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Interaction of the Benzenium Ion with Inert Ligands: IR Spectra of C(H,"—L,
Cluster Cations (L = Ar, N,, CH,, H,0)

Nicola Solca and Otto Dopfer*!?!

Abstract: IR photodissociation spectra
of mass-selected clusters composed of
protonated benzene (CsH; ") and several
ligands L are analyzed in the range of
the C—H stretch fundamentals. The in-
vestigated systems include CH;*—Ar,
CH;—(N,), (n=1-4), CH;'—(CH,),
(n=1-4), and C¢H,"—H,0. The com-
plexes are produced in a supersonic
plasma expansion using chemical ion-
ization. The IR spectra display absorp-
tions near 2800 and 3100 cm~!, which are
attributed to the aliphatic and aromatic
C—H stretch vibrations, respectively, of

of CsH," The CH;*—(CH,), clusters
show additional C—H stretch bands of
the CH, ligands. Both the frequencies
and the relative intensities of the C;H,™
absorptions are nearly independent of
the choice and number of ligands, sug-
gesting that the benzenium ion in the
detected C¢H,"—L, clusters is only
weakly perturbed by the microsolvation
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process. Analysis of photofragmentation
branching ratios yield estimated ligand
binding energies of the order of 800 and
950 cm™! (~9.5 and 11.5 kJmol ') for N,
and CH,, respectively. The interpreta-
tion of the experimental data is support-
ed by ab initio calculations for
C¢H,/—Ar and CcH,*—N, at the MP2/
6-311 G(2df,2pd) level. Both the calcu-
lations and the spectra are consistent
with weak intermolecular & bonds of Ar
and N, to the C¢H;" ring. The astro-
physical implications of the deduced IR
spectrum of C¢H," are briefly discussed.

the benzenium ion, that is, the o complex

Introduction

Protonation of aromatic molecules is a central process in
organic chemistry and biology. Protonated aromatic mole-
cules (AH") occur frequently as reactive intermediates in
fundamental organic reaction mechanisms. For example, AH"
may appear in the form of & complexes and/or o complexes
(Wheland intermediates) in electrophilic aromatic substitu-
tion reactions, which is one of the most common chemical
reaction types for aromatic molecules.l Tt is well established
that fundamental properties of these ion —molecule reactions,
such as the structures and energies of minima and transition
states, depend sensitively on the environment. Hence, gas-
phase studies of AH* are required to separate their intrinsic
molecular electronic properties from interfering solvation
effects caused by counterions or surrounding solvent mole-
cules.”l In the past, nearly all experimental information about
isolated AH* ions has come from mass spectrometry.?
However, the results of these experiments provide only
limited, indirect, and often disputable information about the
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details of the structure and energetics of AH™ (e.g., the site of
protonation).l In contrast to mass spectrometry, spectro-
scopic techniques (in particular IR spectroscopy) are very
sensitive tools to probe directly the structure of molecules.
Until very recently (2001), however, no spectroscopic char-
acterization of the structure of any isolated AH" ion had been
reported, mainly because of the experimental difficulties
involved in the production of sufficient ion densities.

In the past two years, the application of two sensitive IR
spectroscopic methods has provided the first structural
characterization of basic AH™ ions in the gas phase under
controlled microsolvation conditions.>! The first technique
involves IR photodissociation (IRPD) spectroscopy of size-
selected AH™L, complexes, in which AH™" is solvated by a
well-defined number of inert ligands L (e.g., L=Ar or
N,).-4 %] The IR spectrum of AH* is obtained by monitoring
the laser-induced evaporation of the weakly bound ligand(s)
through vibrational predissociation. The ligands L act as a
messenger or spy,I®“ because the perturbation of AH* upon
complexation is small. The modest influence of the weak
intermolecular interaction between AH™ and L may either be
controlled by the variation of L (i.e., the strength of the
interaction) or determined by quantum chemical calcula-
tions.> 461011 So far, this strategy has been applied to
AH™L, complexes of protonated benzene (C;H,™L,L = Ar
and N,),Bl protonated phenol (C4H,O*—Ar,, n=1 and 2),1
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and protonated fluorobenzene (CHGFt—(N,),).5 IRPD
spectra of C¢H, L in the C—H stretch range have unambig-
uously shown for the first time that the o complex corresponds
to the most stable structure of isolated C¢H;" in agreement
with condensed-phase data and ab initio calculations.®! Thus,
the long-standing controversy present in the mass spectrom-
etry community, as to whether the o or m complex is more
stable, could be solved. Similarly, IRPD spectra of
C¢H,0"—Ar, in the O—H stretch range provided for the first
time direct site-specific information about the preferred
protonation sites of phenol in the gas phase.! Only o
complexes of CgH,OT are observed and protonation occurs
preferentially in ortho and/or para position of the aromatic
ring (carbenium ions) as well as at oxygen (oxonium ion).
Protonation at the less favorable meta and ipso positions is not
observed. As an alternative to IRPD of weakly bound
AH*-L, clusters,>* % the second approach utilizes IRPD
of the bare AH" monomer. The latter technique enables the
spectroscopic characterization of AH" completely free from
any solvation effect (i.e., without messenger) and has so far
been applied only to protonated fluorobenzene, CgHgF*.°®l In
this study, the low dissociation energy of the fluoronium
isomer of C{HGF" with respect to dehydrofluorination has
been exploited to selectively record the IR spectrum of this
specific isomer in the C¢Hs" fragment channel. The more
stable carbenium isomers of C;HF* escaped spectroscopic
detection, because HF elimination requires much more
energy for these ions. Very recently, several carbenium
isomers of CiH¢F™ have been selectively identified through
the application of the messenger approach to
C6H6F+_(N2)2~[5a]

