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The intermolecular interaction between the imidazole cation” (km C3N,H4™) and nonpolar ligands is
characterized in the ground electronic state by infrared photodissociation (IRPD) spectroscopy of size-selected
Im*—L, complexes (L= Ar, N) and quantum chemical calculations performed at the UMP2/6-311G(2df,2pd)
and UB3LYP/6-311G(2df,2pd) levels of theory. The complexes are created in an electron impact cluster ion
source, which predominantly produces the most stable isomers of a given cluster ion. The analysis of the
size-dependent frequency shifts of both theMland the C-H stretch vibrations and the photofragmentation
branching ratios provides valuable information about the stepwise microsolvation*ofnirm nonpolar
hydrophobic environment, including the formation of structural isomers, the competition between various
intermolecular binding motifs (H-bonding andbonding) and their interaction energies, and the acidity of
both the CH and NH protons. In line with the calculations, the IRPD spectra show that the most stable
Im*—L dimers feature planar H-bound equilibrium structures with nearly linear H-bonds of L to the acidic

NH group of Im". Further solvation occurs at the aromatic ring offlmia the formation of intermolecular
m-bonds. Comparison with neutral tafr demonstrates the drastic effect of ionization on the topology of

the intermolecular potential, in particular in
which changes frome-bonding to H-bonding.

I. Introduction

Imidazole (GN2Hs4, henceforth denoted Im) is a planar
heterocyclic aromatic molecule (Figure 1) and occurs as an
essential constituent in many biomolecular building blocks, such

as the DNA bases adenine and guanine, and the histidine residu

of proteins! In aqueous biological environments, Im and its

charged and protonated analogues are involved in electron

transfer in photosynthesis, in many biologically important

enzymatic processes, in protein structure determination, and in

proton shuttled~* The important role of aromatic molecules
and their cations for biological and chemical recognition as well

as organic reaction mechanisms has also been emphasized ilg

recent review§ 8 Fundamental understanding of these phe-

nomena at the molecular level requires the detailed knowledge

of the intermolecular potential of I and ImH" interacting
with the surrounding environment. The present work reports
IR spectra and quantum chemical calculations of kolvated
by a well-defined number of nonpolar ligands €L Ar, N») to
elucidate the interaction of the radical cation of this basic
biomolecular building block with a hydrophobic environment.
The solute molecule Im offers several principal binding sites
for solvent molecules. The ligand can interact with the
mr-electron system of the aromatic ring-bond), form H-bonds
to the acidic protons of Im (NH—L or C—H—L), or serve as
a proton donor in a H-bond to the basic N atom of Im. The
preferred binding motif of the If—L interaction strongly
depends on the charge state ofthand fundamental properties
of L, such as its polarity and proton donor and proton acceptor
abilities. In contrast to related aromatic complexes, relatively
few gas-phase spectroscopic data exist for neutrat-Um

complexes. One reason might be that the high excitation energy
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the preferred aromatic substnatgpolar recognition motif,

of the first excited singlet state of fiis rather inconvenient
for the application of resonant multiphoton excitation schemes,
which are frequently employed for aromatic cluster spectros-
copy, because oftheir cluster size, state, andisomer seleéfi¢ify.
The rotational millimeter wave spectrum of neutral -tr
fecorded in a supersonic jet is consistent withzdound
equilibrium structure, which is characterized by an-Aing
separation oR ~ 3.5 A, an intermolecular stretch frequency
and force constant afs = 44 cnt ! andks = 2.88 N nT?, and
a dissociation energy obe ~ 300 cnt113 Apparently, Im
prefersz-bonding to nonpolar ligands in its singlet electronic
round state (§ !A’'), because in this configuration the
ispersion interaction between L and theslectron system of
Im is optimized. No information appears to be available for the
corresponding ImN; dimer!* The quadrupolar Nligand is
known for its ability to form both H-bonds antbonds to acidic
aromatic molecules (A). For example, complexes gfviith
aniline (A = An)!® and 1-naphthol (A= 1-Np)¢ feature
m-bound equilibrium structures, whereas that with phenol (A
= Ph) prefers H-bonding18Two major competing interaction
motifs were identified for the biologically relevant .0
interaction by both quantum chemical calculations and Ar matrix
isolation IR spectroscop}? N—H—O-type H-bonding between
the acidic NH group of Im (proton donor) and the O atom of
H>0 (proton acceptor) and -€H—N-type H-bonding between
the acidic OH group of KD (proton donor) and the basic N
atom of Im (proton acceptotf—2! These H-bonds are mainly
stabilized by electrostatic and induction forces:—0O-type
H-bonding of HO to the less acidic CH groups of Im and
H-bonding of HO protons to ther-electron system of Im are
predicted to be less stable than botkN—O-type contacts?
Experimental and theoretical information about thetlm
radical cation and its complexes with neutral ligands is rather
sparse. Early photoelectron, photoionization, and photofrag-
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Figure 1. (a) Interatomic distances (A) in I(top) and Im (bottom).
(b) AIM charges of Inf (top) and Im (bottom). (eg) Minimum
structures of IM—Ny(H), ImT—Ar(H), Im™—N2(CH), Im*—Nj(sr), and
Im*—Ar(z). All numbers and geometries with the exception of
ImT—N(CH) are evaluated at the UMP2/6-311G(2df,2pd) level.

mentation studies demonstrated that the pl&Adrelectronic
ground state of Im (Do) is obtained by removal of one electron
from the 34 orbital, which is a bondingr-orbital delocalized
over the whole aromatic ringf=2> Two ring vibrations were
identified in the photoelectron spectrum, with frequencies of
970 and 1320 crmt.2* No spectroscopic information is available
for the N—H and C-H stretch vibrations of Im. Recent

guantum chemical calculations investigate the structures, vi-
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of Im and its radical cation, as well as various intermolecular
binding motifs of the Ing™ homodimer® Neither mass spec-
trometric nor spectroscopic data seem to be available for any
Im*—L, complex!* Hence, the present spectra ofimAr and
Im*—(Ny)n<3 provide the first spectroscopic information about
the structure and stability of Im-L,, clusters. As the ionization
energy of Im (9.91 eV) is substantially smaller than those of
Ar (15.76 eV) and N (15.58 eV)?’ the positive charge in
[Im—Ar]* and [Im—(N2),]* will be strongly localized on the
Im moiety. This large disparity in ionization energies leads to
the formation of weakly bound noncovalentimL, complexes,
which are mainly stabilized by induction and electrostatic forces,
whereas contributions from charge transfer to the interaction
are negligible.

