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The structures of NgH,O].[CeFe]n cluster ions were investigated using IR photodissociation (IRPD)
spectroscopy in the ©H stretching region. The IRPD spectra of id,O]1[CsFg] cluster ions indicate that

even the addition of eight € moieties does not significantly alter the vibrational frequencies of thélO

stretches. In the case of N&l,O]4CsFe]n clusters, no changes were observed in the symmetric stretching
vibration upon addition of 4 GsF¢'s. However, the width of the asymmetric stretching vibration increased

with the number of Fs, which can be attributed to vibrational relaxation. The absence of any evidence of

a significant hydrogen-bonded interaction betweei®Hand GFs for a wide range of cluster sizes and
composition can best be explained as a separation between these two molecular species, that is, phase separation.

The physicochemical properties of hexafluorobenzene havein water interact with the benzene ring formingrehydrogen
been found to be significantly different from those of benzene bond?2 On the basis of electrostatic arguments, it was theoreti-
or sometimes even from those of partially fluorinated benzenes. cally shown that water and hexafluorobenzene interact viezO
This difference has been called the “perfluoro” effeéts an interaction, a reversal of the orientation of water relative to the
example, the evaluated gas-phase proton affinity of hexafluo- waterbenzene interactiohAlso, secondary minima exist on
robenzene (648 kJ/mol) is substantially lower than either that the water-hexafluorobenzene interaction potential (in 12 equiva-
of benzene (750 kJ/mol) or that of other symmetrically |ent orientations), in which the water is above the plane of
substituted fluorobenzenes: 1,4-difluorobenzene (719 kJ/mol), hexafluorobenzene with the -4 and C—F bond dipoles
1,3,5-trifluorobenzene (742 kJ/moI),. and 1,2,.4,5-tetrafll.Joroben— aligned“2 One curious result was the absence of the fully in-
zene (746 kJ/moB. Also notable is the difference in the plane complex with F-H—0 hydrogen bonding. This contrasts
quadrupole moment between benzene and hexafluorobenzeng i, hartially fluorinated benzenes, such as fluorobenzene and
along the out-of-plane axis. Benzene has negative eleCtrOStat'Cdifluorobenzene which are known to form fully planar com-
potential above and below the plane of the ring and positive plexes with watér via F-H—0 hydrogen bonding.

potential in the plane, giving rise to a net quadrupole moment ) o . )
of —8.5 B. Hexafluorobenzene has a potential comparable in  11€ water-hexafluorobenzene interaction is primarily be-
magnitude but opposite in sign with a net quadrupole moment tWeen the oxygen atom and the electron-deficient region above

of +9.5 B. These differences between benzene and hexafluo-a@nd below the plane. At this stage, an interesting question arises.
robenzene significantly affect their interactions with other polar !f the oxygen atom on water is unavailable to interact with
species. For instance, it is well-known that the hydrogen atoms hexafluorobenzene, can & fH—0 hydrogen bond be induced?
To probe this point, we investigated mixed clusters of Math
*To whom correspondence should be addressed. E-mail: j-lisy@ Water (HO) and hexafluorobenzene {&). The Calculz_ateq
uiuc.edu. (MP2/6-3H-G* level and ZPVE- and BSSE-corrected) binding
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energies of Nawith H,O and GFs are—25.7 and—12.4 kcal/
mol, respectively. Although this level of calculation is of modest

accuracy (withint=2 kcal/mol), it clearly indicates that Nawill g (n=8) M
preferentially bind to HO over GFe. In the cluster formation
process, water will preferentially locate in the first solvation
shell around Nabecause of the greater interaction energy, and

the remaining positions will be occupied byRe. Once the first . 1% 7 g (=7

solvation shell is completely filled, the further addition offg
moieties will trigger the formation of a second solvent shell.
Should GFs in the second shell interact with,B in the first
solvent shell leading to the formation of a-fH—O hydrogen
bond, this could then be investigated and characterized through
the vibrational spectroscopy of-€MH stretching modes of 0.

A similar approach was used in the investigation of(M,O0),-
(CsHe)m clusters (M= Na and K), wherer-hydrogen bonding
was detected between water in the first shell and benzene in
the second. 5

The vibrational spectra of N@H ,O][CsFs]n mixed clusters B (n=4)
in the O-H stretching region were recorded in a tandem 34
guadrupole mass spectrometer using the infrared-photodisso-
ciation (IRPD) technique, described in detail elsewHeBeefly, 194 m=3)
the neutral clusters ofdEs and HO are formed in a supersonic N T
jet b_y thg coexpansion of the reagents in an argon buffer gas. 3550 3600 3650 3700 3750 3800
Sodium ions, produced by thermionic emission from a tungsten 4
filament coated with a salt-enriched suspension of zeolite paste, Frequency / cm
are injected into the neutral clusters about 30 mm downstreamFigure 1. IRPD spectra of NgH201[CeFe].. Traces A-E correspond
from a 180um diameter conical nozzle. The nascent cluster 0N = 3~8, respectively. Traces AC were recorded by monitoring
ions stabilize via evaporative cooling. From the ensemble of the loss of one s, and traces BF were recorded by monitoring the