Protonated benzene, the most simple arenium ion, is an
ubiquitous ion in mass spectra of hydrocarbon molecules.['”
Moreover, it is a central species in modern models of the ion —
molecule reaction chemistry of many terrestrial and extra-
terrestrial hydrocarbon plasmas, such as combustion
flames,['*! planetary ionospheres,[' and interstellar media.['”]
Quantum chemical studies usually consider three binding sites
for H* to C¢Hg.> ¢ 171 All theoretical studies agree that the
benzenium ion (o complex, C,,) corresponds to the global
minimum on the potential of protonated benzene. The
bridged structure (benzonium ion, C,,) is identified as the
lowest transition state between equivalent o complexes, with
an activation barrier of FE,~25-45kJmol™' for proton
migration. The t complex (face-protonated structure, Cg,) is
predicted to be a second order saddle point, lying approx-
imately 200 kJ mol~! above the ¢ complex. Condensed phase
spectroscopic (NMR, IR, UV)[8l and crystallographic datal'!
of CsH," in salts or super acid solutions are consistent with
these theoretical predictions. Results of gas-phase studies to
establish the most stable C,H," structure free from solvation
effects are controversial. The UV photodissociation spectrum
of bare C4H,; % differs significantly from the corresponding
solution spectrum!'®! and does not provide any structural
information. Mass spectrometric experiments offer only
indirect and disputable structural data. Although most of
these studies deduce that the o complex is more stable than
the 7 complex,?*4 a recent interpretation comes to the
reverse conclusion.?
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In a recent communication,’! IRPD spectra of C;H,*—L
(L=Ar, N,) were analyzed in the C—H stretch range. The
main results relevant for the present work are briefly
summarized. The spectra of C¢H,*—Ar and C¢H;™—N, are
very similar, confirming the expectation that the weakly
bound ligands have indeed nearly no influence on the C{H;*
properties. Comparison with the spectra calculated for the o
complex, the t complex, and the bridged structure of C;H;*
unambiguously shows that the experimental spectra are
clearly dominated by dimers of the o complex. Consequently,
the o complex of C;H;* was concluded to be the most stable
isomer of protonated benzene, in agreement with all calcu-
lations and most mass spectrometric conclusions. Preliminary
ab initio calculations of the intermolecular potential-energy
surfaces of CsH,™—Ar and C4H,™N, suggested that the
ligands are weakly attached to the aromatic ring (7t bonds,
Figure 1), with dissociation energies of only D.=5.2 and
11.1 kJmol~!, respectively.’!! As these energies are much
smaller than the variations of the potential of bare CH,*,>!]
the weak intermolecular m bonds cause only a negligible
perturbation of the C¢H,;" properties, and the C¢H;™—L
spectra closely resemble that of isolated C;H;™

° CeHy*-Ar

.. 1929
932 ™,

Figure 1. Sketch of the structures of selected minima on the intermolecular
potential-energy surface of C¢H;*—L (L=Ar and N,) calculated at the
MP2/6-311 G(2df,2pd) level. Intermolecular dissociation energies (D.) are
given in cm™! (1 kJmol~'~83.6 cm™).

The present work reports IRPD spectra of a variety of
isolated C4H,™—L,, clusters (with L = Ar, N,, CH,, H,0;n <4)
to extend the previous studies of C;H,™—Ar and C(H,™N, to
complexes with more strongly bound ligands and a larger
number of solvent molecules. Hence, the results provide
valuable information about the dependence of the C¢H,*
properties on both the degree of solvation and the intermo-
lecular ion —solvent interaction strength. Eventually, control-
led tuning of the microsolvation of AH™ allows us to monitor
step-by-step the transition from the gas to the condensed
phase. Particularly for ion—molecule reaction mechanisms,
strong solvation effects cause the properties of the gas-phase
reaction to be very different from the condensed-phase
analogue. For example, while the o complex is the global
minimum of isolated C4H,™, it usually becomes a very reactive
intermediate in electrophilic aromatic substitution reactions
in solution. The IR spectroscopic approach is complemented
by detailed calculations of the intermolecular potential of
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C¢H;*—L (L = Ar, N,) to investigate the interaction strength
for various competing ligand binding sites (e.g., hydrogen
bonds and & bonds, Figure 1). The calculated ligand binding
energies will be compared to those derived from the analysis
of the experimental photofragmentation branching ratios of
larger C¢H, 7L, clusters.

In general, gas-phase spectra of AH™ are not only desired to
characterize organic reaction mechanisms, but also to identify
such ions in hydrocarbon plasmas, such as combustion flames
and interstellar media. For example, protonated polycyclic
aromatic hydrocarbon molecules are important ions in
modern astrochemical models™ and discussed as possible
carriers for the well known but not yet assigned diffuse
interstellar bands (DIBs) as well as the unidentified IR
emission bands (UIR).['** 221 The recent detection of benzene
in interstellar objects supports the suggestion of the presence
of (protonated) aromatic molecules in interstellar space.l*
The astrochemical implications of the deduced IR spectrum of
C¢H; " will be briefly discussed.

Experimental Section

IRPD spectra of C;H,™L, (L= Ar, N,, CH,, H,O) clusters were recorded
in a tandem mass spectrometer, which was coupled to an ion source and an
octopole ion trap.?’! The ion source combines electron ionization with a
pulsed supersonic expansion. The expanding gas mixture was produced by
passing a suitable carrier gas at room temperature through a reservoir filled
with benzene. The employed gas composition was H,:He:Ar (ratio 1:1:16,
10 bar stagnation pressure) for the production of C;H,'*—Ar, H,:He:N,
(1:1:20, 10bar) for C¢H;*—(N,),, and H,:He:CH, (1:1:16, 6 bar) for
C¢H,"—(CH,),. The expansion gas for the generation of the C¢H,*—H,O
dimer was produced by passing a H,:He:N, mixture (1:1:16, 6 bar) through
two successive reservoirs filled with water and benzene. Electron ionization
of the expansion (E=10?¢eV) close to the nozzle orifice and subsequent
ion—molecule and clustering reactions in the high-pressure regime of the
expansion generated cold C¢H,; L, cluster ions. The dominant mechanism
for C¢H,™—L, production begins with chemical ionization of CgHq
(generating C,H,") and is followed by three-body aggregation reactions
to form weakly bound C,H;*—L,.Pl A typical mass spectrum of the ion
source is shown in Figure2 for the conditions used for C¢H,™—Ar
generation. The mass spectrum is dominated by (protonated) benzene
cluster ions, their fragments, and ArH,* (n=0, 1). Major fragment ions of
C¢Hg,* are indicated by filled circles.'”! The relative abundance of