lonization of Im is expected to have a large impact on the
topology of the intermolecular interaction with both polar and
nonpolar ligands, because the excess charge provides additional
electrostatic and inductive contributions to the intermolecular
attractiont?28.29For example, for acidic aromatic molecules A
interacting with rare gas (Rg) atoms or other nonpolar molecules
(e.g., CH and N), ionization often switches the preferred
interaction motif fromz-bonding to H-bonding?® Thisz — H
switch was recently observed for the first time for a variety of
A—L dimers, including PRL (L = Rg, CHy),3%33 An—L (L
= Ar, N,),34351-Np—Ar,36 and the Ar complex of indole (i
Ar),%” and is a general phenomenon for this type of complékes.
The ionization-inducedr — H switch in the preferred binding
motif can be rationalized by a change in the dominant binding
mechanism. In neutral AL dimers, dispersion forces dominate
the attraction and favor-bonding. On the other hand, induction
forces provide the major contribution to the attraction in ionic
A*—L dimers of acidic A and nonpolar L, leading to the
preference for H-bondingf. In contrast, A-L complexes with
nonacidic A and nonpolar L, such as benzene<{8z),12:38-42
featurezr-bound equilibrium structures in both the neutral and
the cation ground electronic states, because the aromatic CH
groups are not sufficiently acidic to make H-bonding more stable
than s-bonding. On the basis of these considerations, both
Im*—L dimers investigated in the present work € Ar, Ny)
are expected to exhibit H-bound global minima, in which L
binds to the acidic NH group, and-bound local minima.

Several aspects motivated the present IR spectroscopic and
theoretical study on size-selected#L,, complexes: (1) These
clusters serve as a suitable model for solvation of the highly
acidic Im* cation in a nonpolar solvent. Of particular interest
are the competition between H-bonding antbonding and its
consequences on the cluster growth. (2) As the ability of the
NH group to form H-bonds to a ligand is correlated with its
acidity, the IR spectra of H-bound Ir-L dimers directly probe
the acidity of Im"™ and eventually enable a first estimate of the
unknown proton affinity of the imidazyl radical. Similarly, the
IR spectra of ImMi—L, provided the first experimental informa-
tion about the strength of the CH groups infim(3) The
Im*—Ar/N, dimers are also characterized by quantum chemical
calculations, because theoretical studies of the interaction
potential in these dimers are not available. (4) Comparison of
Im—L13 with Im™L and ImH"—L“3 will reveal the effects of
both ionization and protonation of Im on the acidity of the NH
protons and the interaction with a nonpolar environment.

II. Experimental Section

IRPD spectra of mass-selectedfirl, complexes (L= Ar
and N, n < 3) were recorded in the NH and C-H stretch

brational frequencies, IR intensities, and charge distributions ranges using a tandem quadrupole mass spectrometer
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Figure 2. Mass spectrum of the El ion source obtained for an expansion
of Im (T ~ 370 K) seeded in 4 bar of NThe spectrum is dominated
by N,* (filled circles) and X —(Ny), cluster ions with X = Im* and
ImH* (68 and 69 u, triangles), and the impurity®f (18 u, open
circles). The arrow indicates the dominant fragment peak df (#i
u, HCN loss). Clusters of the type {aft (k > 1) are marked by crosses.
Part of the spectrum is vertically expanded by a factor of 10 to show
weak peaks. The intensity ratios of tm(Ny), are on the order of 50:
2.5:2:1 forn = 0—3.

(QMS1/2) coupled to an electron impact (El) ion source and
an octopole ion trap?#4 Cold ionic clusters were generated in
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Figure 3. Mass spectra obtained by mass-selecting-HfN,), with
QMS1 and scanning QMS2. For spectrum a, the laser was off, and the
observed IM—(N,)m fragment ions ify = 0, 1) arise from metastable
decay and/or collision-induced dissociation with background gas. For
spectrum b, the laser is tuned to thgy resonance of Im—(Ny), at
3313 cn1?, which induces additional fragmentation into both the=

0 andm = 1 channels.

For Im™—(Ny), parent complexes with > 1, several fragment
channelsm were observed. As an example, Figure 3 compares
the mass spectra obtained for mass selecting-(hl,), with
QMS1 and scanning QMS2 without laser action (a) and with
resonant laser excitation (b). Spectrum a displays 0 and 1
fragment ions arising from metastable decay of hot parent
clusters and/or collision-induced dissociation with background
gas in the octopole region. The small fraction of metastable
decay demonstrates that the'ls(N,), complexes reaching the
octopole region have relatively little internal energy. Spectrum

molecular beam. The expanding gas mixture was produced byandm = 1 (17%) fragment channels caused by resonant laser-

seeding Im vaporT ~ 370 K) in Ar or N, at stagnation
pressures of 45 bar. Im"—L,, clusters were produced by EI of

induced dissociation. To separate laser-induced signals from
interfering metastable decay and/or collision-induced dissocia-

Im and subsequent three-body association reactions in the highion, the ion source was triggered at twice the laser repetition

pressure region of the expansi®¥#! This reaction sequence

rate and signals from alternating triggers were subtracted.

cluster ion and to a smaller extent less stable isoRfef$45:46
Alternative mechanisms involving the formation of neutraHm
L, complexes with subsequent El play only a minor Ble.

IR spectra recorded in the major fragment channels are
similar31.34.36.37.4546.5%4  Consequently, IRPD spectra of
Im*—L, were recorded only in the dominant fragment channel.

Figure 2 shows a mass spectrum of the ion source recorded!unable IR radiation was generated by a single-mode optical

after optimization for Imi—(Ny), generation. The spectrum is
dominated by Nt and X*—(N,), cluster ions, including X =
Im*, ImH*, and the impurity HO™. The strongest fragment of
Im upon EI corresponds to HCN loss, leading to CNIH*

parametric oscillator laser system. Calibration of the laser
frequency to an accuracy of better than 1 énwas ac-

complished by comparison to optoacoustic spectra of ammonia
recorded simultaneously with the IRPD spectra and by analyzing

(41 u), whereas a somewhat weaker fragment channel producegtmospheric water absorptions along the IR laser Peith.

