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IR photodissociation spectra of clusters composed of the benzene catibhs@vated by several water
(H,0=W) and methanol (CEDH=M) ligands are recorded in the-&H and C-H stretch ranges to investigate

the microsolvation process of an aromatic hydrocarbon cation by polar ligands. TheLRE = W, M)

spectra are consistent with H-bound dimer equilibrium structures, in which the ligand L approachies Bz

the aromatic plane to form two H-bonds between the lone pairs of the oxygen atom of L and adjacent protons
of Bz*. This charge-dipole structure corresponds to the global minimum of the dimer potential and is the
only isomer identified in the IR spectrum. In contrast to the dimers, the spectra of lar§etBzlusters

< 4forL=W,n = 2for L= M) provide clear evidence for the presence of two classes of isomers. Isomer
class | corresponds to interior Bsolvation and is characterized by cluster geometries in whisingle

ligands form separate H-bonds to the central Bation. Isomer class Il clusters show the onset of the formation

of an H-bonded solvent network, because at least one ligand forms an H-bond to a second ligand. As the
Bz™—L interaction is much stronger than the-L interaction, class | isomers are probably more stable than
class Il isomers. Comparison between Bz, and Bz-L, reveals the drastic influence of ionization of the
aromatic solute on both the dimer properties and the microsolvation process.

I. Introduction Consequently, neutral B4, (L = W, M) complexes have
attracted much interest in recent years, because they represent
prototypes for neutral aromatidydrophilic interactiond?-13
Extensive spectroscopft1® and theoreticaf- 1”21 studies have
shown that BzW is a highly nonrigid complex. Its equilibrium
structure features an archetypaH-bond, in which one proton
of W binds to the aromaticr electron system of Bz. Low
barriers for various internal motions lead to a vibrationally
averaged structure, in which both protons of W are equivalent.
The most accurate measured dissociation endgy; 2.44+
0.09 kcal/mok? agrees within chemical accuracy with the value
btained at sophisticated ab initio leveBy = 2.9 + 0.2
cal/mol (MP2/fc, basis set limif® IR spectra of BzW.,
Bz—Ws3_5, and Bz-W,-s have been interpreted by cluster
structures, in which a Wdimer, a cyclic W5 complex, or a
larger three-dimensional H-bonded,W network is weaklyr
H-bonded to Bz, respectively-12 IR spectra of all BzW,
clusters investigated to date £ 9)2% have been explained with
geometries in which a more or less unperturbeg d\ster is
attached to one side of the aromatic Bz plane; that is, Bz is
surface solvated to W324Such Bz-W, structures are in accord
with the hydrophobic character of Bz and rationalized by the
fact that the W-W interaction De ~ 5 kcal/mol}® is stronger
than the Bz W interaction De & 4 kcal/mol)!8 In general, the
H-bonds in Bz-W,, tend to become stronger as the cluster size
increases, reflecting the cooperative nature of the intermolecular

Hydration of neutral and charged molecules is a process of
fundamental importance for many phenomena in chemistry and
biology 1~ Detailed knowledge of the potential energy surface
(PES) for the intermolecular interaction between the solute and
solvent molecules is required to understand the effects of
solvation at the molecular level. To this end, isolated size-
selected clusters of the type-A., have frequently been used
as a model to characterize the stepwise microsolvation of a
solute molecule (A) by an increasing and well-defined number
(n) of ligands (L). In particular, the fruitful combination of mass
spectrometric and spectroscopic techniques on the experiment
side and quantum chemical tools on the theoretical side has
proven to be a powerful strategy for the determination of
accurate intermolecular PES$n general, the intermolecular
interaction in charged complexes*®&-L, is rather different
from that in the corresponding neutral clusters because of the
additional electrostatic, inductive, and charge-transfer contribu-
tions arising from the excess charge).6~° The present work
reports IR spectra of clusters of the benzene cationt)Bz
solvated by several water (W) or methanol (M) ligands,
Bzt—W, and BZ—M,. These clusters represent benchmark
systems for the interaction of an aromatic hydrocarbon cation
with polar ligands. Such interactions are relevant for biophysical
phenomena where, for example, positively charged aromatic bio-

molecular building blocks are surrounded by a polar environ- ¢ .0 fhic type of clusté?13The Bz—M, structures differ

ment (e.g.., W molecules}t . . in several aspects from the corresponding-B¢, clusters, as
Aromatic molecules occur in nearly every facet of biochem- 1,4 CH group cannot participate in H-bondiAg26:2” For
istry, and water is the major solvent in biological systems. example, although BzM has also ar H-bonded equilibrium
. . —— structure, the complex is more rigid than B#/, because
. * Cﬂgsggi“ggg aetg?gr. E-mail: dopfer@phys-chemie.uni-wuerzburg.de. yaqyction of symmetry and additional steric hindrance quenches
ax. . . . . .
TCurrent address: Institute of Physical Chemistry, University of the low-barrier internal motions present in-BW. Moreover,

Wiirzburg, Am Hubland, D-97074 Waburg, Germany. Bz—M, with n = 2 and 3 feature chain-like Mclusters that
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Figure 1. Sketch of selected structures of BzwW (a—c) and
Bzt—W, (d, €). The H-bound isomer of BzW (a) corresponds to
the global minimum on the intermolecular PES (thetBdane is
perpendicular to the W plane), whereas the C-bound (byabdund
(c) dimers are less stable isomers. The two-B&/, structures visualize
the competition of hydration of an interior B£d, isomer class I) and
the formation of an H-bonded water network (e, isomer class ).
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Figure 2. Mass spectrum of the ion source for a Bz/W/He expansion
optimized for BZ —W production. The spectrum is dominated by,Bz
and their fragments and protonated water complexesH®open
circles). BZ—W, complexes are indicated by filled circles. The inset
is vertically expanded by a factor of 40 to show weak peaks. The relative
intensities of the Bz—W, mass peaks decrease wittas 1500:30:1:
1:1 for n = 0—4, respectively.

aresr H-bonded to Bz, whereas only for> 3 are cyclic M,
subunits observed.

