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Abstract: The IR spectrum of the fluoronium isomer of protonated fluorobenzene (F-CsHgsF", phenylfluo-
ronium) is recorded in the vicinity of the C—H and F—H stretch fundamentals to obtain the first structured
spectrum of an isolated protonated aromatic molecule in the gas phase. Stable F-CsHgF* ions are produced
via proton transfer from CHs* to fluorobenzene (C¢HsF) in a supersonic plasma expansion. The F-CeHgF"
spectrum recorded between 2540 and 4050 cm™! is consistent with a weakly bound ion—dipole complex
composed of HF and the phenyl cation, HF—CgHs™. The strongest transition occurs at 3645 cm~ and is
assigned to the F—H stretch (ory). The antisymmetric C—H stretch of the two ortho hydrogen atoms, ocu
= 3125 cm™, is nearly unshifted from bare C¢Hs", indicating that HF complexation has little influence on
the C—H bond strength of CsHs*. Despite the simultaneous production of the more stable ring protonated
carbenium isomers of C¢HgF" (fluorobenzenium) in the electron ionization source, F-C¢HsF' can selectively
be photodissociated into CsHs* and HF under the present experimental conditions, because it has a much
lower dissociation energy than all carbenium isomers. Quantum chemical calculations at the B3LYP and
MP2 levels of theory using the 6-311G(2df,2pd) basis support the interpretation of the experimental data
and provide further details on structural, energetic, and vibrational properties of F-CsHsF ", the carbenium
isomers of CgHgF*, and other weakly bound HF—CgHs " ion—dipole complexes. The dissociation energy of
F-CsHgsF™ with respect to dehydrofluorination is calculated as Dy = 4521 cm™! (~54 kJ/mol). Analysis of
the charge distribution in F~-CsHsF* supports the notation of a HF—CsHs' ion—dipole complex, with nearly
the whole positive charge of the added proton distributed over the CgHs™ ring. As a result, protonation at
the F atom strongly destabilizes the C—F bond in CgHsF.

1. Introduction interaction with the environment, such as surrounding solvent
molecules and negative counterions.

To separate solvent and matrix effects from molecular elec-
tronic properties, gas-phase studies of Akte required:® To
date, nearly all structural and energetic information about
isolated AH" ions has come from mass spectrométiyThese
techniques provide, however, limited and often indirect structural
information (in particular, about the site of protonation), because
the interpretation of the experimental data is frequently
disputablé®=11 On the other hand, spectroscopic techniques
(especially IR spectroscopy) are sensitive tools to unambigu-
ously derive the structure of molecules. However, a spectro-
scopic determination of the geometry of any isolated"Abh
has not been reported so far, probably due to the difficulties
encountered in the generation of sufficient ion densies.
Recently, gas-phase IR spectra of weakly bound clusters of

(1) Carey, F. A.; Sundberg, R. Advanced Organic ChemistryPlenum protonated benzene {8;") and protonated phenol (8,0%)

Press: New York, 1995. ) , . provided the first spectroscopic characterization of smali"fAH
(2) March, J.Advanced Organic Chemistry: Reactions, Mechanisms, and

Structure Wiley: New York, 1992.

Protonation of aromatic molecules is a process of fundamental
relevance in chemical and biological disciplines. Protonated
aromatic molecules (denoted AlHappear frequently as reactive
intermediates in (bio)chemical reactiol%Thus, the charac-
terization of AH" is of major interest to understand and possibly
control the dynamics and selectivity of chemical processes. For
example, AH are widely accepted as short-lived intermediates
in electrophilic aromatic substitution reactions, one of the most
characteristic reaction mechanisms of aromatic molecules. They
occur aso-complexes (Wheland intermediates) orasom-
plexest? In the past, NMR and IR spectroscopy were exten-
sively employed to characterize AHons in the condensed
phase®~¢ Under solvation conditions, however, intrinsic proper-
ties of AH' are difficult to elucidate, because of the strong