HCNH* (28 u, CHCN loss, blended by the intense;N
peak)?34” The intensity ratios of Im—(Ny), are on the order
of 50:2.5:2:1 fom = 0—3, confirming the formation of weakly

[1l. Quantum Chemical Calculations

Ab initio and density functional theory calculations were

bound noncovalent complexes. The central part of the supersonicarried out for Im, Ini, and several Im—L isomers at the
plasma expansion was extracted through a skimmer into QMS1,ymp2 and UB3LYP levels employing the 6-311G(2df,2pd)

which was tuned to the mass of the desired +h, parent
cluster. The mass-selectedimlL, beam was then injected into
an octopole ion guide, where it interacted with a tunable IR
laser pulse. Resonant vibrational excitation of tat, induced
the evaporation of one or more ligands, according to

Im*—L,+hv—Im"™—L_+ (n—m)L 1)

basis set to characterize the effects of both ionization and
complexation on the properties of imidazéle UB3LYP
calculations were shown to reliably describe the properties of
H-bonds but fail to properly account for the dispersion interac-
tions, which are significant forz-bonding in A*—Ar/N,
dimers30 In contrast, the UMP2 calculations yield data with
comparable accuracy for both thebonds and the H-bond8.

All coordinates were relaxed for the search of stationary points,

Other photodissociation channels were not observed at theand intermolecular interaction energies were counterpoise
single-photon absorption conditions employeéd<( 200 kW corrected for basis set superposition ePforhe results relevant
cm?).4849 The Im"—L,, fragments generated in the octopole for the present work are summarized in Figure 1 and Table 1.
were mass-selected by QMS2 and monitored as a function of The table includes structural and energetic attributes of the
the laser frequency to record the IRPD spectra of Im-Lp. intermolecular bonds, such as leng®u(, Ring-L), dissociation
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TABLE 1: Properties of the Intramolecular N —H and C—H Bonds (Rnx, RcH, Ve, YeH, Inns Icn) and the Intermolecular Bonds
(RuL, Ring—L, De, v¢) for the Equilibrium Structures of Im, Im *, and Several Im—L Isomers Calculated at the UMP2 and

UB3LYP Levels Using the 6-311G(2df,2pd) Basis (Figure 1)

method molecule Rur/A Ren/A vareemL vertlom R /A Riing-L/A Decm™? vdlem™?
UMP2 Im 1.0045  1.0742 3505 (74) 3120 (3)

1.0755 3125 (0)
1.0758 3147 (1)

Im+ 1.0118  1.0775  3430(231) 3119 (25)
1.0787 3125 (36)
1.0793 3136 (16)

Im*—Ar(H) 1.0147 10774  3374(561) 3119 (23) 2.4066 621 66
1.0786 3125 (36)
1.0793 3136 (14)

Im*—Na(H) 1.0191  1.0774  3301(818) 3119 (22) 2.0545 1807 106
1.0786 3126 (33)
1.0792 3137 (16)

Im*—Ar() 1.0117 10774  3433(227) 3119 (24) 3.42 451 52
1.0786 3125 (35)
1.0793 3136 (16)

Im*—Na(7) 1.0114 10773  3436(224) 3119 (22) 3.12 1056 75
1.0786 3126 (33)
1.0792 3137 (16)

UB3LYP Im 1.0046 1.0749 3513 (50) 3109 (7)

1.0767 3112 (0)
1.0775 3141 (2)

Im* 10131  1.0792  3430(209) 3109 (21)
1.0797 3116 (45)
1.0799 3122 (7)

Im*—Ar(H) 1.0166  1.0791 3362 (547) 3110 (21) 2.4708 520 59
1.0796 3118 (45)
1.0797 3124 (3)

Im*—Na(H) 1.0212  1.0790  3287(833) 3110 (20) 2.0780 1615 103
1.0796 3118 (40)
1.0796 3125 (4)

Im*—N(CH)  1.0128  1.0796  3434(200) 3087 (157)  2.3874 886 70
1.0798 3112 (26)
1.0815 3120 (8)

Im*—Ar(7) 1.0130  1.0787  3432(205) 3111 (20) 352 172 48
1.0795 3118 (37)
1.0798 3127 (11)

Im*—Na(7) 1.0128  1.0780  3434(202) 3113 (19) 322 673 70
1.0793 3118 (30)
1.0797 3132 (18)

aHarmonic frequencies are scaled by a factor of 0.9465 (UMP2) and 0.9597 (UB3LYP). IR intersitie®lcy, km mol?) are listed in

parenthese$.Distance to the nearest C atom.

energy De), and intermolecular stretch frequenay)( as well

as relevant properties of the intramolecular™ and C-H
bonds, namely, lengtiR{n, Rch), stretch frequencyin, ven),
and IR intensity lu, Ich). Harmonic vibrational frequencies
were scaled by a factor of 0.9465 (UMP2) and 0.9597
(UB3LYP) to match the calculated N\H stretch frequencies
of Im* with the experimental one estimated from the IRPD
spectrum of ImMi—Ar (vide infra, vny = 3430 cntl). For the
monomers and H-bound dimers, the UMP2 and UB3LYP
calculations yield similar energetic, structural, and vibrational
data. In contrast, for the-bound dimers only the UMP2 data

also strongly enhances the IR activities of bothitbg and the

vne fundamentals, in line with the increased charges on the
respective protons derived from the AIM analysis summarized
in Figure 1b. The N-H stretch normal mode is essentially
localized on the N-H bond, whereas the-€H stretch normal
modes are largely delocalized over all three-K bonds,
resulting in similar C-H stretch frequencies. They andvcy
frequencies calculated for neutral Im at the UMP2 and UB3LYP
levels show deviations of less than 26 ¢nfrom the measured
values ¢nn = 3518 cnt, vey = 3160, 3135, and 3135 crf),>®
demonstrating that the chosen theoretical levels appropriately

are considered, because the UB3LYP data fail to describe describe the monomer properties. Comparison of the AIM

dispersion.
Geometry optimization in the ground electronic state of both
Im (*A’, S) and Im" (A", Do) results in planar equilibrium

population analysis of Im and mreveals that the additional
positive charge is mainly distributed over the two neighboring
ring C atoms and the four protons. In general, the AIM analysis

structures withCs symmetry. The relevant geometrical param- yields a charge distribution very different from those of the

eters and the charge distributions evaluated using the atoms-corresponding Mulliken population analyses obtained in the
in-molecules (AIM) population analysis are compared in parts present work and in ref 26. The Mulliken approach is, however,
a and b of Figure 1, respectively. lonization of Im removes an known to be very sensitive to the theoretical level, whereas the

electron from the bonding 3amolecular orbital, which is
delocalized over the aromatic ridfjAs a consequence, the ring
opens slightly up upon ionization, giving rise to Frangkondon
activity in the two symmetric ring stretch modes observed in
the He(l) photoelectron specttaSimultaneously, the NH and

AIM method provides reliable and level-independent charge
distributions®® Hence, the Mulliken charges are not considered
further.