In contrast to neutral BZW, and Bz-M,, theoretical and
spectroscopic information about the structure and interaction
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dissociation energy of this important dinf€1By comparison
with quantum chemical calculations, the analysis of the frequen-
cies and IR intensities of the-€H and C—H stretch vibrations
demonstrates that the calculated H-bound geometry shown in
Figure la corresponds indeed to the most stablé—®Y
structure. The vibrational and isomer assignments are further
confirmed by IR spectra of B2Z~HDO and BZ—W—N,.3!
Moreover, the dissociation energy estimated from the frequency
shifts of the O-H stretch fundamentals of WDy = 14 + 3
kcal/mol3t is consistent with thd®, values of 9-14 kcal/mol
calculated for the H-bound structure. The IR spectra do not show
any evidence for the presence of other less stabie—8Y¥
isomers in the expansion, which is attributed to their significantly
lower stabilization energies and/or low isomerization barriers
toward the most stable H-bound minimuin.

Comparison between BAV and BZ —W demonstrates that
ionization of the aromatic solute has drastic effects on the
topology of the intermolecular PES, including both the structure
and interaction energy of the global minim@Av&-31 In the
present work, IR spectra of BzW, (n = 2—4) and BZ—M,,
(n=1, 2) are reported and analyzed for the first time, with the
major goal of extending the initial BzW studies toward
complexes with other polar ligands and a larger number of
solvent molecules. To the best of our knowledge, neither
spectroscopic nor theoretical information is available for these
clusters. For the corresponding neutral complexes, structural
information has mainly been derived from IR spectra in the
O—H and C-H stretch ranges, which provide a sensitive probe
of the details of the geometry of the H-bonded ligand
network!®-13 A similar strategy is thus followed here for
Bzt—L, (L = W, M). Of particular interest are the effects of
the positive charge on the structure of the first solvation shell,
including the competition between microsolvation of an interior
Bz" cation and the formation of an H-bonded solvent cluster
network (L,). As the BZ —L interaction is significantly stronger
than the L-L interaction, the most stable BzL,, clusters are
expected to have structures in which the ligands L are solvated
around an interior BZ cation. This is in striking contrast to
neutral Bz-L clusters, which prefer geometries in which Bz
is attached to the surface of @ hetwork. Moreover, induction
forces are highly nonadditive and provide a significant contribu-
tion to the interaction in charged compleX&d. Thus, the
presented BZ—L, spectra probe also the degree of (non)-
cooperativity of the three-body interactions in this type of
clusters. Previous mass spectrometric studies have shown that
Bzt—W, (n = 7) and BZ—M, (n < 2) produced by photo-

strength in the corresponding cation clusters is rather sparsejgnization do not undergo intracluster iemolecule reac-

Theoretical studies of Bz-W include semiempiricadt and
guantum chemic&t—31 calculations. Three types of structures
are invoked as minima on the intermolecular'BaV PES
(Figure 1). The H-bound structure (Figure 1a), in which W
approaches Bzin the aromatic plane to form two H-bonds
between the lone pairs of oxygen and adjacent protons 6f Bz
is calculated as the global minimum on the'BaV PES, with

De values ranging from 9 to 14 kcal/m&28-31 A C-bound
structure (Figure 2b) with a binding energy &® kcal/mol is
predicted to be a less stable isord&# The z-bound geometry
(Figure 1c) appears to be a shallow local mininf&mith De

~ 7 & 1 kcal/mol?231 All three structures are mainly stabilized
by the chargedipole attraction between the positive charge
distribution in BZ" and the dipole moment of W. Hence, they
are characterized by chargdipole configurations, in which the
oxygen of W points toward the Bzcharge. Very recently, IR
spectra of BZ—W produced in a supersonic expansion provided
the first spectroscopic information about the structure and

tions2433 Hence, although chemical reactions have been ob-
served for larger clusters (e.g., proton or electron tran3fég),

the BZ'—L, complexes in the size range considered in the
present work are expected to be unreactive with respect to
intracluster reactions.

II. Experimental Section

IR spectra of mass selected BzZW,, Bz"—W—N,, and
Bzt—M, clusters are recorded in a tandem mass spectrometer
coupled to a cluster ion source and an octopole ion trap. The
ion source combines electron impact ionization with a molecular
beam expansion. The expanding gas mixture is produced by
bubbling either He or Nbuffer gas at room temperature and
4—8 bar stagnation pressure through two successive reservoirs
filled with water (or methanol) and benzene. Electron impact
ionization (E~ 10 eV) close to the nozzle orifice and
subsequent clustering reactions in the high-pressure region of
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the adiabatic expansion produce (cluster) ions in the supersonic Bz+-W
plasma jet. The main production pathway of'B4., clusters
starts with chemical ionization of Bz (Penning or electron impact
ionization) and subsequent three-body association reactions

according to: Bz*
Bz+e —Bz' +2e (1a) (b) laser on j\ AJ
Bz'—L,,+L+X—Bz"-L,+X (1b) () laser off N J\
0 6o 0 100
The ligand L in reaction step 1b may also be replaced by a m [u]

Iﬁrggr neutrg! solv?nt clusterpLInbthlshcas% Ztabmzatl(.)n.()f Figure 3. Mass spectra obtained by mass selecting-Ba/ with QMS1
the intermediate cluster occurs by three-body association or4nq scanning QMS2 to monitor metastable decay and laser induced

evaporative cooling: dissociation in the octopole: (a) the laser is off and thé Bagment
ions 4% of Bz'—W) arise solely from metastable decay of
BZ+_|—n7p +L,+X— Ber—Ln + X (1c) Bz*—Wi, (b) the laser is tuned to a strong resonance df-B& (vir =

vV = 3637 cntl), and agjditional Bt fragment ions £6% of Bz —
BZ+_|—n+m—p +L,— BZ+—Ln +mL (1d) W) originate from laser induced dissociation.
) ) . obtained by mass selecting BzW with QMS1 and scanning
An alternative path for the generation of BzL clusters begins QMS2 without (a) and with (b) resonant IR excitation. The'Bz
with the formation of neutral BzLy+m clusters in the initial fragment ions 4% of Bz"—W) in spectrum (a) are produced
part of the expansion, followed by ionization and evaporative by metastable decay of hot BzW ions in the octopole.