CeH7*

CeHg*
N
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Figure 2. Mass spectrum of the cluster ion source under the conditions
used for the production of C4H;™—Ar. The spectrum is dominated by
(protonated) benzene cluster ions, their fragments, and ArH,* (n=0, 1).
Major fragment ions of C¢Hy,* are indicated by filled circles.!'? Part of the
spectrum is vertically expanded by a factor of 40 to show weak peaks. The
relative intensities of CsH, —Ar (open circle) and C;H,+ are 1:1400.
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C¢H,"—Ar (open circle) with respect to C;H;* was only 1:1400. The small
efficiency for cluster formation under optimized conditions is in line with
the weak interaction between C,H," and Ar.

The generated C;H;"—L, ions were selected by an initial quadrupole mass
spectrometer (QMS1) and interacted in an adjacent octopole ion guide
with a tunable IR laser pulse generated by an optical parametric oscillator
laser system. Resonant vibrational excitation of C¢H,™L, led to the
evaporation of weakly bound ligands [Eq. (1)]:

CeHy L, +vig — CH;—L,, + (n—m)L 1)

Only the rupture of the weak intermolecular bonds was observed upon
laser excitation. The C{H;*—L,, fragment ions were selected by a second
quadrupole mass filter (QMS2) and monitored as a function of the laser
frequency to obtain the IRPD spectrum of C¢H,"—L,. In addition to laser-
induced dissociation (LID), CsH,"—L,, fragment ions could also be
produced by metastable decay (MD) of hot parent ions in the octopole
region. To distinguish LID signals from MD background, the ion source
was triggered at twice the laser repetition rate and signals from alternating
triggers were subtracted. As an example, Figure 3 shows the mass spectra

n=3
m=2
m=0 m=1
b) A, o
a) n. \.
80 100 120 140 160

m/u
Figure 3. Mass spectra obtained by mass-selecting C,H,*—(N,); with
QMS1 and scanning QMS2 without (a) and with (b) resonant laser
excitation. In spectrum a the C¢H;*—(N,),, fragment ions (m =1, 2) arise
from metastable decay. In spectrum b, the laser is tuned to a resonance of
CeH;—(N,);, vig =2827 cm ™, leading to additional fragmentation into the
C¢H," channel (m =0).

obtained by mass selecting C4H;"—(N,); with QMS 1 and scanning QMS 2
without (a) and with resonant laser excitation (b). Spectrum a contains a
strong parent peak (n=3) and weak signals in the m=2 and m=1
fragment channels arising from MD (3% and 0.07% of parent). Spec-
trum b, obtained with the laser tuned to a resonance of C¢H;'—(N,);,
reveals additional fragmentation into the m =0 channel caused by LID
(0.3% of parent). In this case, excitation occurred at vg=20¢¢
(2827 cm™!), which was the strongest transition observed in the investigated
spectral range. The weak photodissociation yield of 0.3 % of the parent ions
implies that all observed transitions have rather low IR oscillator strengths,
giving rise to the modest signal-to-noise ratios. This observation confirms
previous experience that C—H stretch vibrations of aromatic cations have
low IR intensities.® > According to Equation (1), several fragment
channels () may be observed for parent clusters with n > 2. In this case,
action spectra were recorded simultaneously in the two dominant fragment
channels. As the spectra recorded in different daughter channels are
similar, only the spectrum obtained in the dominant channel is shown in the
figures.

Pulsed and tunable IR laser radiation was created by a single-mode optical
parametric oscillator pumped by a Nd:YAG laser. The laser pulses are
characterized by a bandwidth of 0.02cm™!, a duration of 5ns, and an
intensity of <200 kW cm~2 Calibration of the laser frequency (accurate to
better than 0.2 cm~!) was facilitated by optoacoustic reference spectra of
HDO recorded simultaneously with the action spectra.*’]
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Results and Discussion

Computational results: Quantum chemical calculations for
C¢H," and CgH,™—L (L = Ar, N,) were carried out at the MP2/
6-311G(2df2pd) level of theory.”) All coordinates were
allowed to relax during the search for stationary points.
Intermolecular interaction energies of the dimers were fully
counter-poise corrected for basis set superposition error.’!
Previous calculations for the CiH,;* monomer at this level of
theory confirmed that the ¢ complex corresponds to the
global minimum structure on the intramolecular potential-
energy surface, whereas the bridged structure (transition
state) and the m complex (saddle point) were predicted to be
27 and 206 kJmol~! higher in energy, respectively.’! Con-
sequently, only C;H, L dimer structures with a o complex of
CsH,* are considered in the present work. Figure 1 summa-
rizes the calculated structures of selected C,H, L minima.
Three principal binding sites are identified on the intermo-
lecular C¢gH, L potential for L = Ar and N,. The ligand can
bind to the m-electron system of the aromatic ring (7t bond) or
form hydrogen bonds to either the aliphatic CH, group (CH,
bond) or an aromatic CH bond (CH bond). For CH-bonding,
only the para position with respect to the CH, group is
considered, because the interaction with other CH bonds is
expected to be very similar (Figure 1). The analysis of the
charge distribution in C¢H,*, employing the AIM (atoms-in-
molecules) population analysis, yields a larger positive partial
charge on the CH, protons (+0.16 ¢) compared to any of the
CH protons (+0.12 e), suggesting that the former protons are
more acidic. This view is supported by the averaged lengths
and harmonic vibrational stretching frequencies of the C—H
bonds in C4H,", which confirm that the aliphatic C—H bonds
are indeed weaker and longer than the aromatic ones: 7.~
1.10 versus 1.08 A and ey~ 3000 versus 3250 cm~! for CH,
versus CH, respectively.