(3) Olah, G. A.; White, A. M.; O'Brien, D. HChem. Re. 197Q 70, 561. (7) Fornarini, SMass Spectrom. Re1997, 15, 365.
(4) Perkampus, H. H.; Baumgarten, &ngew. Chem., Int. Ed. Engl964 3, (8) Fornarini, S.; Crestoni, M. EAcc. Chem. Red.998 31, 827.
776. (9) Kuck, D.Mass Spectrom. Re199Q 9, 583.
(5) Koptyug, V. A.Top. Curr. Chem1984 122 1. (10) Mason, R. S.; Williams, C. M.; Anderson, P. D.JJ.Chem. Soc., Chem.
(6) Brouwer, D. M.; Mackor, E. L.; MacLean, C. Arenonium lons. In Commun.1995 1027.
Carbonium lonsOlah, G. A., Schleyer, P. v. R., Eds.; Wiley: New York, (11) SolcaN.; Dopfer, O.Angew. Chem., Int. EQ002 41, 3628.
1970; Vol. II. (12) Bieske, E. J.; Dopfer, G@Chem. Re. 200Q 100, 3963.
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Do = 4521 cm! Dy = 2293 cm! Do = 1851 cm™? Do = 1595 cm™!

ions under controlled solvation conditiofs!®In these studies,
the sensitive technique of IR photodissociation (IRPD) spec-
troscopy was employed to overcome the problems arising
from low ion concentrations. IR spectra ofgy"*—L and
CeH;O™—L,, were obtained by monitoring the evaporation of
weakly bound inert ligands (& Ar, N») via resonant vibrational
predissociation. This approach utilizes L as a “messengéf”,
because the perturbation otk ™ and GH-O' by the weak
intermolecular interaction is smalDf < 12 kJ/mol)1+13 The
minor influence of microsolvation on the AHproperties may
be controlled by either the systematic variation of L (e.g., the
intermolecular interaction) or the comparison with calcu-
lations11-16

In the present study, the protonation sites of isolated fluo-
robenzene (gHsF) are investigated by IR spectroscopy and (17) Hgsgg'lg-?scmﬂ D.; Weiske, T.; Schwarz, H. Am. Chem. S0d.993
quantum chemical calculations. Figure 1 summarizes possible(18) Olah, G. A.: Mo, Y. K.J. Org. Chem1973 38, 3212.
CsHeF " structures. Protonation may occur either at the aro- (19 SZX'GJ"O 3. E.; Hrusak, J.; McMahon, T B.Mass Spectromi997 32,
matic ring in the ortho ¢-CsHgF"), meta (-CeHeF "), para (20) Hudlicky, M. Chemistry of Organic Fluorine Compoundgrentice Hall:
(p-CeHsF "), and ipso i-CeHgF*) positions to form carbenium | New York 1992.
ions (fluorobenzenium, Figure *al) or at the F atom to form (2
a fluoronium ion F-CgHeFt, phenylfluoronium, Figure 1i). (g
Theseo-complexes are minima on the potential energy surface
(PES) calculated for ggFt, and the lowest energy intercon- Mason, R.; Milton, D.; Harris, FJ. Chem. Soc., Chem. Commds&?
version between them proceeds via hydrogen bridged transition(26 Tkaczyk M.; Harrison, A. Gint. J. Mass Spectrom. lon Processk39Q

state. The fluoronium ionR-CsHeF", Figure 1i) can also be
considered as such a weakly bound HEHst complex,
because of its small dissociation energy with respect to the HF
+ CgHs* fragment channel (Figure 2). This low-energy channel
opens the possibility to record the IR spectrum of isolated
F-CeHgF™ via IRPD spectroscopy, that is without any “mes-
any solvation effect. The low dissociation energyre€CsHgF"
with respect to dehydrofluorination is an interesting example
of C—F bond destabilization upon protonation. The inertfC
cation to the F atom, respectively.