(and/or collisional) cooling: Spectrum (b) reveals additional fragmentation of*B¥V
_ 4 _ (~6%) arising from resonant excitation of a strong vibrational
Bz—L,,nte —(Bz —L, )" +2¢ — resonancer = v,V = 3637 cnt?). To separate the metastable
|_:,Z+_|_n +mL +2e (2) decay from laser-induced dissociation, the ion source is triggered

at twice the laser frequency, and signals from alternating triggers
Previous experiments on related cluster systems clearly dem-are subtracted. Tunable IR radiation with 0.02¢érhandwidth

onstrate that reaction 1 corresponds to the dominant productionis generated by a pulsed optical parametric oscillator laser
mechanism in the present ion source. In particular for dimers System pumped by a seeded Nd:YAG laser. Calibration of the
(n = 1), reaction 1b generates predominantly the most stable IR laser frequency, accurate to better than 1 &nis ac-
cluster isomer of BZz—L.313437 On the other hand, the complished by optoacoustic spectra of HDO andsMtas well
generation of larger Bz-L, clusters via reaction 1 may not as atmospheric water absorptions along the IR laserfath.
exclusively be controlled by thermodynamic considerations, IR spectra are linearly normalized for laser intensity variations
because kinetic factors can also influence the isomer distribution. measured with an InSb detector.

Consequently, in addition to the most stable"B%,, clusters, . .

less stable isomers may be produced with significant abundance!l- Results and Discussion

as well. A mass spectrum of the ion source for a typical |R photodissociation spectra of BzW, (n = 1-4),
Bz/W/He expansion is presented in Figure 2. In this particular Bz+—W-—N,, and Bz —M recorded in the @H stretch range
case, the parameters of the ion source are optimized for thegre compared in Figure 4. Corresponding IR spectra 6f-Bz
production of the Bz—W dimer. The spectrum is dominated \v, Bzt—W—N,, and BZ —M obtained in the vicinity of the
by Bz,* and their fragment ioff83°as well as protonated water  C—H stretch vibrations are reproduced in Figure 5. The maxima
complexes (WH', open circles). The Bz-W, series is  and widths of the observed bands (denotedH are listed in
indicated by filled circles. Table 1, along with their vibrational and isomer assignments.
The central part of the supersonic plasma is extracted from A Bz*—W and Bzt—W—N,. As most parts of the IR spectra
the ion source chamber through a skimmer into an initial of Bz*—W and Bz —W-—N, have been discussed previ-
quadrupole mass spectrometer (QMS1), which is tuned to theoysly3031 only the salient results are summarized here. The
mass of the parent cluster under investigation. The mass selecteggz+—\ spectrum in the ©H stretch range (Figure 4) is
ion beam is then focused into an octopole ion guide, where it characterized by two intense bands B and A centered at 3637
interacts with a tunable IR laser pulse. Resonant excitation of and 3718 cm?, respectively?! On the basis of their frequencies

metastable vibrational levels above the lowest dissociation gnd relative intensities, they are assigned to the symmetric and
threshold causes the cleavage of the weakest intermoleculaantisymmetric G-H stretch modesig™, v3") of the W ligand

bond: in H-bound BZ —W (Figure 1a). The modest red shifts s,V
N N = —20 cnT! and Av3"V = —38 cn1! with respect to the W
Bz -L,tvg—Bz -L,;+L (3a) monomer transitionsy{"V = 3657 cnt?, v3V = 3756 cnTl)*?
indicate that both @H bonds are hardly perturbed by com-
Bz'—L,—N,+ vz —Bz —L,+N, (3b) plexation and are not involved in intermolecular H-bonding. In

contrast to the frequencies, the presence of &rongly affects
Only the loss of a single ligand is observed under the presentthe relative IR intensities of;"¥ andvsW. In isolated W3V is
experimental conditions. The produced fragment ions are much more intense tham;V,*2 whereas in Bz—W both
selected by a second quadrupole mass spectrometer (QMS2jransitions have comparable IR oscillator strengths. Comparison
and monitored with a Daly ion detector as a function of the with quantum chemical calculations shows that the observed
laser frequencyr) to obtain the IR action spectra of the parent intensity and frequency changes are fully consistent with an
clusters. As an example, Figure 3 shows the mass spectraassignment to the H-bound chargdipole complex in Figure
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Figure 4. IR photodissociation spectra of B2W—Nz, Bz —W, (n
= 1-4), and BZ—M in the O—H stretch range. The BzZzW—N,
spectrum is recorded in the BzW fragment channel, whereas those
of Bz"—W, and BZ—M are measured in the Bz#W,-; and BZ
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Bzt complexation; that is, the ©H bonds appear to be more
acidic in the complex. Moreover, the red shifts reflect directly
the increase of the intermolecular bond strength uperHO
stretch excitation. Assuming a ground-state dissociation energy
of the order of~5000 cn,3! the small red shifts of the ©H
stretch modes (2640 cnT?) imply that vibrational excitation
enhances the interaction by 6.@.8%. As expected for a charge-
dipole orientation, the stretch modes of the freekDbonds in

the H-bound BZ—W dimer couple only weakly to the
intermolecular degrees of freedom. Interestingly, while the
Bz—W spectrum is complicated by large splittings arising from
only slightly hindered internal motiorg;*3the Bz"—W spec-
trum does not display such splittings, indicating that internal
W motions are largely quenched by significant barriers in the
cation dimers®

The IR spectrum of Bz—W in the C-H stretch range
displays a single band centered at 3088 €fhand C in Figure
5) which is assigned te,0®?* and/orv187*. The corresponding
frequency of this band in isolated Bmay be estimated from

fragment channels, respectively. The positions and assignments of thethe IR spectra of weaklg-bound BZ —L dimers (L= Ne, Ar,
bands observed are listed in Table 1. Corresponding transitions areN,, CH,) as~3095 cnT1.44-46 Thus, the formation of the two

connected by dotted lines. The arrows indicate the symmetric and

antisymmetric O-H stretch vibrations of bare Wo{" = 3657 cn1?,
v3¥ = 3756 cn1?),*2 as well as the GH stretch fundamental of bare
M (v{M = 3681 cn11).5” Narrow dips between 3600 and 3800 ¢m

nonlinear C-H---O H-bonds to W has a surprisingly small effect
on the frequency of the €H stretch, with a red shift of less
than 10 cm?! However, its IR intensity is considerably

are due to atmospheric water absorptions along the IR laser path. Theenhanced upon hydration of Bzand this effect has been taken

signals marked by filled circles correspond possibly t6-B#/, isomers
with C-bound and/orr-bound W ligands.