In the case of C,H,™—Ar, the m-bound structure with C;
symmetry is the global minimum on the intermolecular
potential, with a dissociation energy of D.,=434cm™! and
an intermolecular Ar-ring separation of R, =3.37 A. The Ar
ligand is shifted from the center of the aromatic ring toward
the CH, group. The structure with the nearly linear hydrogen
bond to the CH, group is a local minimum (C,) with D,=
293 cm ! and an Ar—H separation of R, =2.65 A. The other
local H-bound minimum features a linear and slightly weaker
hydrogen bond to the CH bond in the para position (C,,) with
D.=220cm'and R, =2.78 A. Apparently, for C;H;"—Ar the
dispersion interaction (favoring the m bond) overrides the
induction interaction (favoring the hydrogen bonds).

The interaction in C¢H,; N, is significantly stronger than in
C¢H;™—Ar, because the nonvanishing quadrupole moment of
N, (=5 x 107 Cm?)® gives rise to additional electrostatic
attraction, mainly through charge —quadrupole interactions.
Both dispersion and induction forces are also expected to be
slightly stronger in C;H;"—N,, as the (parallel) polarisability
of N, is larger than that of Ar (¢ =1.64 and 2.38 A3 for Ar and
N,, respectively).? The anisotropy of the long-range charge-
induced dipole and charge —quadrupole interaction favors a
linear over a T-shaped approach of N, toward a positive
charge.® 1% 2931 Consequently, all three C;H,"—N, minima in
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Figure 1 feature (nearly) linear C{H,"—N—N configurations
(i.e., the N, molecule is pointing toward the cation). In
contrast to C¢H,"—Ar, the C;H,"—N, minima with the & bond
(D.=929 cm™, R.=3.04 A, C,) and the hydrogen bond to the
CH, group (D, =932 cm™!, R, =2.29 A, C,) are very similar in
energy. Again, the linear hydrogen bond to the CH bond
(D,=728 cm™!, R,=2.43 A, C,,) is weaker than that to the
CH, group. Apparently, while in C;H;*—Ar the & bond is
clearly more stable than the hydrogen bonds (by 50—100% ),
the additional electrostatic and induction interactions in
CsH,™N, cause the hydrogen bonds to become more similar
in energy to the & bond. In line with the larger proton affinity
of N, compared to Ar (494 and 369 kJ mol'),*?l the hydrogen
bonds gain more in stability than the s bonds by passing from
Ar to N,.

In general, the long-range attraction of the intermolecular
potential in weakly hydrogen-bound ion —ligand complexes of
the type AH'™—L is dominated by the electrostatic and
inductive forces between the charge distribution of AH*
and the permanent multipole moments and polarizabilities
of L.I6:10-331 A key factor for the interaction strength is thus the
positive partial charge localized on the intermediate proton
(qy)- Table 1 and Figure 4 summarize the calculated binding
energies (D,) for a variety of hydrogen-bound AH'—L dimers
(L=Ar, N,) involving aromatic cations, namely C,H;* and
the cyclopropenyl (c-C;H;*), aniline (C4H,N*), and (proton-
ated) phenol (C¢Hy,O") cations. As a general trend, D,
increases with gy. In particular, the CH,—L bonds are much
weaker than the OH—L and NH,—L bonds. As mentioned
earlier, the CH—L bonds in C;H,—L are weaker than the
CH,—L bonds, because the CH protons are less acidic.

Table 1. Dissociation energies (D,) of selected hydrogen-bound AH*—Ar
and AH*—N, dimers involving aromatic AH™ ions, along with the positive
partial charge (AIM) on the intermediate proton (gqy), calculated at the
MP2/6-311 G(2df,2pd) level (1 kImol~!'~83.6 cm™).

AH* qu [e] D, (Ar) [em™] D, (Ny) [em™]
C.H,* (CH) 0.12 220 728
C.H,* (CH,) 0.16 293 932
¢-CyH,* (CH)™ 027 365 1227
CH,N* (NH,)" 0.48 513 1431
C.H,0* (OH)H 0.67 633 1808
C.H,0* (OH) 0.66 656 1910

[a] Ref. [29]. [b] Refs. [31, 46]. [c] Ref. [54] (assuming para protonation).
[d] Refs. [30, 54].
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Figure 4. Dissociation energies (D,) of selected H-bound AH*—Ar and
AH™N, dimers involving aromatic AH" ions as a function of the positive
partial charge (AIM) on the intermediate proton (gqy), calculated at the
MP2/6-311 G(2df,2pd) level (Table 1).
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Spectroscopic results: The IRPD spectra of the CiH;*—L
dimers (L = Ar, N,, CH,, H,O) recorded in the C—H stretch
range are reproduced in Figure 5, along with a simulation of
the spectrum calculated for the o complex of the CiH,"
monomer. The corresponding spectra of larger C;H, —(N,),
and C¢H,"—(CH,), clusters with n<4 are compared in
Figure 6. The positions, widths, and assignments of the

A-C

CeHy*-Hy0 iw M M
WMA;:J‘\ '; Gy pE
CgHy*~CH, W WMM

CeH7*-N2

CGH7+—AF
UC-:}; Oc-?
sp i/ sp
CgH7* MA
2600 2800 3000 3200
v/ cm™!

Figure 5. IRPD spectra of C;H,"—L (L = Ar, N,, CH,, H,0) in the C-H
stretch range recorded in the C{H," fragment channel. The positions,
widths, and assignments of the observed transitions (labeled A-H) are
listed in Table 2. The experimental spectra are compared to a spectrum of
the o complex of isolated C¢H;" calculated at the MP2/6-31 G(2df,2pd)
level (convolution width 5 cm™!, scaling factor 0.9426).F) Aromatic C—H
stretch modes (0¢_y, sp?) occur near 3100 cm~!, whereas aliphatic C—H
stretch modes appear near 2800 cm™ (0¢_y, sp®). Corresponding transitions
are connected by dotted lines.