Figure 1. Sketch of various structures on the PES @HgF" calculated Low-temperature NMR spectra in superacid solutions re-

para p-CeHgF"), and ipso icCsHeF ™) positions to form stable carbenium ; + g T+ ;

ions (fluorobenzenium,-ad). Transition states for proton migration from ions of GHgF" (0,mp-CeHeF") were observed in the condensed

caleulated dissociation energies. the protonation sites observed strongly depend on the experi-
mental conditions, such as pressure, temperature, and the
respectively>3°AlthoughF-CgHeF* is considerably less stable
than all carbenium isomers (Figure 2), significant abundance
dynamic considerations, kinetic factors strongly affect the
branching ratio between carbenium and fluoronium production
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states (Figure teh)1718Similar to GH;", 7-complexes corre-
sponding to face protonation above and below the aromatic ring
are expected to be less stable saddle points and are not con-
sidered furthet!l1® Other less stable isomers on the PES of
CeHgF™ are HF-CgHs™ ion—dipole complexes (Figure 4j),

() 0/i-CeHgF*  (f) mio-CeHeF*  (g) p/m-CgHgF*  (h) i/F-CgHgF* senger”. The gHgF" spectrum observed in the present work
corresponds to the first IR spectroscopic detection of a proto-
$
oo
' bond in stable fluorocarbons is apparently the strongest (single)
bond that carbon can forfi.Interestingly, this bond can be

at the B3LYP/6-311G(2df,2pd) level. C and F atoms ofHge are ~ Vealed a statior-complex of p-CeHgF", whereas complete

represented b®, and the added proton is representeddbyProtonation scrambling of all ring protons was observed at higher temper-

x-CeHeF+ towardy-CeHeF* are denoteatly-CeHeF (e—h). The fluoronium phase, and no evidence forsacomplex or the fluoronium

isomer F-CsHgF", phenylfluoronium) and other minima on the PES of isomer was reported. All gas-phase experimentsgfsE" are
Bragnsted acid used for protonation. The proton affinities (PAS)
for ring protonation (assumed to occur in para position) and F
of the former ion can be produced by chemical ionization of
CeHsF using a protonating agent with a slightly smaller PA,
using CH".222527.280nce stablé=-CgHgF " is formed, isomer-
ization toward the more stable carbenium ions is strongly

(a) o-CgHgF* (b) m-CeHgF* (c) p~CeHgF* (d) i~CgHgF* where GHs" is the phenyl cation in it$A; electronic ground
nated aromatic molecule completely free from interference with
(i) F-CeHgF* () HE™o_CgHg* (k) HFPM_CgHs* () HF™_CqHg* significantly weakened by attaching either a proton or a metal
may occur at the aromatic ring in the ortdCsHeF"), meta (+CoHeF"), ature due to rapid intramolecular 1,2 H-sRfOnly carbenium
the HF~CgHs" ion—dipole complex are shown in-{) along with their based solely on mass spectromé&@f” and demonstrate that
protonation were determined as 755.9 and 5724 kJ/mol,
such as Ch" (PAcy, = 543.5 kJ/mol)° In addion to thermo-
hindered by a high barrier (Figure 2). On the other hand, no

)

)

1) Plenio, H.Chem. Re. 1997 97, 3363.

2) Speranza M.; Cacace, £.Am. Chem. S0d.977, 99, 3051.

3) Cacace, F.; Speranza M.Am. Chem. Sod.976 98, 7299.

4) Speranza M Sefcik, M. D.; Henis, J. M. S.; Gaspar, R. ARm. Chem.
Soc.1977, 99, 5583.

(25)

)

)

)

)

)

133.
(27 Tkaczyk M.; Harrison, A. GInt. J. Mass Spectrom. lon Processe294
(13) Solca N.; Dopfer, O.Chem. Phys. Let2001, 342 191. 132 73.
(14) Yeh, L. I.; Okumura, M.; Myers, J. D.; Price, J. M.; Lee, Y.J.Chem. (28) Mason, R. S.; Parry, A. J.; Milton, D. M. B. Chem. Soc., Faraday Trans.
Phys.1989 91, 73109. 1994 90 1373.
(15) Nizkorodov, S. A.; Roth, D.; Olkhov, R. V.; Maier, J. P.; Dopfer,@hem. (29) Schidler, D.; Oref, I.; Hrusak, J.; Weiske, T.; Nikitin, E. E.; Zummack,
Phys. Lett.1997 278, 26. W.; Schwarz HJ. Phys Chem. A999 103 4609.
(16) Olkhov, R. V.; Dopfer, OChem. Phys. Lett1l999 314, 215. (30 Hunter E. P. L. Lias, S. Gl. Phys. Chem. Ref. Date098 27, 413.
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Figure 2. Salient parts of the PES ofs8sF" calculated at the B3LYP/6-311G(2df,2pd) level. Energies are corrected for zero point energy. See Figure 1
for the notation of the §HsF" structures. The dashed line indicates the relative energy 8PHEHs". Experimental excess energies for protonation of
CsHsF in the para position by #, CHs", and GHs™ are indicated by dotted horizontal lin&The lowest dissociation channel for albisF" isomers
corresponds to dehydrofluorination, that is, fragmentation into the electronic ground statg$s0f(&\;) and HF {3 ).