The intermolecular Im—L dimer potentials feature planar
H-bound global minima witlCs symmetry, denoted Ifi-L(H),

all three C-H bonds become weaker and longer, inducing shifts with nearly linear H-bonds between L and the acidic NH group

in the corresponding stretch frequencies-oAvcy < 11 and
Avny = —75 cnTl, respectively (UMP2). In addition, ionization

of Im* as shown in Figure 1c,d. The deviations of the L
bonds from linearity are less than ©.9he anisotropy of the
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long-range chargequadrupole and chargénduced dipole
interactions aligns the Nigand in such a way that the diatomic
axis points toward the positive chargfe?0.34.36.37.45.50,655
resulting in nearly linear H-N—N configurations in
ImT—Nz(H). N, has a larger parallel polarizability than Ar (2.38
and 1.64 &) and an additional quadrupole moment500

C n¥),66788 |eading to a stronger induction and electrostatic
attraction in the M-containing complexes. Consequently, the
H-bond in Im™—Ny(H) is stronger than in Ir—Ar(H), leading

to a shorter H-L bond Rq/A = 2.08 and 2.47), with a larger
stretch frequency »¢/cm™?! 103 and 59) and a higher
dissociation energyd¢/cm 1 = 1615 and 520). The effects of
H-bonding on the intramolecular-\H bond are an elongation
(ARnH), a reduction in the stretch frequencii{yn), and an
enhancement in the IR oscillator strengthly). Again, the
magnitude of these effects is correlated with the H-bond
strength: ARyw/A = 0.0035 and 0.0081Avyy/cm™! = —68
and —143, andAlyy = 162 and 299% for L= Ar and N,
respectively. These theoretical results demonstrate that IR
spectroscopy in the NH stretch range is a suitable tool to probe
the acidity of the NH group in Irh and its ability to form
H-bonds.

In addition to the H-bound global minima, the tmL
potentials possess less stahidound local minima, denoted
Im*—L(xr). As can be seen from the geometries shown in Figure
1f and 1g, the ligands are roughly located above the center of
the aromatic ring. Moreover, theNigand in Im*—Ny(x) is
aligned nearly perpendicularly to the aromatic plane and pointing
toward the positive charge. Similar to the H-bond inftai.(H),
the intermolecularr-bond in Im"—N() is more stable than
in Im*—Ar(7r), as demonstrated by the shorter ririgseparation
(Ring-L/A = 3.12 and 3.42), the larger stretch frequency
(vdem ™t = 75 and 52), and the higher dissociation energy
(Dgcm™1 = 1056 and 451). Intermolecularbonding has only
modest effects on the properties of both theHland the C-H
bonds of InT, with |ARwu| < 0.0004 A,|ARcH| < 0.0002 A,
Avyy < 6 cmfl, Avep =1 Cmﬁl, Alnn < 5%, andAlcy <
17%. As expected, the UB3LYP calculations fail to reliably
describe ther-bonds in InT—L(7).2° They yield equilibrium
structures in which the ligands are largely displaced from the
center of the aromatic ring toward the-C bond. Moreover,
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Figure 4. IRPD spectra of Im—L,with L = Ar (n = 1) and L= N,

(n = 1-3) in the N-H and C-H stretch ranges recorded in thelm
fragment channel. The vibrational and isomer assignments of the
transitions observed (AC) are listed in Table 2.

isomers with the same factor yields UMP2 estimate®gof=

992, 931, and 776 cm, which are all lower than the
corresponding value for Im-Ny(), De = 1056 cnmt. The large
negative partial charge at the nonprotonated N atom df, Im
gv = —1.01 e, suggests that this binding site may also be
attractive for neutral ligands. However, test calculations for
Im*—N, at the UB3LYP level showed that starting geometries
with N2 near this N atom converged always to one of the
neighboring InT—N(CH) local minima. Hence, the significant
Pauli repulsion resulting from the lone pair at this N atom
prevents this position from being a favorable binding site in
Im*—L dimers. In contrast, H-bonds to the acidic protons of
Im* are advantageous binding motifs, because of the significant
positive partial charges on these protons and the resulting
reduced Pauli repulsion, which allows for a closer approach of
L.

According to the calculations, the H-bonds to the NH group
in Im*t—L, are more stable than thebonds, which in turn are
more stable than the H-bonds to the CH groups. As a result,
the energetically most favorable fm L, cluster growth begins

the dissociation energies are much lower than those obtainedwith the formation of a H-bound If-L dimer, to which further

at the UMP2 level.

H-bonding of L to the aromatic CH groups yields further local
minima on the IMf—L potentials, denoted Im-L(CH), which
have only been optimized for £ N, employing the UB3LYP
level. One such example for Im-N2(CH) is selected and
included in Figure 1e and Table 1. According to the UB3LYP

m-bound ligands are attached.

IV. IR Spectra

The IRPD spectra of Im—Ar and InT"—(Ny)n<3 recorded in
the C-H and N-H stretch ranges are shown in Figure 4. Table
2 summarizes the band origins and widths of the transitions

calculations, this particular isomer is the most stable one amongobserved (A-C), along with their vibrational and isomer

the three possible Im-N,(CH) isomers D, = 886, 831, and
693 cnt?), in line with the highest positive partial charge on
the corresponding CH protom{ = 0.20, 0.20, and 0.18 e). In
general, the H-bonds to the CH groups are significantly less
stable than the H-bond to the NH group. This result is consistent
with the larger acidity of the NH group and the larger positive
partial charge on the corresponding protapy & 0.53 e).
Significantly, the unambiguous spectroscopic signature of the
Im*—N,(CH) isomers is the noticeable red shift in the frequency
(~—20 cn1?) and the strong enhancement in the IR intensity
(by a factor of~8) of the stretch vibration of the CH group
acting as the proton donor (Table 1). Comparison of the UMP2
and UB3LYP dissociation energies of tmiNx(H), De = 1807

and 1615 cm?, indicates that the UMP2 values are around 12%
larger. Scaling the dissociation energies of the +ly(CH)

assignments.