F CeH7*-(CHa)p
GH E
D
c JL——M—-« 4-1
Apg P L
2—0
1-0

1-0
2600 2800 3000 3200
g/ cm?
Figure 6. IRPD spectra of C¢H, L, with L =N, and CH, recorded in the
dominant C;H,;"—L,, fragment channel (indicated as n — m). The positions,
widths, and assignments of the observed transitions (labeled A-H) are
listed in Table 2. Corresponding transitions are connected by dotted lines.

observed transitions (labeled A —H) are listed in Table 2. The
assignments of the C¢H;"—Ar1/N, spectra have been discussed
previously.®l Thus, only the results relevant for the present
work are briefly summarized here.

CH,—L (L=Ar, N,, CH,): The IRPD spectra of
CsH,™—ATr/N, reveal five transitions in the C—H stretch range
(A —E). By comparison with the spectrum calculated for the o
complex of C¢H;* bands A and B near 2800 cm~! have been

Table 2. Band maxima and widths (FWHM in parentheses) of the transitions [in cm~!] observed in the IRPD spectra of C¢H,"—L, recorded in the dominant

fragment channel.

L n peak position assignment L n peak position assignment
Ar 1l A 2795 (6) sym oy (sp’) CH, 1 A 2778 (8) sym oy (sp’)
B 2810 (8) asym o¢ g (sp’) B 2803 (7) asym ocy (sp®)
C 2819 (8) 20cc (sp?) C 2825 (14) 20c_c (5p%)
E 3110 (10) Ot (5p2) F 2906 (10) v,
N, 1Ml A 2792 (9) sym oy (sp’) G 3005 (24) Vs
B 2809 (6) asym oc_y (sp®) H 3026 (14) Vs
C 2821 (15) 20¢-c (sp?) D 3080 (14) oy (sp?)
D 3081 (14) Ocy (sp?) E 3108 (20) oy (sp?)
E 3109 (12) Oc- (sp?) 2 A 2776 (15) sym oy (sp’)
2 A 2791 (15) sym ocy (sp?) B 2795 (10) asym ocy (sp®)
B 2808 (8) asym o¢y (sp’) C 2829 (14) 20¢-c (sp?)
C 2825 (13) 20cc (sp?) F 2905 (7) "
D 3083 (15) e (sp) G 3008 (10) vy
E 3109 (12) Ot (5P H 3025 (7) ”,
3 A 2788 (18) sym ¢y (sp®) D 3081 (14) Oy (sp?)
B 2806 (12) asym oy (sp®) E 3107 (11) Ocy (sp?)
C 2827 (16) 20c.¢ (5p?) 4 F 2905 (5) "
D 3083 (12) Ot (5P G 3004 (17) v,
E 3109 (10) Oyt (5P H 3025 (7) ”,
4 A 2789 (11) sym ¢y (sp®) D 3078 (11) Ocy (sp?)
B 2807 (13) asym oc_y (sp®) E 3105 (6) Ocy (sp?)
C 2826 (20) 20¢.c (sp?) H,0 1 A/B 2797 (36) Oyt (sp°)
C 2826 (23) 20cc (sp?)
[a] Ref. [3].
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assigned to the symmetric and antisymmetric C—H stretch
modes of the aliphatic CH, group (sp® hybridization of the C
atom). The third and most intense transition in this frequency
range (band C) has been interpreted as a C—C stretch
overtone of the ring, 20~ (sp?), on the basis of spectra of
isotopically labeled complexes, C¢H,_.D,*—Ar/N,.Bl This
transition is not included in the simulation of C¢H," in
Figure 5. Two additional bands (D and E) occur with
significantly lower intensity in the 3100 cm~! range. Those
are readily assigned to aromatic C—H stretch modes of the
ring (sp? hybridization of the C atom),?! and occur close to the
corresponding transitions of CqHg*—L (near 3095 cm1).[8 34

Similar to C4H,/—Ar/N,, the C;H,/—CH, spectrum shows
the five transitions attributed to absorptions of the C;H,™ core
(A-E). Moreover, the CH;*—CH, spectrum demonstrates
additional bands at 2906 (F), 3005 (G), and 3026 cm~! (H) that
are not present in the CgH;,/—Ar/N, spectra. Consequently,
they are assigned to transitions of the CH, ligand. By
comparison with the bare CH, spectrum, they can be
attributed to the symmetric and antisymmetric C—H stretch
fundamentals of the dimer (v,=2916.5cm™! and v;=
3019.5 cm™! for isolated CH,).’™ The presence of C4H,* has
a profound effect on both the IR intensities and the
frequencies of the CH, vibrations. For example, the IR-
forbidden v, fundamental of tetrahedral CH, becomes com-
parable in intensity to the strongly IR-active v; fundamental
in C¢H,—CHy,. The presence of the charge polarizes the CH,
molecule, giving rise to the strong IR enhancement of v,. In
addition, the v, frequency is reduced by 11 cm~' upon
complexation with C¢H,", implying that the intermolecular
interaction increases slightly upon v, excitation. The v;
fundamental is triply degenerate for isolated CH,. Symmetry
reduction splits v; into at least two components in C;H,—CH,
(bands G and H) with a separation of 21 cm~!. In general, the
effects of C¢H;" on the vibrational spectrum of CH, are very
similar to those observed and discussed in more detail
previously for the related C;Hyt—CH, dimer.[