evidence foF-CsHgF™ generation was observed using stronger 2. Experimental and Theoretical Methods

or weaker Brgnsted acids, such as {PA, : 422.3 kJ/moI_) IRPD spectra of mass-selectegHgF" ions are recorded in a tandem
and GHs" (PAcy, = 680.5 kJ/molf° In the first case, thisis  mass spectrometer coupled to an electron ionization source and an
probably due to the large excess energy involved in the proton- octopole ion trag? A pulsed supersonic expansion ofHGF seeded
transfer reaction (Figure 2), leading to either dehydrofluorination in two different buffer gas mixtures at 8 bar stagnation pressure is
or fast isomerization to carbenium ioffsin the second case, crossed by two electron beams00 eV) close to the nozzle orifice.
the energy of the Bragnsted acid is simply too low to directly Mixture A contains CH/Ar in the ratio 1:1, and mixture B is composed

protonate the F atom, and solely carbenium ions are formed of Ho/Ar in the ratio 1:25. Electron ionization and fast iemolecule
(Figure 2)25.27.28 reactions produce Brgnsted acids XH the high-pressure region of

the expansion. The most probable production pathway s

In the present work, F is protonated by C¥t to produce !
P s b y a P corresponds to exothermic proton transfer

stable carbenium and fluoronium isomers gHgF". The energy
required for dehydrofluorination (Figure 2) is on the order of
the C-H and F-H stretch frequencies. Thus, resonant absorp-

tion ,Of a .sm.gle IR photon in the mid-IR Erange Ca,n populate and subsequent stabilization by collisional cooling. The central part of
predissociating vibrational levels & CeHsF", and this effect the ion source plasma is extracted through a skimmer into a quadrupole

is exploited to record the IR spectrum BfCeHeF" by IRPD mass spectrometer (QMS1) tuned to the massebkE" (M = 97 ).
spectroscopy. A similar approach was previously used to obtain The mass-selected¢8sF* beam is injected into an octopole and
gas-phase IR spectra of isolated polycyclic aromatic hydrocarbonexposed to an IR laser pulse with~ 3 um. Resonant excitation of
cations (PAH).31 In these studies, however, the fragmentation CeHsF" into metastable vibrational levels leads to fragmentation into
of PAHT is induced by sequential resonant absorption of more the phenyl cation (§4s%) and HF (dehydrofluorination), which is the
than 50-100 photons using intense IR pulses generated by a lowest energy dissociation channel accessible for gHsE" isomers
free electron laset The significantly lower laser intensities ~ (Figure 2)¥

available in the present work are insufficient to drive multi-
photon absorption processes. This situation is exploited for
isomer selective photofragmentation aHgF* ions. The IRPD
spectra of GHgF™ show only absorptions of the weakly bound
F-CsHeF+ isomer, whereas the more stable carbenium ions
escape detection in the present experiment.

XHT + CgHF — CgHF ™ + X €))

CeHeF™ + vigr — CeHs " + HF (2

No other fragment channel is observed upon IR excitation. Tk 'C
ions (m = 77 u) are filtered by a second quadrupole (QMS2) and
monitored as a function of the laser frequeney) to record the IR

(32) Nizkorodov, S. A.; Dopfer, O.; Ruchti, T.; Meuwly, M.; Maier, J. P.; Bieske,
(31) Oomens, J.; Meijer, G.; von Helden, & Phys. Chem. 2001, 105, 8302. E. J.J. Phys. Chem1995 99, 17118.
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action spectrum of gHsF*. To suppress the background signal, mainly are well separated frorR-CsHgF™ by a substantial barrier of
arising from metastable decay of initially hot parent ions in the octopole, ~100 kJ/mol, associated with a large imaginary frequency of
the ion source is triggered at twice the laser frequency (20 Hz), and the j/F-C4H¢F" transition state along the proton migration
signals from alternating triggers are subtracted. IR radiation with 0.02 coordinate (1566 cm™1). Barriers between the carbenium