V3M ng V2M VCHBZ+

bovl o

C
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Bz+*-M

WMM Bz+W
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2800 2900 3000 3100 3200 3300
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Figure 5. IR photodissociation spectra of B2W—N,, Bz"—W, and
Bzt—M in the C-H stretch range. The BzW-—N, spectrum is
recorded in the Bz—W fragment channel, whereas those of BV
and BZ —M are measured in the BAragment channel. The positions

as strong evidence for the formation of the-B---O H-bonds,
which confirms the assignment to the H-bound "BxV
structure in Figure 18 Again, the spectral observations in the
C—H stretch range are well reproduced by quantum chemical
calculations for H-bound Bz-W.30

The BzZ'—HDO spectrum clearly shows that only one
Bzt—W isomer contributes to the IR spectrum observed.
However, the detected isomer may not necessarily correspond
to the global minimum because the photon energy is insufficient
for dissociation of the most stable BzW structure from the
ground vibrational state. For example, the ab initio binding
energy of H-bound Bz—W (D ~ 4500-4800 cnr1)2831
exceeds the fundamentat® stretch frequencies, whereas that
predicted for ther-bound isomer@e ~ 2200 cnT1)3lis smaller
than these vibrational energies. The low laser intensities
available in the present experimentZ00 kW/cn¥) exclude
multiphoton processé$Hence, assuming single-photon absorp-
tion from the ground vibrational state, the most stable H-bound
isomer may not be observed in the™82W photodissociation
spectrum, whereas the-bound isomer could be detected. To

and assignments of the bands observed are listed in Table 1. The arrowsest how many BZz—W isomers are indeed produced in the

indicate the intense €H stretch band of bare Bzestimated from
Bz"—Rg spectraifx??" and/orvi382" at ~3095 cnrl),*46.73as well
as the G-H stretch fundamentals of bare M{! = 3000 cn?, vV =

2844 cnml, M = 2960 cnr?).57

1a3%31 Moreover, the binding energy estimated from the
frequency shiftsDg = 14 & 3 kcal/mol3tis in good agreement
with the values calculated for this isomer (94
kcal/mol)2228-31 The spectrum of Bz—HDO shows only a
single band in the ©H stretch range, at a frequency (3679
cm™1) approximately midway between the two-® stretch
vibrations of BZ—H,0.3! This observation confirms the
interpretation that the two bands in the'™BzH,0 spectrum arise
indeed fromv,W andv3V of a single BZ—W isomer, and not
from single transitions of two different structural isomers. The
red shift of the G-H stretch in BZ—HDO with respect to free
HDO (3707 cn1)*2 amounts to—-28 cntt. The small red shifts
of the O—H stretch modes in Bz-H,O and BZ—HDO imply
that the strength of the ©H bonds is slightly reduced upon

supersonic plasma expansion, IR spectra of -B&/—N, are
recorded in the BZz—W channel (eq 3b). All Bz—W isomers
should contribute to a single photon photofragmentation spec-
trum of BzZ'—W—N; because the binding energy of i any
Bzt—W structure €3 kcal/mol) is well below the 6H and
C—H stretch frequencie¥:353744 Similar to BzZ"—W, the
Bz"—W—N, spectrum displays only three (narrow) bands in
the O—H and C-H stretch ranges (Figures 4 and 5), confirming
that only one BZ—W isomer is present with significant
abundance in the employed ion source. As this source produces
predominantly the most stable isomer of a given dimer ion (eq
1b) 313437 gl| transitions of BZ—W and Bz —W—N; have to

be attributed to the H-bound Bz W structure shown in Figure

la. The fact that the vibrational frequencies of H-bound-B&/

are below its dissociation energy implies that the observed bands
do not correspond to fundamental transitions from the ground
vibrational statei;). Instead, they arise from sequence hot bands
of the typev; + vy < vy of “warm” Bz™—W clusters where;
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TABLE 1: Frequencies and Widths (fwhm, in parentheses) of the Transitions Observed in the IR Spectra of BzW, (n =
1-4), BZ-—=W—Nj,, and Bzt—M,, (n = 1, 2), along with Their Vibrational and Isomer Assignments

peak BZ—-W Bzt—W-—N; Bzt—W, Bzt—Wj; Bzt—W, Bzt—M Bz"—M; assignmerit
A 3718 (20} 3722 (8} 3724 (15) 3721 (16) 3727 (23) va¥ (1)

B 3637 (203 3639 (5} 3642 (15) 3635 (16) 3640 (20) v (1)

C 3088 (17) 3089 (11) 3090 (20) v13fvo?2t (1)
D 3691 (14) 3697 (19) 3697 (17) freen (I1)
D' 3677 (20) freevom (I1)

E 3494 (44) 3479 (43) boundb (11)
F 3650 (40) 3655 (30) M (l)

G 3005 (30) v (1)

H 2965 (30) v (1)

aReference 312 Isomer | corresponds to hydrated Bwithout any W-W (or M—M) bond, whereas isomer Il corresponds to structures with

a water network.

+ vy exceeds I of BzF—W.3! The bands of Bz—W—N, are
much narrower (511 cnt?) than those of Bz—W (17—-20
cm™1), confirming that the effective rotational and vibrational

respectively, emphasizing the remarkable influence of the second
ligand on the interaction with the first ligand. Several factors
may contribute to this large noncooperative effect. First, the

temperatures are much lower in the former spectrum. In contrast(permanent and induced) dipole momenisdf the W ligands

to the widths, the vibrational frequencies of B2W—N, are
similar to those of Bz—W with deviations of less than 5 cth
Consequently, the BzW—N, spectrum resembles closely the
one of “cold” Bz"—W, consistent with the weak interaction
between Bz—W and N.343537.44Moreover, the small shifts
imply that the couplings between the-®I/C—H stretch
fundamentals andy are weak. This observation suggests that
vy are predominantly low-frequency Baibrations and their

are not aligned in an optimal—u orientation. For example,
the dipole moments of the two ligands in the specific BiV,
structure shown in Figure 1d point in opposite directions,
corresponding to an unfavorable-u interaction®? In total, three
different configurations are possible for arranging two W ligands
around the Bz cation plane: their dipoles can include angles
of roughly 60 (ortho), 120 (meta), or 180 (para, Figure 1d).
Modeling theu—u interaction ¥) for the three orientations