The C—H stretch bands of the aliphatic CH, group near
2800 cm™! (A and B), together with the 20 overtone
(band C), are an unambiguous spectroscopic fingerprint of the
o complex of C;H, P Other CgH,* structures, such as the m
complex or the bridged structure, are not expected to absorb
in the 2800 cm~! range.P! Consequently, the CgH;*—L dimers
with L = Ar, N,, and CH, are concluded to have a 0 complex
of C¢H," as the cation core. Thus, the proton is clearly
attached to C4H and not to the ligand L, implying that the
observed [C.H¢—L]H" complexes are indeed best described
by CsH;—L and not by C;H,—LH™*. This view is supported by
the large disparity in the proton affinities (PA) of C;H, (PA =
750 kJmol~") and L (PA =369, 494, and 544 kJmol~! for Ar,
N,, and CH,).’2 Moreover, in all three cases only C¢H;* is
observed as fragment ion upon IR excitation. For
C¢H,/—CH,, absorptions of the CH, ligand are clearly
identified and confirm the C4H,—CH, notation (the IR
spectra of CH5**) and its clusters®”! are rather different from
that of CH,). In addition, C;H,—LH* complexes are expected
to absorb near the C—H stretch fundamentals of neutral C¢H,
(3061 +13 cm~"),B%] but no signal is observed in the exper-
imental spectra in this range (Figure 5).
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All spectroscopic, thermodynamic, and theoretical data for
CsH,*—L with L = Ar, N,, and CH, clearly suggest that their
most stable structures are composed of C,H," and L. The
interaction between C¢H;" and L is expected to increase in the
order Ar<N, < CH, on the basis of the proton affinities,
polarizabilities, and higher order permanent multipole mo-
ments of L. The theoretical results in Figure 1 confirm this
conclusion. Despite the somewhat different binding energies,
the IRPD spectra of C{H;"—L are quite similar in the C—H
stretch range. The differences between the center frequencies
of bands A -E of C;H,*—L (<17 cm™!) are of the order of the
widths of the bands (6—20 cm™'). This observation implies
that the perturbation of L on the C¢H;" spectrum is relatively
weak in the C—H stretch range, and the observed cluster
spectra provide good approximations of the IR spectrum of
bare C¢H;* (messenger technique).B!

Closer inspection actually shows that the frequencies of
bands A —E display small but noticeable monotonic shifts as
the interaction increases in the order Ar <N, < CH, (Table 2,
Figure 7): the shifts are largest for band A (—17 cm™),

2820} e
2800 ‘*‘\B’

v/cm!

2780 ’\X

Ar le CH,4

Figure 7. The positions of the bands A, B, and C observed in the IRPD
spectra of CsH,;"—L are plotted as a function of the ligand L. The monotonic
trends suggest that the intermolecular interaction increases in the order
Ar <N, < CH,.

smaller for B (=7cm™) and C (+6cm™), and almost
negligible for D (—1 cm™) and E (—2 cm™'). Small shifts of
C—H and C—C stretch vibrations are expected for C;H,™L
structures in which L forms a m bond to the CsH," ring.
Indeed, the t-bound isomer is calculated to be the most stable
structure for CgH,™—Ar (Figure 1). For C¢H,*—N,, both the -
bound and CH,-bound structures are predicted to have very
similar stabilization energies (D.~ 930 cm™'). However, the
calculations are expected to somewhat underestimate the
dispersion forces and thus the binding energy of the wt-bound
isomer (whereas the hydrogen bond should be described more
accurately). Both C4H, N, structures can clearly be distin-
guished by the frequencies of the symmetric C—H stretch of
the CH, group (band A). The calculations predict a large red
shift of the order of 50 cm~! and high IR intensity for this
mode in the CH,-bound structure (i.e., it should occur near
2750 cm™!) and a much smaller shift for the st-bound isomer
(+3 ecm™).®l The experimental C;H;*—N, spectrum lacks
absorptions between 2650 and 2780 cm™!, suggesting that -
bound C,H;*—N, is the dominant isomer in the supersonic
expansion and significantly more stable than the CH,-bound
structure. Similar conclusions apply also to C;H,/—CH,. The
fact that the CH, transitions of C,H,/—CH, are both in
frequency and intensity very similar to the bands of the -
bound C;H¢™—CH, dimer also supports a nt-bound C4H,"—CH,
structure.® Actually, band A is most sensitive to the variation
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of L (from all observed transitions, Figure 7), suggesting that
L is interacting weakly with one proton of the CH, group of
CsH," This interpretation is supported by the m-bound
structures of CsH;*—Ar/N, (Figure 1), in which L is slightly
attracted by the CH, group (possibly through some weak and
largely nonlinear hydrogen bond). Hence, all available
spectroscopic and theoretical information for C;H,™—L with
L=Ar, N,, and CH, are in line with st-bound global minima
on the intermolecular potentials.

CsH,/—H,O: Interestingly, the part of the C;H,™H,O spec-
trum recorded in the present work (Figure 5) also reveals
resonant broad absorptions in the 2800 cm~' range (bands
A -C), suggesting that the observed complex has also an H,O
ligand attached to a CiH," core. At first glance, the
[CcHe—H,O]H* complex is expected to have a C¢H,*—H,O
structure, because the PA of C¢H, (750 kJ mol 1) is larger than
that of H,O (691 kJmol').’2l However, a recent theoretical
study at the MP 2/6-31 + G(d,p) level predicts the C;H,*—H,O
structure to be slightly higher in energy than the C;H.—H;0*
complex (by 11 kJmol!).* The C;Hs—H;0* complex, fea-
turing a & hydrogen bond of a proton of H;O* to the aromatic
C¢H, ring, has a calculated dissociation energy of 97 kI mol!
with respect to the CgHg + H;O™" limit. On the other hand, the
C¢H;/—H,0 structure with a hydrogen bond of H,O to the
CH, group of C¢H,* is stabilized by only 42 kImol~!' with
respect to the C¢H,;"+H,O limit. Hence, although the
CsH;* 4+ H,O limit is lower than CiHg+H;O" (by PAcy, —
PAp 0 =759 kImol ™), C(H,—H;0* appears to be slightly
more stable than CgH,™H,0. Both [C;H—H,O]H* structures
can possibly be formed in the plasma expansion of C;H, H,O,
He, N,, and H,. Assuming that the spectral features observed
in the IRPD spectrum correspond indeed to bands A -C of
C¢H," (as indicated in Figure5 and Table?2), the
[CcHq—H,O]H" complex detected in the present work has
the C¢H,"—H,O type structure, confirming that this complex is
at least a minimum on the [C{H,—H,O]H" potential. Similar
to CH,/—L (L=Ar, N,, CH,), several isomeric structures
may exist for CsH,™—H,O (Figure 1).3* As only a short part of
the C,H,/H,O spectrum has been obtained in this prelimi-
nary study on [CsHs—H,O]HT, it is difficult to infer definitive
experimental information about the relative stability of
possible isomers. Higher level calculations and additional
spectroscopic data are required to investigate further details
of the important [C{H,—H,O]H* potential. The following two
observations are in line with the thermochemical predictions
that the CsH;™+ H,O limit is lower in energy than C;Hg+
H;O0*. All photodissociation signals of [C;Hc—H,O]H* are
observed in the C¢H," fragment ion channel (no signal is
detected in the H;O" channel). In addition, low-energy
collision-induced dissociation®! of [CsH,~H,O]H* yields
99.6 % C¢H;" and only 0.4 % H;O™ fragment ions.