IV.A. Im *—L Dimers. To assign the vibrational bands
observed in the IRPD spectra of the fimL, clusters, it is
instructive to consider the frequencies of the-N and C-H
stretch fundamentals of the isolatedithromophore. Asny
and vcy of bare Im have not been measured yet, they are
estimated in the present work using the following two ap-
proaches. The first one employs the experimental frequencies
of neutral Im ¢nu = 3518 cmt and vy = 3160, 3135, and
3135 cnT1)5% and the ionization-induced shifts predicted by the
UBSLYP calculations Avyy = —83 cnT! and Avey = —19,

4, and 0 cm?), yielding estimated frequencies ofy = 3435
cmt and vey = 3141, 3139, and 3135 crh for Im*,
respectively. The corresponding UMP2 data(y = —75 cnt?!
andAvcy = —11, 0, and-1 cnd) result invyy = 3443 cn1?
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TABLE 2: Band Origins and Widths (Fwhm, in
Parentheses) of the Transitions Observed in the IRPD
Spectra of Im™—L,, along with Their Vibrational and
Isomer Assignment$

vP/emt band vibration isomér
3361 (52) A VN Im*—Ar(H)
3433 (16) B VNH Im*—Ar()
3295 (6) A VNH Im*—Ny(H)
3128 (16) C Ve Im*+—N(H)
3313 (54) A VN Im*—(N2)o(H/x)
3132 (20) C Ve Im*—(N2)2(H/x)
3323 (60) A VN Im*—(N2)s(H/27)

a (xH/yr) denotes an isomer withH-bound andy 7-bound ligands
(x + y = n). P For the strongly asymmetrigy, band of the H-bound
isomers (band A), the given position corresponds to the maximum of
the P branch head which occurs close to the band origin. For the
symmetric bands B and C, the band centers are listed.

andvcy = 3149, 3135, and 3134 cth The second approach
for estimatingvny of Im™ employs the measured frequency of
the related heterocyclic tncation ¢ny = 3454 cm )% and
the ratio of the harmonic frequencies offland Im" (wny =
3602 and 3574 cm) evaluated at the UB3LYP/6-31G* levél.
This route yields/ny = 3427 cntt for Im™, in good agreement
with the values estimated from the first approawly = 3435
and 3443 cm™.

The IRPD spectrum of ImAr in Figure 4 displays a rather
broad but structured absorption in the-N stretch range. Two
transitions are identified and assigned to thg fundamentals
of the H-bound (A) andr-bound (B) isomers of Im—Ar. These
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Figure 5. Experimental and simulated IR spectrum of the band
of Im"™—Ngz(H). The additional signal in the blue wing of the
experimental transition (indicated by asterisks) arises from sequence
hot bands, which are not included in the simulation.

3290

H-bound InT™—Ar isomer shown in Figure 1d. The blue shaded
band contour is characteristic for the excitation of a proton donor
stretch vibration, because the intermolecular H-bond becomes
stronger and shorter in the excited vibrational state, resulting
in larger rotational constant§:30:46.53.63The vibrational band
origin of such transitions occurs close to the maximum of the
P branch. Hence, the latter is taken as an approximate value
for the band origin in the present work. The derived red shift

assignments are based on the band positions, relative IRupon complexation amounts tovyy = —69 cnTt and agrees

intensities, and band profiles, as well as the comparison with

well with the value of—68 cn1! calculated at the UB3LYP

the quantum chemical calculations. Band B is centered at 3433level. The UMP2 value ofAvny = —56 cm! somewhat

cm~1 and occurs close to theyy frequency predicted above
for bare InT. The modest estimated complexation-induced shift
(=10 cn1?t) and the symmetric band profile are consistent with
an assignment to Ir-Ar(xr),%° because intermolecularbond-

ing has essentially no influence on the properties of theHN
bond, and vice versa NH stretch excitation does not affect
the properties of ther-bond. The calculations predict a blue
shift of Avnyw = 3 e upon z-bonding with Ar (UMP2),
yielding 3430 cnm! as the best experimental estimate fqf

of bare InT. This value has been used for determining the
scaling factors employed in section Il and Table 1 and will be
used throughout this paper for the evaluation of experimental
complexation-induced frequency shiftsyny. There are actually
other binding sites rather thanbonding, which also have little
impact on the N-H bond, such as the H-bonds to the CH
groups. The calculations described in section Ill, however,
suggest that these H-bonds are less stable tham-bund. This

underestimates the experimental shift, similar to previous
calculations for the ©H stretch fundamental of the related
Pht—Ar(H) dimer conducted at the same leveldonca'cd =
—56 cnt, Ayl = —70 cnr1) .33

In contrast to the N-H stretch range, the Ifm-Ar spectrum
reveals no detectable absorption in the-K stretch range
between 3050 and 3170 cf However, as thecy fundamen-
tals of both InT—Ar(H) and Im"—Ar(xr) are predicted to be
roughly 1 order of magnitude less intense than, they cannot
be observed at the signal-to-noise levels achieved. One of
the reasons for the relatively low signal levels in the
Im*t—Ar spectrum results from the large background of
metastable decay of the JNAr;]* complex, which has the same
mass as Im—Ar (m= 108 u) and was produced in significant
abundance from the remaining, Nmpurities in the gas inlet
system. Hence, the laser-induced dissociation process,
Im™—Ar — Im™ + A, interfered with the metastable decay

conclusion is further supported by theoretical and spectroscopicprocess, [M—Ar;] ™ — [N2—Ar]* + Ar, because both the parent

data obtained for BzH-Ar5070 BzF—Ar,3941.4271 gnd
PhH"—Ar,7273which also demonstrated that the intermolecular
CH—Ar bonds in A(H)"—Ar dimers are less stable than the
correspondingr-bonds. The width and shape of band B16
cm~1) could be reproduced by band contour simulations, using
an effective rotational temperature of around 150 K and the
following realistic approximations. The transition dipole lies
along the N-H axis, and the rotational constangs= 0.160282
cm~1, B=0.048490 cm?, C = 0.047647 cm?) are taken from
the UMP2 calculations for Im—Ar(:z) and are assumed to be
the same in both vibrational states.

In addition to thevyy band of ther-bound isomer (B), the

and the daughter ion masses are the same for the two processes.