- . ; . two GsFe loss channel.

cluster ions formed in the molecular beam, the species of interest
is mass-selected using a quadrupole mass filter. These mass- ;4 |
selected cluster ions are then passed on to a quadrupole ion
guide, where they can interact with a tunable IR laser. The 36

19
cm
&
|

“Ip (n=6)
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IRPD crossection /10
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|

absorption of IR radiation by the cluster ion induces vibrational CFe
predissociation via loss of the most labile molecule to a specific 337
cluster ion fragment, which is monitored using another quad- 30 b

rupole mass filter. The IR spectrum is measured by recording
the percent fragmentation as a function of IR frequency. This
action spectrum is reported as the predissociation cross sectiorg
by correcting for the laser fluence. The IR source is the idler
component of a LiNb@optical parametric oscillator (3 cm
bandwidth) pumped by the fundamental of a custom 20 ns Nd:
YAG laser (Continuum). Absolute frequency calibratiah2(
cm™Y) for the spectrum is obtained by simultaneously measuring
the photoacoustic spectrum of ambient water vapor. All of the
IR spectra presented here were recorded by monitoring the loss
of either one or two molecules, as noted in the figures. The
choice of loss channel was based on signal-to-noise (S/N),

cm

IRPD crossection /10

because the IR spectral features remained unchanged. 6 JCH,
The IRPD spectra of NdCgF¢]s[H20]; clusters are presented b
in Figure 1. The spectra fon = 3—5 were recorded by 3 Tu,0

monitoring the GF¢ loss channel, while those for= 6—8 were
recorded by monitoring the loss of twaleg moieties, which is
the primary reason for the change in S/N. However, all six »
spectra show two bands around 3725 and 3640%cmvhich Frequency / cm

can be directly assigned to the asymmetric and symmetric Figure 2. IRPD spectra of N§H,Ol4[L] 1, where “L” corresponds to
stretching vibrations of kD, respectively. Both bands are Vvarious ligands. Peaks marked with *hb” correspond to hydrogen-
slightly shifted to lower frequency relative to the gas-phase Ponded O-H streiches of water. All of the spectra were recorded by
values of 3756 and 3657 crhin water monomer because of monitoring the loss of the fifth ligand.

the strong interaction between Nand water. Similar shifts to

lower frequencies were observed for "Qd,0)Ar.8 These Na[H20]1[p-CsH4F2]n, in which a hydrogen-bonded interaction

3500 3550 3600 3650 3700 3750 3800

spectra point out that the environment aroun®kh all of the was detected on the addition of the siyHCsH4F,, marking
clusters is almost identical and, most significantly, they do not the onset of formation of the second solvent shellrthermore,
reveal any hydrogen-bonded interaction betweg@ Bnd GFs. from the present IRPD spectra of NEl,0]1[CsFg]3-g, the point

This result is in complete contrast with the IRPD spectra of of formation of the second shell cannot be determined. The slight
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via IR spectroscopy of the hydrogen-bonded®stretch. This
17 suggests that perhaps addition afFg€to Na[H,0]s, would
force the formation of a hydrogen bond betweegfdand HO.
Figure 2 shows the IRPD spectra of N ,0]4[L] 1 clusters,
where L, the fifth ligand, is one of the following: 4@ (water),
CeHs (benzene), gHsF (fluorobenzene)p-CgHaF; (1,4-difluo-

D (=) robenzene)g-CsH» (cyclohexane), and §Es (hexafluoroben-
zene). The appearance of a hydrogen-bondediQtretching
transition below 3640 cm can be seen in all of the spectra,
with the exception of N§H,0]4[CsFe]1. In this last case, the
C@33) IRPD spectrum of N&[H»0]4[CsFe]1 Shows only the two bands
at 3727 and 3647 cm and is almost identical to those depicted

in Figure 1. Even the IRPD spectrum of N&l,0]4[c-CeH12]1
7 1B @=2) with a band at 3623 cm suggests some type of hydrogen-
bonded interaction, albeit a weak one, although cyclohexane is

5 normally considered to be hydrophoBfcFigure 2 clearly
demonstrates that these shifts decrease in the ligand order given
above and disappear completely in the casedg%dt appears

that hexafluorobenzene exhibits no ability to act as a proton
acceptor in a hydrogen bond with water.