The dissociation energy of C;H;,*—H,O is clearly much
larger than that of the other C;H,/—L (L= Ar, N,, CH,)
dimers, mainly because of the additional charge-dipole
interaction. Hence, the effective cooling in the expansion is
less efficient for the former complex.*”l In addition, cold
C¢H,/—L (L = Ar, N,, CH,) dimers can readily be dissociated
by single photon absorption from the ground vibrational state
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(as vig > Dy). In contrast, fragmentation of the much more
strongly bound C,H,;*—H,O dimer probably requires a certain
amount of internal excitation prior to IR absorption because
D, is likely to be larger than v (only single photon
absorption processes can be observed for the maximal
available laser intensities of 200 kW cm=2).13%] Thus, only
sequence hot bands originating from excited vibrational states
can be observed for C4H,—H,O, leading to both broader
band contours and lower dissociation yields compared to the
other C;H,"—L dimers (Figure 5, Table 2).

Larger CsH,/—L, clusters: The IRPD spectra of CiH,—L,
(L=N, and CHy, n <4) in Figure 6 show only minor changes
as n increases (Table 2). All spectra display the absorptions
characteristic for the C¢H," ion core (A —E), suggesting that
the proton still resides on the C,Hg moiety. Consequently,
intracluster proton transfer to the solvent is not observed for
the cluster size range investigated. This result is in line with
the large difference in the PA of C¢Hg and L. For AH™L,
clusters with a smaller difference APA, |, proton transfer
from A to the solvent clusters L, is often observed when n
exceeds a certain threshold.¥] The bands F—-H assigned to
CH, absorptions of C¢H,"—(CH,), are nearly independent of
n with respect to both frequency and relative intensity.
Moreover, the widths tend to decrease as n increases. Both
observations imply that there is little interaction between the
CH, ligands within the C,H,"*—(CH,), cluster. A similar
situation was recently observed for the corresponding
CesHg"—(CH,), clusters.®l As n increases, the relative inten-
sities of CH, transitions (F—-H) increase relative to those of
C¢H,;" (A-E), simply because the number of CH, chromo-
phores in the cluster increases.

Table 3 summarizes the photofragmentation branching
ratios measured for resonant excitation of C;H,"™—L, [see
Eq. (1)]. The laser is tuned to transition C (~2825 cm™') for
L=N, and F (2905 cm™') for L=CH,. In agreement with
previous studies on related systems, 5 11232931 4] the range
of fragment channels (/) observed for a given parent cluster
(n) is rather narrow: the photodissociation signal is observed
in one or two major channels. This information can be used to
estimate ligand binding energies within the framework of a
simple model.[3 11.23.29. 31 4] For this purpose, it is supposed
that the absorbed photon energy (viz) is available for ligand
evaporation. Moreover, all ligands are assumed to be
equivalent, with (roughly) the same dissociation energy. For
C¢H,/—(N,),, the photon energy of ~2825 cm™ is sufficient
for the evaporation of approximately 3.5 N, ligands, yielding

Table 3. Photofragmentation branching ratios [in %] of C¢H,"—L, for the
photoinduced reaction in Equation (1).12]

L n m=0 m=1 m=2
N, 1-3 100

4 50 50

5 60 40
CH, 1,2 100

4 15 85

[a] Measured for bands C and F for L=N, and CH,, respectively. Only
channels contributing more than 5 % are listed. Uncertainties are estimated
as 10 %.
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an averaged ligand binding energy of the order of Dy~
800 cm~. This value is compatible with the calculated
dissociation energy of D.,x~930cm! (Figure1). For
C¢H,"—(CH,),, the photon energy of ~2905cm™! leads to
the evaporation of predominantly 3 CH, ligands, yielding a
rough averaged ligand binding energy of the order of Dy~
950 cm~!. Thus, the photofragmentation data suggest that the
C¢H,"—CH, interaction is only slightly stronger than the
CsH, "N, interaction.

It is illustrative to compare the derived C,H,;*—L binding
energies with those of other m-bound Af—L complexes
involving  related aromatic AT ions, such as
benzene (C.Hg"),B24  phenol (CH,O1)13 41 aniline
(CeH;N™),I%- 31491 and cyclopropenyl (c-CsH;™),?! which have
been investigated with similar spectroscopic and theoretical
techniques (Table 4). In line with the increasing polarizabil-

Table 4. Estimated experimental dissociation energies (D, in cm™!,
1 kImol'~83.6 cm™!) of m-bound complexes of Ar, N,, and CH, with
selected aromatic cations compared with values calculated at the MP2/
6-311 G(2df,2pd) level (D, in cm™).