The Imt—N, spectrum displays a single blue shaded band
in the N—H stretch range at around 3295 cth{A), which can
readily be assigned tony of the H-bound isomer shown in
Figure 1c. The observed red shift &fvyy = —135 el is
compatible with the calculated value ©f.43 cnm* (UB3LYP).
Again, the shift obtained at the UMP2 leveé\yny = —129
cm1, slightly underestimates the experimental one. Figure 5
compares a slow scan of the experimental IR spectrum in the
vicinity of the vy band with a simulation of the corresponding
fundamental transition, using an effective rotational temperature
of T = 100 K, a convolution width of 0.3 cm, and a band

Im*™—Ar spectrum reveals a blue shaded band displaying a sharporigin of vo = 3296.2 cm®. Furthermore, the ground-state

P branch head near 3361 ch{A) and a rather broad R branch
around 3400 cmt. This transition is attributed toyy of the

rotational constants are taken from the UMP2 calculatiégns (
= 0.337307 cm?, B = 0.032662 cm!, andC = 0.029779



3604 J. Phys. Chem. A, Vol. 109, No. 16, 2005

cm™1), and the upper-state constants are obtained by assuming

a contraction of the intermolecular bond&R = —0.05 A upon

vNH excitation & = 0.337318 cm?, B = 0.033268 cm?, and

C =0.030282 cm). A contraction of this magnitude is typical
for excitation of proton donor stretch vibrations in proton-bound
dimers with this type of interaction enerd%537476 The
transition dipole is assumed to lie along the-N bond.
Comparison of the experimental and simulateg; spectra
reveals additional signal in the blue wing of the measured
transition (indicated by asterisks in Figure 5), which cannot be
reproduced by simulations even under significant variations of
both T and AR within the physically meaningful parameter
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space. This additional signal is attributed to sequence transitions

of the typewvnn + vx — vy, Where vy are intermolecular
vibrations?8:30 Such transitions were previously observed in
related H-bound dimer&:3%.76They occur at higher frequency
than the vny fundamental, because the frequencies of the
intermolecular stretch and bend modes increase up@n
excitation due to the stronger and more rigid intermolecular
bond?8

Significantly, no absorption is detected in the "N,
spectrum in Figure 4 near 3430 ch implying that the
abundances of the IrNy(r) and Im—Ny(CH) isomers are
below the detection limit. In addition teyy of Im™—Ny(H),
the Im™—N, spectrum features a band near 3128 tr(C),
which is attributed to the three overlapping—@& stretch
fundamentalsycy, of the Im™—Ny(H) isomer. On the basis of
the arguments detailed above, the threg vibrations of bare
Im™ are expected to occur between 3135 and 314I'cm
(UB3LYP) or between 3134 and 3149 ct(UMP2), in good

agreement with the observed band. H-bonding at the NH group

induces essentially no frequency shifts fegy (Table 1),
implying that the 3128 cmi band in the Ini—N, spectrum
provides a very good approximation to the bare limansitions
(messenger techniqu&)??In addition, the ratio of the integrated
intensities of theyy andvcy bands (6.5) is consistent with the
ratio predicted for IM—Ny(H) (~13, UB3LYP), taking into
account that experimental intensity ratios of widely separated
bands are only accurate to within a factor-e2. The Im'—N,

spectrum lacks strong absorptions in the spectral range of the,

intensevcy vibrations of the IMi—N3(CH) dimers (3056-3100
cm 1), confirming the absence of significant concentrations of
these isomers in the molecular beam.

The ratios of the integratexhy band intensities observed in
the IRPD spectra of If—L can be used to estimate the relative
abundances of the H-bound anebound isomers in the plasma
expansion, using the calculategy IR oscillator strengths given
in Table 1. For Im—Ar, this procedure results in an abundance
ratio of Ny:N, ~ 1.2, on the basis of the experimenta|y
intensity ratio of~3 and the theoretical ratio df;:l, ~ 2.5.
For Im™—N,, a lower limit for Ny:N, > 10 can be estimated
from the achieved signal-to-noise ratie%0) andly:l, ~ 4.
The larger abundance of the tmL(H) isomers suggests that
they are more stable than the ImL(xr) dimers, because the

Figure 6. Experimentalny frequencies of the most stable tmL,
isomers (L= Ar, Ny) as a function of the cluster size(Table 2). The
calculated frequency is used for baretlifn = 0).

only small incremental blue shifts afvyy = 18 cnmt andAvey
= 4 cm! from the corresponding dimer transitions. Conse-
guently, these bands are assignedy@ andvcy fundamentals
of an Im"—(N,), isomer, which is obtained by addingrebound
ligand to Im—Ny(H), denoted Imi—(Ny)2(H/x). Thevyy band
is again shaded to the blue, but the shading is less prominent
as compared to that of the dimer, leading to a larger width of
the band and a less pronounced P branch head. The calculations
for the Im™—Ny(r) dimer show that ar-bound ligand slightly
strengthens the NH bond ARy = —0.0004 A, Avyy = 6
cm™1). As a result of this N-H bond contraction induced by
the second ligand in Ifn—(Ny)2(H/x), the NH group becomes
less acidic and the strength of the H-bond to the firstijand
decreases. The large width of band A may also indicate the
presence of a less stable isomer, featuring two H-bound ligands
interacting with the NH group of Iy denoted If—(N,)2(2H).
Such isomers were previously invoked to explain the large
incremental blue shift oAvyy = 25 cnT?! observed in the
related I —(N,), cluster upon complexation with the second
ligand3” Hence, part of the signal in the blue wing of band A
may be attributed to If—(N2)2(2H) isomers. Significant
contributions of ImM—(N>)2 isomers, in which the second ligand
forms a H-bond to one of the CH groups, to the observed
Im*—(N)2 spectrum can be excluded from the absence of
intense absorptions in the spectral range expectextfoproton
donor stretch vibrations (3058100 cnt?l). Similar to
Im™—(Ny)2, the Im"—(N,)3 spectrum displays a broad and blue
shaded band (A) in the NH stretch range, and the incremental
blue shift of Avny = 10 cnT! suggests an assignment to an
isomer with one H-bound and twar-bound ligands,
Im*—(N2)2(H/27). The vny frequencies of the most stable
isomers of all Int—L, clusters investigated are plotted in Figure
6 as a function of the cluster size

The photofragmentation branching ratios measured for reso-
nantvyy excitation of the Hij — 1)z isomers of InT—(Np)n
provide useful information about the ligand binding energies.
In agreement with previous studies on related sys-
tems31.34.36,37.42,4446,50.53,74he range of photoinduced fragment
channels i) for a given parent cluster size)(is narrow, and

El source produces predominantly the most stable isomer of agt most two major fragment channels are observed. This

given complex44 Moreover, the energy difference between
both isomers appears to be significantly larger fot N, than
for ImT—Ar, resulting in a much less efficient production of
the z-bound isomer for the Ncontaining complex. This
observation is in line with the quantum chemical results (Table
1).