— — —
— w wn
| | |

IRPD crossection /10™° cm’
O
|

1 9A @=1) In an attempt to initiate a ©H---CgFg interaction, GFs
NN molecules were successively added tot[#g0]s. Figure 3
3550 3600 3650 3700 3750 3800 shows the IRPD spectra of NgH20]4[CeFe]1-4 clusters. All

four spectra show only the two bands around 3727 and 3647
cm™1, the respective asymmetric and symmetric stretching
Figure 3. IRPD spectra of N§H20][CeFe]n. Traces A-D correspond  vibrations of HO. As noted in Figure 2 for the N@H,0]4[L] 1

to n = 1-4, respectively. Trace A was recorded by monitoring the  ¢|sters, the presence of any-®l-+-L interaction gives rise to
loss of one GFs, and traces BD were recorded by monitoring the a hydrogen-bonded €H stretching transition, appearing at a
two Gofs loss channel. lower frequency to the symmetric stretch. Even the limiting case

Frequency / cm™

broadening in the band of the asymmetrie-B stretch for of a very weak hydrogen-bond interaction would lead to a
Na*[H,OJ1[CsFe]75 is the only notable change with size. broadening of the §ymmetr|c stretching vibration to lower
We note that the vibrational spectrum of solitary water freguency. However, in the IRPD spectra Of I8;04[CeFel1-4,
molecules in liquid GFs has been measuré@lin this environ- the width and the position of the symmetric stretching vibration

ment, the observed frequencies of 3725 and 3634!dor the remain unchanged, signifying the absence of amH-CqFe

asymmetric and symmetric modes of®are very close to the  interaction. While the symmetric stretching is unaltered, the
values reported for the above clusters. We further note that theWidth of the asymmetric stretch increases as the numbestaf C
widths of the asymmetric and symmetric modes are diffefent, Moieties increases from 2 to 4. For NB20]4[CeFe]4, the width

the former over twice the width (24 ct¥) of the latter (11 (~28 cn1l) of the asymmetric stretch is about twice that of

cmY). This was attributed to more rapid vibrational relaxation the symmetric stretch. The similarity in these observed widths
of the asymmetric mode. to that for solitary water in liquid € cited earliet® suggests

Itis We”_known, both experimentaw,lland theoretica")}? a common source of broadening in the asymmetl’lc Stretch, that
that the first hydration shell of Nain the gas phase consists of IS, vibrational relaxatiol? resulting from the presence otk
four H,O molecules. Addition of a fifth KD molecule to ~ near some of the ¥ molecules.

Na'[H,0]4 triggers the formation of a second solvent shell, Despite our efforts to form an ©H---CgFs hydrogen bond,
which is reflected by the appearance of a hydrogen-bondedno evidence for its formation was observed in the IRPD spectra.
O—H stretching vibration. Apart from D, the addition of Indeed, for Na clusters with one or four D molecules, the
various other molecules as a fifth ligand (L) to NIE,0], also addition of GFg to a total of nine or eight ligands, respectively,

triggers the formation of a second solvation shell, again detecteddoes not appreciably alter the appearance of the vibrational

A B

Figure 4. Calculated structures of (A) NfH.O],s and (B) Na[H20]4CsFs]1. All of the atoms except hydrogens are labeled, and distances are
shown in angstroms. For better presentatioghs@ shown at slightly larger distance, not to scale.
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spectrum of HO, save for an increase in width of the
asymmetric stretch for the largest clusters. HoweveiksC
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the remarkably subtle impact ofss on the water molecules?
To gain insight as to the mode of interaction ofFg with

the Naf[H;0l4 cluster ion, we calculated the structures of

Naf[H,0]s and Na[H014[CsFe]1 Cluster ions at MP2/6-31G*

level using Gaussian 98.Figure 4 shows the fully optimized

structures. In the case of Ni,0],, the four water molecules

are arranged in a tetrahedral geometry around theibla In

Na'[H20]4CeFe]1, CsFs distorts the tetrahedral arrangement of

water molecules and interacts directly with™trough ligation

of the lone pair on the F atom, effectively forming a pentaco-

ordinated complex. Structurally, the angle between the two in-

plane water molecules widens to 125.8nd the angle between
the two out-of-plane water molecules contracts to 7.7T%e

hexafluorobenzene is slightly above the plane containing the

first two water molecules with a Na-F distance of 2.57 A.

This structure explains the absence of a hydrogen-bonded featurg 1

or any distortion of the ©H stretching modes in the IRPD
spectrum of N&a[H,0]4CsFg]1 (Figure 3A). The continued

absence of any hydrogen-bonded interaction upon successive

addition of GFs to the Na[H20]4[CsFg]1 cluster indicates that
CeFs avoids water in favor of €F¢—CgFs interactions. This

picture is supported by two observations. The most favorable

CeFs—CsFs interaction results from an offset face-to-face
configuration!® which can be readily accommodated given the
structure in Figure 4B. SuccessivgRg molecules will likely

add to the cluster in a similar manner based on neutron

diffraction and MD studies of liquid £F,® where nearest

neighbors have both parallel and perpendicular configurations

with the former favored at the shortest distances. Thgls C
will gravitate away from locations in the cluster where water is
present.

As the number of gFs molecules increase, a boundary or
interface will be established between theCHand GFg
molecules. For solitary water in liquid ¢&, this led to a
characteristic broadening of the asymmetric (24-¥mand
symmetric (11 cm?) O—H stretching modes but only a slight
shift in the vibrational frequencié8.In our cluster ions, when
the number of @Fs molecules is sufficient, a similar effect

thank Prof. K. S. Kim, Dr. P. Tarakeshwar, and Mr. T. Vaden
for useful discussions.
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