combination bands with intermolecular modes. The major effect (assumig 4 A for the intermolecular Bz—W center-of-mass
of the N, ligand is thus to reduce the effective temperature and separatior?} yields V/Vy = +0.031,+0.037, and+0.078 for
the dissociation energy required to cleave the weakest inter-the 180, 12C°, and 60 structures, respectivelg~u?). Thus,
molecular bond. Unfortunately, this useful messenger techniqueall orientations provide a repulsive contribution of theu

could only be applied to Bz-W in the present work because
of the low production of other Bz-L,—N; clusters.
B. Bzf—W.,. The IR spectrum of Bz—W clearly demon-

interaction to the total binding energy (noncooperative effect).
Moreover, the 18D and 120 configurations are similar in
energy and more stable than the? @8omer. In addition to the

strates that the H-bound isomer in Figure 1a is the most stablex—u interaction, structural reorganization of Bapon sequen-

structure of this dimer, with a dissociation energyDyf= 14

+ 3 kcal/mol. On the other hand, Vhas an H-bonded
equilibrium structure, in which one H atom of the proton donor
forms a nearly linear H-bond to the O atom of the proton
acceptor’8 The best experimental value for the,Winding
energy is probablDy = 3.34 & 0.7 kcal/mol*®%0 Thus, the
W—W interaction is roughly four times weaker than the'BaV
interaction. Consequently, the most stable"B¥V, structure

is expected to be one in which two single W molecules form
separate H-bonds to Bz An example of such a structure
representing Bz hydration (denoted isomer class ) is shown
in Figure 1d. Bz offers six H-bonding sites for W ligands,
implying that the first “planar” hydration subshell around an
interior Bz" is closed for BZ—Ws. The sequence of filling this

tial hydration may contribute to the observed noncooperativity
in Bz"—W,. Complexation of Bz by the first W causes
significant changes of the structure of BZor example, the
compressed form of isolated Bz(which is Jahr-Teller
distorted in its?Eyq electronic ground stat&) >3 is calculated

to be slightly more stable than the elongated form, whereas the
reverse situation is predicted for BzW.? It is likely that the
structural reorganization of Bzinduced by the first W is not
favorable for the interaction with the second W, causing a
decrease in the average ligand binding energy if-Ba/s.
Moreover, the widths of the Bz-W. transitions (15 cmt) are
smaller than those of the corresponding™BXV bands (20
cm™1), providing further evidence that the intermolecular bonds
in Bz"—W, are weaker than in BzW. To cleave weaker

subshell is not obvious, and several isomers lying close in energybonds by IR absorption requires less internal energy prior to
may exist. In these Bz-W, structures, the individual W ligands  photoexcitation and, as a consequence, photodissociation spectra
are (nearly) equivalent and the interaction between the ligandswith lower effective rotational and vibrational temperatures are
is much smaller than the interaction with the central cation. obtained.

Hence, the mid-IR spectra of these class | isomers are expected In addition to bands A and B, which by comparison with the
to closely resemble that of the H-bound™B2W dimer. Indeed, Bz"—W spectrum are assigneditgV andv," of a Bz" hydrated

the BZ'—W, spectrum in Figure 4 shows two intense bands in Bz*—W, structure (isomer class |, Figure 1d), the spectrum of
the O-H stretch range (A and B) which are close to the Bz"—WS, displays two additional bands (D and E) in the-B
corresponding absorptions of B2W. They are attributed to  stretch range at 3691 and 3494 dnthat are not present in the
the antisymmetric and symmetric-® stretch modes of the  Bzt—W spectrum (Figure 4). The latter bands are assigned to
W ligands ¢3V andv,V) in Bzt—W,. Closer inspection reveals a second Bz—W, isomer, in which a perturbed Wimer is

that their band centers at 3724 and 3642 tdemonstrate small ~ connected to the Bzcation via bifurcated H-bonding (isomer
but noticeable blue shifts of 6 and 5 chcompared to the class Il, Figure 1e). Band E at 3494 chdisplays a large red
corresponding Bz—W bands, indicating that the intermolecular  shift of —213 cnt! from the average ©H stretch frequency
H-bonds in BZ—W, are significantly weaker than in BzW. of isolated W (3707 cml) and provides thus clear evidence
These blue shifts reduce the absolute red shifts induced by thethat one of the W molecules in the considered BV, isomer

first ligand in BZ—W (—38 and—20 cnt?) by 16% and 25%, acts as a proton donor in an H-bond. The equilibrium structure
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of W, features a nearly linear€H---O H-bond; that is, one ~ O—H stretch modes (of both isomer types), leading to cor-
W acts as the proton donor and the other one as the protonrespondingly narrower transitiofis.

acceptor’*8The frequencies of three of the four-®1 stretch The analysis of the IR spectrum of BzW, in the O-H
modes of W were determined as 3735 (free donor stretch), 3601 stretch range clearly reveals the spectroscopic fingerprints of
(bound donor stretch), and 3745.5 thiantisymmetric acceptor  two classes of isomers, namely isomer class | corresponding to
stretch)!”>*The symmetric acceptor stretch with an estimated Bz* hydration (Figure 1d) and isomer class Il corresponding
frequency of 36553660 cni* has not been observed because to the formation of a solvent network (Figure 1e). On the basis
of its low IR intensity>* Hence, by comparison with the W of the dimer interactions alon®§ = 14 + 3 and 3.34+ 0.7
frequencies, band E at 3494 chin Bz*—W; is assigned to  kcal/mol for BzZ'—W and W-W, respectively), isomers | are
the bound G-H stretch of the proton donor of Wattached to  predicted to be much more stable than isomer 114yl kcal/