Cation Ar N, CH,

D. D, D, D, D, D,
C¢H;* 434 929  ~800 ~950
CeHgt @ <485l ~330-5501 ~ 1000
c-GHyH Pl 392 1102 860 +170
CsH Ol 396 53543 771 7504+ 150
CeH N+ 454 414 +£28 742 700 £ 200

[a] Refs. [8a, d]. [b] Ref. [29] (assuming C bonds rather than z bonds).
[c] Refs. [11, 30, 45]. [d] Refs. [9, 31, 46]. [e] Measured for C,Dg*—Ar.
[f] Refs. [47-49], probably in error (see text).

ities, the binding energies of the intermolecular m bonds
increase in the order Ar <N, < CH,. Moreover, the dissoci-
ation energies are comparable for the same ligand and
different aromatic cations. They are of the order of 500 cm™!
for A*—Ar, around 800 cm~' for A*—N,, and ~1000 cm~! for
A*T—CH,. The comparison in Table 4 suggests that the binding
energy for CgH*—N, of ~330-550 cm™' derived from the
dissociation energy of the neutral dimer’! and the small shift
of the adiabatic ionization potential upon complexation
(~27 cm~ )4 is probably too low, because of an erroneous
determination of the adiabatic ionization potential in refer-
ence [48].1¥]

Interestingly, the preferred ligand binding site in clusters
composed of aromatic cations and nonpolar ligands depends
sensitively on the substitution of acidic functional groups. For
example, the most stable CgHg*—L"> and C4H,*—L struc-
tures appear to have intermolecular w-bonds, whereas com-
plexes of the aniline (CgH,N*+)BL 41 and (protonated) phenol
cations (C4Hg,O ") 113051 with nonpolar L prefer intermo-
lecular hydrogen bonds to the acidic YH,, group (YH,, =NH,,
OH, OH,). Apparently, the favored binding site depends on
the magnitude of the positive partial charge localized on the
most acidic proton. For example, in the case of the phenol and
aniline cations, the protons of the YH, group carry a large
positive partial charge (+0.66 and +0.48¢),* and the
resulting strong electrostatic and inductive forces lead to the
preference for hydrogen bonding. On the other hand, the
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positive charge on the protons of the CH, group in CH;* is
rather small (+0.16 e), leading to weaker hydrogen bonds and
the preference for ;t bonding.

Astrochemical implications: Protonated polycyclic aromatic
hydrocarbon molecules are important ions in modern astro-
chemical models.'"] In particular, they are discussed as
possible carriers for some of the well known but as yet
unassigned diffuse interstellar bands (DIBs) as well as the
unidentified IR emission bands (UIR).'*>22 The recent
identification of benzene in interstellar objects supports the
suggestion of the presence of (protonated) aromatic mole-
cules in interstellar environments.”?l To compare astronom-
ical observations with laboratory data, gas-phase spectra of
protonated aromatic hydrocarbon molecules are required.
However, such spectra have not been available so far.
Consequently, the presented C;H,"—L, spectra, approximat-
ing to a high degree the IR spectrum of CsH,™, allow us for the
first time to test whether or not protonated aromatic hydro-
carbon molecules may contribute to the UIR bands. It may be
expected that the IR spectra of related protonated polycyclic
aromatic hydrocarbon molecules in the C—H stretch range are
similar in appearance to the spectrum of protonated benzene.
For example, test calculations for protonated naphthalene
(protonation at the 2-position) show that the frequencies and
IR intensities of the C—H stretch fundamentals are very
similar to those of C;H,™.

The 3 pm range of the UIR spectrum is dominated by the
intense 3.29 pm band (3040 cm~'), which is attributed to
aromatic C—H stretch fundamentals.”? Further (and usually)
weaker satellite bands are observed at 3.40 (2940), 3.46
(2890), 3.51 (2850), and 3.56 pm (2810 cm™!), and their
interpretation is less certain.’? According to the C¢H,*
spectrum deduced in the present work, the mid-IR spectra
of small protonated aromatic hydrocarbon molecules are
expected to be dominated by intense aliphatic C—H stretch
fundamentals of the CH, group near 2800 cm~! and possibly a
C—C stretch overtone near 2820 cm~1. Weak aromatic C—H
stretch absorptions should occur in the 3080 -3110 cm™! range
and may be expected to become more intense as the size of
the molecule increases. The comparison between the UIR and
CsH," spectra clearly indicates that protonated benzene
provides at most only a minor contribution to the astronom-
ical UIR spectrum. To further test whether larger protonated
aromatic hydrocarbon molecules can account for the UIR and
DIB bands, laboratory IR and UV-visible spectra are required
for these species. The present experimental approach has
proven to be a promising tool to obtain such spectra.

Conclusion

IR spectroscopy and quantum chemical calculations have
been employed for the first time to probe the interaction of
protonated benzene with weakly bound ligands. IRPD spectra
of a variety of C¢H;"—L, complexes in the C—H stretch range
are consistent with a o0 complex of C¢H; " as the core ion. They
confirm that the o complex of protonated benzene is more
stable than the m complex. Hence, the proton differs
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principally from larger “spherical” closed shell ions, such as
alkali metal ions or ammonium, which apparently form =
complexes rather than ¢ complexes.’ The stronger cation—m
interactions in the latter systems probably arise from the
larger size and polarizability of the cation (relative to HT).
The recorded IRPD spectra of C¢H, L, are nearly inde-
pendent of L and n and thus provide a good approximation to
the IR spectrum of isolated C¢H,*. The spectra and the
calculations confirm that the microsolvation with nonpolar
solvents has little influence on the properties of the ben-
zenium ion. The deduced IR spectrum of CsH," provides the
opportunity to identify this important ion in fundamental
chemical reaction mechanisms (including proton transfer and
aromatic substitution) as well as hydrocarbon plasmas.
Comparison with the astronomical UIR spectrum demon-
strates that C;H," provides at most only a minor contribution.
In addition to the IRPD spectra, calculations of the inter-
molecular potential of C¢gH;*—Ar and C¢H,"—N, suggest that
aromatic hydrocarbon cations prefer intermolecular & bonds
to nonpolar ligands over hydrogen bonds. A preliminary
spectrum of C¢H;,*—H,O indicates that this ion-dipole
complex is at least a local minimum on the potential of the
protonated benzene —water dimer, [C;H,—H,O]H". Future
spectroscopic and theoretical studies of [C{H¢—H,0),|H" will
shed further light on the protonation process of this important
model system and the chemical properties of protonated
aromatic molecules in polar solvents.
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