hydrogen atoms at the 3,4 positions of DFP. The strength of Stratmgmn, R. E.éBurant, JCC-; Dfpprigh, S.; Millam, J. M.; Daniecls, A.
; ; i i D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
the hydrogen bondmg IS stronge_r in thesBate than in the 5 M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
state. The cluster is also stable in thg date. ) Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
(2) N-site cluster: The structure of the cluster is to be D.K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
expected for aza-aromatic molecules such as pyridine, which Pfﬂéé*%;tsméa”ﬁﬂvér?fa'—'th ?:0 L""‘S“?”",?é-’?,j "T'S"X{ngﬁgﬁmaﬁm“
: ; ; 5 s, R; in, R. L.; Fox, D. J.; Keith, T.; Al-
has a proton—acceptlng site thrO,L'gh, the lone-pair EIeCtronS OnPeng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
the nitrogen atom in the aromatic ring. From the calculations w.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
of MP2/6-311++G** and B3LYP/6-311++G**, the hydrogen M.; .Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
bonding energy is highest among the three clusters. The clusteﬂncéis'):'t(t;)t"ériﬁ]h'Kppg -18233 v.: Choi, H. S.: Kim, J.: Jang, J.Ghem
has a higher appearance ionization energy than the bare molecul@nys. Lett1997 265 497. (b) Courty, A.; Mons, M.; Dimicoli, I.; Piuzzi,
and dissociates after photoionization from multiphoton ionization F.; Gaigeot, M. P.; Brenner, V.; Pujo, P.; Mille, .Chem. PhysA 1998
experiments. The ab initio molecular orbital calculation also 102 6590. (¢) Tachikawa, H.; lgarashi, M. Phys. Chem. A998 102
supports this result. This fact indicates that the hydrogen bonding (14) (a) Dkhissi, A.; Adamowicz, L.; Maes, G. Phys. Chem. 200Q

of water to nitrogen increases the vertical ionization potential 104 2112. (b) Papai, I.; Jancso, G.Phys. Chem. £00Q 104,2132. (c)

of DFP. This fact is in marked contrast to the results of phenol

water clusters, where the ionization potential of the cluster

substantially decreasés.

Schlucker, A.; Singh, R. K.; Asthana, B. P.; Popp, J.; Kieferr, \WPhys.
Chem. A2001, 105, 1983.

(15) Boys, S. F.; Bernardi, AMol. Phys 197Q 19, 553.

(16) Nibu, Y.; Sakamoto, D.; Satoh, T.; Shimada,Ghem. Phys. Lett.

(3) F-site cluster: This type of structure was also observed 1996 262 615.

for p-difluorobenzene water clusters. The cluster is not stable
in the Dy state. The ab initio molecular orbital calculation also
supports the instability of the clusters in thg &ate.

The ab initio molecular orbital calculation with B3LYP/6-
311++G** well supports the experimental results obtained for
DFP—water clusters in @and O states. The existence of the
three structural isomers in DFRvater clusters is due to the
similar stabilization energy of the 1:1 clusters in theste.
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