Bz". Significantly, for BZ —W; the red shift from the average  mol). On the other hand, cooperative and noncooperative (three-
O—H stretch frequency of free WH213 cn1?) is twice that of  body) effects are observed to become important for both isomer
W, (—106 cnt'). Hence, the presence of Bzdrastically classes as the number of ligands in the cluster is increased.
enhances the strength of the H-bond in the Mbiety. This ~ Apparently, these are extremely cooperative for theWbond
large cooperative three-body effect is not surprising becausein isomer 1l of BzZ'—W,, whereas they are significantly
Bz" increases the acidity of the-@H bonds of the first W noncooperative for the Bz-W bond in isomer | of BZ—W..
ligand, as is deduced from the red shiftg;¥ and AvsV of Consequently, the difference in the stability of both types of
Bzt—W. Moreover, the positive charge in Bincreases the  isomers is possibly much smaller than predicted by the dimer
effective dipole moment of the first W (by charge-induced dipole bond strengths alone. It is difficult to estimate their relative
interaction), which in turn provides an additional contribution stability from the experimental spectra, because several factors
to the W=W interaction in BZ—W,. Band D at 3691 cmt in influence the observed IR intensities. First, photodissociation
the Bz"—W, spectrum is attributed to a free-® stretch of spectra do not directly reflect the absorption cross section but
isomer Il. As described before, the three freel®stretch modes  correspond to the product of absorption and dissociation cross
of W, have frequencies 6£3660 (symmetric acceptor stretch), sections. The latter may sensitively depend on the type of isomer
3735 (free donor stretch), and 3745.5 @n{antisymmetric (and also on the type of vibration) because of different
acceptor stretch), but only the latter two have significant IR dissociation energies and predissociation dynamics. For example,
intensities?”54 Although an unambiguous assignment of band the signals of an isomer with lower binding energy and larger
D to a specific free ©H stretch mode in Bz—W, is impossible dissociation rates will be enhanced compared to those from
at the present stage, an assignment to the freél Gtretch of another isomer with a stronger bond and lower dissociation rates.
the donor appears most probable. Complexation with Bz Moreover, the IR intensities are difficult to analyze in a
reduces the ©H bond strength in the donor and explains that quantitative fashion because the contributions of sequence hot
the frequency of this mode in Bz W is lower than in bare bands and fundamental transitions cannot easily be separated.
W, (3691 vs 3735 cmt). On the other hand, an assignment of In addition, reliable quantum chemical calculations of IR
band D to the symmetric acceptor stretch in"BXV, appears intensities are challenging for complexes composed of Bz
unlikely, because Bz complexation strengthens the YW because of the degeneracy of 4 electronic ground state
interaction and should reduce the frequency of this mode and the resulting dynamic Jahiieller distortion?®52 Such
compared to its value in bare M&3660 cnT). Thus, this mode calculations are, however, required for a quantitative analysis
may actually contribute to band B (centered at 3642 %Ym of the O—H stretch intensities, because Bzomplexation has
which is mainly attributed to the intensg" transition of class a large effect on the IR intensities of certain W vibratigis?!

| isomers of BZ—Wo,. (Although the IR intensity of the Finally, even if it were possible to reliably extract the relative
symmetric acceptor stretch in JNs rather low?* the corre- abundance of both isomer types from the IR spectra, it would
sponding transition in Bz-W, may be observed as Bz not be possible to use this information to evaluate their relative
complexation can have a drastic efféct! on the relative stability because their concentration in the molecular beam is
intensities of certain normal modes of surrounding W ligands.) not only controlled by thermodynamic considerations. The
An alternative assignment of band D to the antisymmetric competing production schemes described in eg-fifesuggest
acceptor stretch in Bz-W, may also be excluded because this that kinetic factors may also play a significant role in the
interpretation would imply red shifts of-55 and—65 cnr? determination of the production ratio of certain isomers. For
compared to W and W, respectively. However, the YW example, isomers | of Bz-W; are predominantly produced
interaction in BZ—W. is probably not strong enough to cause by sequential three-body association of two single W ligands
such large shifts in the acceptor stretch modes. For example,to Bz" (eq 1b). Similarly, isomer Il of Bz—W, can be

the strong BZ—W bond Qo = 14 + 3 kcal/mol), which is generated via this route, although the probability for the second
almost certainly more stable than the-A\W bond in BZ"—W., W to bind to the first W of BZ—W is much lower than binding
induces only a shift 038 cnt?! of v3V in Bz-—W. Nonethe- to Bz" from both energetic and entropic arguments. However,
less, as the WW interaction is enhanced by the presence of significant concentrations of isomer Il of BzW, may also
Bz*, the acceptor stretch modes of BzW., are expected to be produced by attaching a preformed neutral water cluster to

have lower frequencies than in MWMost likely, the antisym- Bz* with subsequent stabilization by collisional or evaporative
metric acceptor stretch (3745.5 chin W,) is blended by the ~ cooling (eq 1c,d). The relative importance of the different
intensevs™ transition of class | isomers of B2W, (band A production pathways depends on the expansion conditions and

at 3724 cmd). In addition to the frequencies, the rather different may lead to isomer concentrations that are rather different from
widths of bands E (44 cm) and D (14 cml) support their those predicted by thermodynamic considerations alone.
assignments to bound and free-8 stretch modes, respectively. C. Bz"—W3 4 In general, the Bz—Wj; spectrum recorded
Proton donor stretch vibrations couple more strongly to the in the O-H stretch range is similar in appearance to the
intermolecular degrees of freedom, giving rise to a broader band Bz"—W, spectrum (Figure 4). In particular, it reveals also the
contour® On the other hand, this coupling is weaker for free spectroscopic fingerprints of both classes of isomers. Isomer
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type | corresponds to hydration of an interior Bavith three

single W ligands forming separate H-bonds to the central cation.

Bands A and B centered at 3721 and 3635 t@re assigned
to v3" andv,W of these W ligands. Their frequencies are close
to those of BZ—W and the corresponding isomer type | of
Bzt—W,, confirming that there is relatively little coupling
between the individual W ligands in this type of BzW,
isomer with interior ion solvation. Again, three structural
configurations with similar binding energies (and IR spectra)
are expected, which differ just in the way the three W ligands
occupy the six available H-bonding sites offered by Bz

Similar to Bz'—W,, the IR spectrum of Bz—W; displays a
broad band E in the low-frequency-® stretch range (centered
at 3479 cm?), which clearly indicates the presence of an isomer
in which (at least) one W ligand acts as a proton donor.
Moreover, the narrower band D assigned to isomer type Il of
Bz"—W, occurs again in the Bz-W5 spectrum (at 3697 cm).

Solcaand Dopfer

cm~! compared to free MiygM = 3681 cn1)>’ confirms that
the OH group of M is not involved in the formation of the
intermolecular bond. The interaction in BzM is expected to
be slightly stronger than in Bz-W because of the larger proton
affinity of the ligand (PAw = 754.3 kJ/mol, P4, = 691.0
kJ/mol)%® Consequently, the red shift in the-® stretch is
larger in BZ—M (0.84%) than the average one in BzZW
(0.78%).