IV.B. Larger Im *—(N,), Complexes Similar to Im"—Np,
the IRPD spectrum of the Im-(Ny), trimer in Figure 4 reveals
two bands, A and C, at 3313 and 3132 dimwhich display

information can be used to roughly estimate ligand binding
energies within the framework of a simple model, which
assumes that the absorbed photon energy)(is available for
subsequent ligand evaporati#For this purpose, the ligands
are classified as H-bound and-bound, with dissociation
energies 0Dg(H) > Dg(r). Moreover, allz-bound ligands are
assumed to have the same binding energy. The measured
branching ratios aren = 0 (100%) forn = 1, m = 0 (83%)
andm =1 (17%) forn = 2, andm = 0 (57%) andm = 1
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(43%) forn = 3. These data suggest that the photon energy of aliphatic C-H bonds in A(H)" are only little acidic® so that
vau ~ 3300 cnt! is on the order of the sum of the binding dispersion forces favoring-bonds override the induction forces
energies of all three ligands in the tm(Ny)3(H/27) tetramer, favoring H-bonds.

leading to the rough estimate obg(rr) + Dg(H) ~ 3300 cn™. Similar to Ph(H) —N3,30316572An—N,,34 In*—N,,3” and
This experimental result is compatible with the quantum 1.Npt—N,,3 the H-bound isomer corresponds to the most stable
chemical well depths dDe(r) = 1056 cn* andDe(H) = 1807 Im*—N, structure. The lack of detection of fm-Ny()

cm! for the Im"—N_ dimer (Table 1). demonstrates that the-bound structure is a substantially less
) ) stable local minimum. Similarlysz-bound isomers were not
V. Further Discussion observed in the IRPD spectra of ArN,, Ph(H)'—N,, and

_ - — 30,34,36,65 - —
Both the IRPD spectra and the quantum chemical calculationsl Np* —N>. In_contrast, z-bound I —N, could be

. weakly observed, suggesting thabonding becomes competi-
suggest that the H-bond of Ar to limis more stable than the ) . . - ) . o~
m-bond. Recent determinations of accurate binding enerDigs ( tive Vf'g? H-.bondmg fqr A(H)F. Nz dimers with less a.CIdIC
of related A—Ar(xr) dimers, such as Bz-Ar (512 + 3 cnr).77 A(H)*.37 This observation confirms that the NH group inim
p-difluorobenzene—Ar (57'2i 6 ), 78 Int—Ar (537 + ’10 is slightly more acidic than in h(vide infra). In line with this
cm1),7 and PH—Ar (535 + 3 cm—i) 80 suggest that the trend, N complexes of A(H¥ without acidic functional gzroy%s,

’ 1 _ = _ Y5 ‘7
strength of thes-bond of Ar to an aromatic cation Ais ;‘.Jchl as BZE]H*), preferz bdqnds with N (laver H t;]ong'é. L
apparently rather insensitive to the detailed structure of A imifar to the corresponding Ar COMPIEXES, t © Issociation
Hence,Do() of Im*—Ar may be estimated as550 + 100 energies of A(HJ—Nx(x) are relatively insensitive to the
cm1, which is somewhat larger thdde = 451 cnt?! obtained detailed structure of f(H)'SO For exampleDo = 750 + 1530

! —1 — 1 1 +__ 4
at the UMP2 level (Table 1). Assuming that this level M for P?*f Na(7), JOO + 2580 cnm® for An Nzl(”)'
underestimates the strength of thebond and H-bonds with Ngog cm SSr BzH"—Ny(7), 1650 + 150 cm for
similar magnitude, the predicted well depth Df(H) = 621 1-Np ;\12(”)’ a7r21d 750+ 150 e for thf carbenium isomers
cm results inDo(H) ~ 750 cnm™. The Avyy shifts correspond ~ ©f PhH"—=Na(7).” Hence, Do(x) of Im _le may also be
directly to the changes in the intermolecular binding energies e§t|mated to be on the _order of 66800 cn™, |r11 accordance
uponvyy excitation. The-69 cnt® shift for Im™—Ar(H) implies with the UMP2 calculationsDe(z) = 1056 cmi™. In contrast
that the H-bond interaction increases by about 10% irvthe to n-l_)qndlng, the stre_ng_th of the H-bonds in A(H)N. depends
= 1 state. In contrast, thé-3 cnt blue shift predicted for ~ Sensitively on the acidity of the proton donor group of A(H)

Im*—Ar(sr) suggests thatyy excitation only slightly destabi- Thf UMP2 - calculations yieldDg(H) = 1807 cm* for
lizes the intermoleculat-bond. ImT™—Nx(H). Hence, the values oDg(r) and D¢(H) are

The millimeter wave spectrum of neutral +r has been consistent with the analysis of the photofragmentation d&ig, 2

interpreted with az-bound global minimum structufg.No (m) + DO(H)_N 330(_) cr.rrl_. ) )
experimental evidence for the H-bound isomer has been reported  The total interaction in iorrligand complexes with nonpolar
so far. Thez-bound isomer optimizes the dispersion forces ligands is mainly composed of the two-body interaction terms.
between Ar and ther-electron system of the aromatic ring, The interaction in neutral Arand (N)2 is on the order oDe ~
which dominate the attractive part of the intermolecular potential 100 cnm™.8-82 Consequently, for any angular orientation the
in So. lonization of Im-Ar(x) enhances the attraction by Optimal Imt—L interaction is significantly stronger than the
charge-induced dipole forces, which lead to a contraction of L—L attraction. Hence, the If-L, cluster growth is mainly

the intermolecular bond. This trend is also evident from the driven by the Ini—L dimer potential, because three-body forces
Comparison of the poten“a' parameters derived from the are weak. The derived solvation Sequence for the most stable

millimeter wave spectrum of ImAr (De ~ 300 cnT?, vs = 44 Im*—L,, complexes starts with the formation of a H-bound
cmL, Ring—ar = 3.481 A) with the corresponding UMP2 values Im*—L dimer core, which is then further solvated by— 1
for Im*—Ar in Table 1 Oe = 451 cm', vs= 52 cnTL, Ring-ar s-bound ligands. A similar cluster growth process was recently