In the C—H stretch range, the BzM spectrum is richer
than that of BZ—W because of additional absorptions of the
methyl group (Figure 5). The three<H stretch fundamentals
of isolated M occur atoM = 3000,vsM = 2844, andvM =
2960 cntt.5” Bands H and G at 2965 and 3005 chin the
Bz"—M spectrum are attributed @V andv,M of the complex.
The small complexation shifts indicate that, similar to the OH
group, the CH group of M is also not participating in
intermolecular bonding. Interestingly, the intens¥ mode of

Consequently, bands D and E are both attributed to free andM is not observed for Bz—M, possibly because the presence

bound O-H stretch modes of various isomer type Il structures,

of Bz" significantly reduces its IR intensity. Several 'BzL

which show at least the onset of the formation of a water ligand €xamples are known for which Bzcomplexation drastically
network. Several structures may be considered. Probably thechanges the IR intensity of a certain ligand vibra#i#:4Band

most stable type Il isomers are those which have adither

C at 3090 cm? in the BzZ'—M spectrum is nearly unshifted

and a single W molecule separately attached to two of the six from the corresponding Bz-W transition and is readily

available H-bonding sites of Bz These isomers are expected
to have similar G-H stretch spectra of Bz-W, (type | plus
type 1), as the W unit is not interacting much with the third
W ligand. A second group of presumably less stable type Il
isomers is characterized by geometries in which acdmplex

is linked to the BZ cation. The W complex can have either a
chain-like structure, with the terminal W ligand forming an
H-bond to BZ, or a branched configuration, in which two single
W ligands are H-bonded to the two protons of the first W
ligand5® The branched structure is likely to be more stable than

assigned to the €H stretch mode(s) of the Bzmoiety.

The signal-to-noise ratio of the BzM, spectrum obtained
(not shown) is very low because of the large metastable
background. Only the strongly IR active band F at 3655%tm
is observed and assigned to the freetDstretch ¢;M) of isomer
type | of BZ-—M,. This isomer has two single and (nearly)
equivalent M ligands attached to BzSimilar to Bz —W,, the
blue shift of Av;M = 5 cn 1 with respect to Bz—M indicates
that solvation of Bz with the second ligand causes the
interaction with the first ligand to become weaker. The

the chained one, because of the shorter average separation dhagnitude of this noncooperative effect appears to be compa-

the W ligands from the Bzcharge. In contrast to isolated cyclic
WS3,56 a Bz-—W3 structure with a W ring appears to be an

rable in BZ—M, and BZ —W,, resulting in similar blue shifts
of the O—H stretch modes¥5—6 cnt1). Although isomer type

unfavorable configuration because one W ligand needs to act!! clusters of BZ—M (an H-bonded Mdimer attached to Bz

as a double donor in the latter system. The quality of the
Bzt—Wj; spectrum is insufficient to determine which specific
type Il isomer is actually present in the expansion.

The Bz'—W, spectrum features also the absorptions of type
I and type Il isomers (Figure 4). Bands A and B at 3727 and
3640 cmt are assigned to3"V andv,W of isomer type | with
four single W ligands attached to an interior'Bnn. Bands D
and D at 3697 and 3677 cnt are again indicative of free ©H
stretch modes of type Il isomers in which at least one W ligand

is a proton donor. Interestingly, the corresponding signals of

the bound G-H stretches near 3500 crh(band E) are not

similar to the structure in Figure 1e) may be present with
significant abundance in the expansion, low signal levels prevent
their spectroscopic identification in the present work.

IV. Further Discussion

The IR spectra of Bz—W(—N,) in the O-H and C-H
stretch ranges are consistent with the most stable—BY¥
structure shown in Figure 1a. This H-bound structure is mainly
stabilized by chargedipole interaction, and further contributions
to the attraction arise from bifurcated H-bonding. No other
Bzt—W isomer is detected. In contrast, the IR spectra of

observed, possibly because of the low signal-to-noise levels gz+_\y, (n = 2—4) clearly show the presence of at least two
achieved. In general, the increasing congestion and widths of casses of isomers. Type I corresponds to hydration of an interior

the bands in the ©H stretch range of the = 3 and 4 spectra

Bzt cation and is described by BzW, geometries in which

suggest that, with increasing cluster size, more and more single W ligands are separately attached td" Bzigure 1d

Bz*—W, isomers contribute to the IR spectra. As solvation for n = 2). On the other hand, type Il isomers are characterized
proceeds, the probability for the presence of isomers featuring py the formation of an H-bonded solvent network, because at
C-bound orz-bound W ligands in the expansion is increasing |east one W ligand forms an H-bond to another W ligand (Figure
as well. Such ligands should have¢’ andv3" absorptions to 1e forn = 2). Because the WW interaction Do = 3.34+ 0.7
the blue of bands B and A of H-bound BzW due to the  kcal/molf950is much weaker than the Bz W interaction Do
weaker interaction with Bz Possibly, the signals marked by =144 3 kcal/mol)3t isomer type | should be more stable than
filled circles in Figure 4 arise from such isomers. isomer type Il. As for C-bound and-bound W |igands the

D. Bzf—Mj . The BZ'—M spectrum displays a single broad interaction with BZ is also stronger than the YWV bond, the
band in the G-H stretch range centered at 3650 ¢nfFigure most stable Bz—W,, geometries are expected to be of type |
4), which is assigned to the free-®1 stretch of an H-bound  even for largen; that is, an interior BZ cation is completely
dimer (;M). Its structure is supposed to be similar to the one solvated inside of a Wluster?* However, the energy difference
of Bz*—W shown in Figure 1a. The small red shift ef31 between both types of isomers seems to become signficantly
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smaller as the cluster size increases, because further solvatioW ligands are attached to the ion (“pickup”) in several different
affects the total binding energy in a noncooperative and reaction steps, as described by eq-iqa In the REMPI ion
cooperative fashion for isomer types | and Il, respectively. source, neutral Bz2W,, complexes are first formed and then

Although the spectral data set for BzM, (n < 2) is smaller ionized, similar to eq 2. The generatedB2W, ions will then

than for BZ —W, (n < 4), the principle cluster growth appears undergo some structural rearrangement and possibly evaporative
to be similar in both systems for smafl. The Bz —W and/or collisional cooling. Thus, different BzW, cluster
interaction is slightly weaker than the BzM interaction. A isomers may be produced by the ElI and REMPI ion sources

similar situation is observed for the related H-bonded dimers for n > 1, providing complementary information about global
involving the phenol catioh®9-%1 Dy = 18.544+ 0.11 and 21.40  and local minimum structures.

+ 0.18 kcal/mol for PH—W and PH—M.5! Comparison of Bz—L, (L = W, M) with corresponding
The additional chargedipole interaction significantly en-  clusters of the phenol and aniline cations {Piv,,
hances the BzW interaction fromDg ~ 2.5 kcal/mol in ther Ant—L,)79:555961.6569 reveals the effect of substitution of
H-bonded neutral dimét to Do = 14 4+ 3 kcal/mol in the acidic functional groups (OH, Njl on the solvation of an

H-bound catior?! The large effect of ionization on the BxV aromatic hydrocarbon cation by polar ligands. TheéPh and

interaction (energy and geometry) causes drastic differencesAnt—L dimers feature nearly linear H-bonds between the
between the cluster growth in BzW, and Bz-W,, including protons of the polar group and the O atom ofLW and M.

the dimer geometry as well as the structure of the solvation These chargedipole structures are similar to the corresponding
shells. For neutral BzW,, the solute-solvent (Bz-W) interac- H-bound BZ —L dimers, with the main difference being that
tion is weaker than the solvensolvent (W=W) interaction, the polar group enhances the interaction strength. All spectro-
leading to cluster structures in which Bz is surface solvated to scopic data for larger Ph-L, (n < 8 forL=W,n < 1forL

a W, network (hydrophobic behavior of Bz). In contrast to the = M)7:9.555%61.6567 gnd An"*—~W, (n < 6 for L =W, n < 2
weakr H-bond in neutral BzW, the charge-dipole bond of for L = M)8889clusters have been interpreted with geometries

the Bz"—W cation is much stronger than the-YW interaction. in which the ligands solvate the polar group; that is, the aromatic
Consequently, the most stable B2W,, clusters (isomer type ion is surface solvated to the,lnetwork. No evidence was
1) prefer interior BZ solvation (hydrophilic behavior of B2. presented for isomers in which a ligand is attached to the
In addition, the W network in neutral BzW,, differs from those aromatic ring (as in Figure tec). This is in striking contrast
in the type Il isomers of Bz—W,. Whereas in neutral Bz2W, to the BZ'—L,, spectra discussed in the present work. Conse-
a freely dangling H atom of a barely perturbed, Wuster isz quently, one may conclude that substitution with a polar group

H-bonded to Bz, it is the O atom of the first W ligand that has a drastic effect on the competition between interior solvation
forms an H-bond to Bzin Bz"—W,. Consequently, the water  of the aromatic cation and the formation of the H-bonded L
network in BZ —W,, differs largely from bare W clusters. network. On the other hand, one has to bear in mind that the
Similar conclusions derived for the difference between studies of the Ph—L, and Ant—L, clusters with largen used
Bz—W, and BZ"—W, apply also to BzM, and BZ'—M,, and REMPI ionization®>69which may not necessarily produce the
probably quite generally to bare neutral and cation aromatic most stable cluster ion structures. Moreover, in the case of
hydrocarbon molecules interacting with polar solvents. Ph"—W,, proton transfer from Phto the W, network was

The often large difference between the structures of neutral observed fom > 3—4.9:5566.67
and corresponding cation clusters has important consequences Aromatic cations are known to be highly reactive in aqueous
for the generation of cold cation clusters by photoionizatfon.  solution. The proton affinity of the phenyl radical is much higher
For spectroscopic characterization, cation clusters are frequentlythan those of W and M (PA= 691, 754, and 884 kJ/mol for
produced by resonance enhanced multiphoton ionization W, M, and GHs).%8 Moreover, the ionization potential of Bz is
(REMPI) of the neutral precursor. The Frang®ondon prin- lower than those of W and M (I 9.2, 10.9, and 12.6 eV for
ciple imposes severe restrictions on the REMPI process, and inBz, M, and W)7® Consequently, in the most stable BzL (L
many cases a given cation cluster cannot be produced in its= W, M) dimers the positive charge is largely localized in"Bz
most stable geometry but, for example, in a local minimum. In and proton transfer from Bzto L is not observed. The PA of
contrast, the electron impact (El) ion source employed in the larger L, clusters increases with, whereas the IP decreases.
present work produces predominantly the most stable isomerHence, both proton and charge transfer front BzL, become
of a cation dimeP437.62Thus, the IR spectra of cluster cations less endothermic for increasimgand at a certain cluster size
produced by El and REMPI can be rather differéng’.62 intracluster reactions can occur. Indeed, charge and proton
Although the BzW and BZ'—W potentials are also quite transfer was observed in BzM, after photoionization fon
different, the IR spectra of Bz-W obtained by generatingthe > 3 andn > 4, respectively?? Similarly, proton transfer was
complex in a REMPI and El source are similar. In this particular observed in Bz—W,, in the size range = 20—302* Due to
case, REMPI of ther H-bonded Bz W leads to the generation  the lower PA and higher IP, water is a less reactive solvent
of Bz*—W cations which mainly undergo dissociati&h. than methanol. The present IR spectroscopic fragmentation
However, a small fraction of Bz-W isomerizes to the most  experiments confirm that Bz-L, produced in the El ion source
stable H-bound structure shown in Figuré4#and produces  are unreactive in the size ranges 3 (L =W) andn=1 (L

a REMPKIR spectrun®® similar to the EFIR spectruns! = M), respectively. The missing band E in the B2W,
Nonetheless, the FranelkCondon restrictions in the REMPI  spectrum may be taken as evidence that proton transfer actually
process have led to a wrong determination of the -B#&/ may occur for this cluster siZé.Again, it should be noted that
dissociation enerdy because of an ill-determined adiabatic the REMPI and El ion sources usually produce different cluster
ionization potentiaf2-3! Although the REMP+IR and EFIR isomers which exhibit different intracluster reactivity. Future

spectra of the Bz—W dimer are similar, it will be interesting  EI—-IR spectroscopic experiments on larger clusters may shed
to explore whether comparable spectra are also observed forfurther light on the cluster size dependence of different reaction
larger BZ—W, clusters because of the different production channels (proton and charge transfer). Moreover, analysis of
pathways. In the El source, Bz is first ionized and subsequently the wavelength and mode dependence of laser-induced reactions
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