~ 3.42 R). A similar contraction 0AR;ng—a = —0.07 Aupon  deduced for Ph(H)}-Ls, 1-Np'—L,, and An'—L, with L =
ionization has also been derived from the analysis of rotationally Ar and No, which also starts with the solvation of the available
resolved spectra of B2—Ar(x).7 acidic protons of the Of and NH groups by H-bound ligands,
Significantly, the IRPD spectrum and the quantum chemical pefore furtherz-bound ligands are attached to the aromatic
calculations of Ini—Ar clearly demonstrate that the H-bond is  fing.3t3436.72.73
the preferred intermolecular recognition site ip, Because of The plots ofvyy of the most stable Im—L, isomers as a
the additional induction forces between the'loharge distribu-  function of the cluster size in Figure 6 mirror the preferred
tion and the polarizability of Ar. In particular, the large positive evolution of the solvation (sub)shells. The first H-bound ligand
partial charge on the acidic NH proton causes the substantialinduces a large red shift iy because of the destabilization
additional stabilization of the H-bond on ionization. The of the N—H bond upon intermolecular H-bonding. The mag-
apparent ionization-induced switch in the preferred recognition nitude of Avny is correlated with the strength of the intermo-
motif from z-bonding to H-bonding has recently been demon- lecular interaction, leading to a larger shift for N, than for
strated for several ®—Ar and A™)—CH, dimers involving L = Ar. The H-bound InT—N; dimer is further solvated by
aromatic molecules &) with acidic functional YH groups (Y m-bound ligands, which induce small incremental blue shifts
= O, N) and appears to be a general phenoméhdrhe of vnu. Thus,zr-bound ligands slightly destabilize the intermo-
molecules investigated so far are A (para-halogenated) lecular H-bond to the first ligand via noncooperative three-body
Ph30-33 An,351n,37 1-Np2® and Im. H-bonds to Ar are also the  forces, which in turn stabilize the intramolecularN bond.
most stable binding pattern for protonated aromatic molecules Because of noncooperative three-body interactions, the magni-
(AH™) featuring acidic functional groups, such as PhH tude of the incremental blue shift decreases with the number of
1-NpH*, and ImH".3643.65.72.7jgnificantly, Ar and CH prefer s-bound ligands in the compleéR The vy frequencies are not
intermolecularz-bonds over H-bonds to A(F)without acidic converged at the largest cluster size investigated, because the
substituents, such as Bz(H}>°°70 Both the aromatic and first solvent shell around Imis not complete an = 3.
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Unfortunately, neither Ar nor Nmatrix isolation studies are
available for Int,83 preventing a quantitative comparison of the
Im*—L, cluster band shifts with the bulk limin(— ) at the
present stage.
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L is H-bonding to the acidic NH group, whereashonding to
the aromatic ring and H-bonding to the CH groups are less
favorable. Consequently, the preferredtial, cluster growth
begins with the formation of H-bound L dimers, which

Previous spectroscopic studies have shown that the complex-are further solvated bl — 1 z-bound ligands. Thévyy shift

ation-induced red shift in the proton donor stretch vibration of
H-bound XH"—L dimers,Avxy, is correlated with the difference
in the proton affinities (PAs) of the two bases X anéP[21.63.84.85
For a given L Avxy is directly correlated to PA(X): the larger
the PA(X), the stronger the intermolecular-H bond and the
larger theAvxy. This trend can be used to derive unknown PA
values of bases X from IR spectra of their XHL dimers.
Recently, this procedure was applied to XK In*™ and 1-Np

to obtain the first experimental estimates for the PA of the
indolyl and 1-naphthoxy radicaf8:3’ The measured relative red
shifts | Avxy|/vxy for a series of XH—Ny(H) dimers with XH"

= SiOH", PH", trans-1-Np*, In™, and An" decrease as 14.1%
> 4.8% > 3.13% > 2.2% > 0.57%, in line with the
corresponding increase in PA(X) along this series: %7873

< 908 < 923 < 950 kJ moft1.38 The |Avnu|/vay ratio for
Im*—Nx(H) of 3.9% determined in the present work is
significantly larger than that of h—Nx(H), implying that the
NH group in Im" is considerably more acidic than that in"In
This trend is also seen in the smallag frequency of Int
compared to that of I (3430 and 3454 cmi). Linear
extrapolation using the data (PA and shifts) of the aromatic
cluster ions listed above yields PA890 kJ mot? for imidazyl
radical.

Similar to vyu, the vey frequencies are a measure of the
strength and acidity of the -©H bonds. The calculations
demonstrate that all three CH groups intlfeature similar bond
lengths and stretch frequencies, implying that they are of
comparable acidity. Comparison of the experimengalvalues
of Im (3135-3160 cm%)%® and Im" (~3128 cnTl) confirms
the theoretical prediction of a slight decrease in theHbond
strength upon ionization. The fact thegy appears to slightly
increase upon sequentiab domplexation (Table 2) suggests
that the C-H bond strength increases again hybound
solvation. Comparison afcy of Im™ (~3128 cntl) with those
of aromatic G-H stretch modes (8phybridization of C) of

of ImT—N_(H) yields a first experimental estimate for the proton
affinity of the imidazyl radical of~890 &+ 30 kJ moi?,
demonstrating that IR spectroscopy of cluster ions can be used
to probe thermochemical properties of transient radicals. The
most stable ImM—Ar structure (H-bound isomer) differs quali-
tatively from that of the neutral dimerz{bound isomer),
emphasizing the large impact of ionization on the interaction
potential and the preferred recognition motif between acidic
aromatic molecules (A) and nonpolar ligands. The ionization-
induced w — H switch in the preferred binding type in
A)—Ar complexes has now been established for a large variety
of A molecules with acidic functional YjHgroups (Y= O,

N) and seems to be a general phenometi@ignificantly, the
IRPD spectra of Im—L,, yield the first spectroscopic informa-
tion about the/cy andvyy vibrations of bare Im, demonstrating
that IR spectroscopy of cluster ions can also be used to probe
fundamental properties of isolated ions (messenger technique).
Comparison betweercy andvyy of Im and Im™ suggests that
ionization enhances the acidity of both the-B and N—-H
bonds of this fundamental biomolecular building block.
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