1 i 1 i ~ . . .
cm pandwudth, 25066900 cm™ tuning range,~200 kwicnt . isomers are lower (1589 kJ/mol), with correspondingly smaller
intensity, and~5 ns pulse duration is generated by an optical parametric " . 810+ 40 -1 i 2 also includes th
oscillator (OPO) laser system. Frequency calibration to better than 0.5 requ?m'es ( Cm, )- Figure a.so Inclu : es the
cm s accomplished by optoacoustic spectra of HDO recorded with EXPerimental excess energies for protonation gfi¢t in the

the signal output of the OPO and atmospheric water absorptions alongPara position by ki, CHs", and GHs".% All three considered

the IR laser patf®34 The IR spectra are linearly normalized for laser Brensted acids may produce carbenium ions via reaction 1,

intensity variations measured with an InSh detector. whereas F protonation is energetically only feasible usigty H
Ab initio and density functional calculatioftsat the MP2(fc) and and CHt.2527.28

B3LYP levels using the 6-311G(2df,2pd) basis set are employed to The lowest fragmentation channel fogkGF* corresponds
L ’ i
explore the PES of &leF", with the main focus on the stability, to dehydrofluorination, that is, dissociation into HF and the

structure, and spectroscopic properties of different isomers. All . . ; . .
P pic. prop phenyl cation (GHs") in their singlet electronic ground

coordinates are relaxed during the search for stationary points. Relative 746 . I "
energies and PAs (neglecting temperature effects) are corrected for zergtates’#°The small calculated dissociation energy feCsHg

point energies. For this purpose, harmonic frequencies are scaled by 0 Do = 54.1 kJ/mol (4521 cmf) implies that this cation
factor of 0.96406 to match the calculated (4109.1§mB3LYP) and can be considered as an electrostatic-idipole complex,
experimental fundamental of HF (3961.42 T)®® Intermolecular HF—CgHs™. For comparison, the related watdrenzene cation
dissociation energieDg) of ion—dipole complexes are corrected for complex (FEO—CeHeJr) has a similar binding energipo ~ 58

basis set superposition erf8r;®and the substantial relaxation energy  + 13 kJ/mol47 In contrast to fluoronium, fragmentation of
caused by the complexation induced deformation of the HF ahig'C the carbenium isomers into HF andstG* involves high
fragments’ As in nearly all cases the B3LYP and MP2 results are |, riers ¢ 168 kd/mol) and much larger dissociation energies
similar, only the B3LYP data are reported (if not stated otherwise). (136-220 kJ/mol). Consequently, the carbenium ions are not
3. Theoretical Results detected in the present photofragmentation experiment, and their

The salient part of the &lsF*+ PES is summarized in Figure theoretical properties are not discussed in detail further.

2. In agreement with previous calculatiofg®4%-42 the relative Figure 3 compares the geometries ofHGF (*A1, Ca),
energies of @HgF" isomers vary in the ordep-CgHeF+ < F-CeHeF™ (*A’, C9), and GHs™ (*A1, Cp,) in their electronic
0-CeHeF™ < M-CeHeF+ < i-CgHeFt < F-CeHeF, reflecting ground states to illustrate the structural effects of (de)protonation

electrophilic attack. Experimental PAs for ring and F protonation Previous HF/6-31G* calculatiori$ the F-H bond ofF-CeHeF "
(755.9 and 577 24 kJ/mol$>% are slightly smaller than the lies in a plane perpendicular to the ring with aHA—C angle
calculated PAs fop-CeHeF+ and F-CsHeF* (776.0 and 610.3 of 113. The weak C-F bond is substantially longer than that
kd/mol). Moreover, the B3LYP level appears to reproduce the in CeHsF (1.691 vs 1.346 A), justifying the description of

barriers for proton migration well: for example, the calculated F-CeHeF" as a HF-CeHs" ion—dipole complex. A similar
barrier for the 1,2 H-shift in €47+ (38.4 kJ/mol#3 is close to destabilization of the €F bond is also observed when metal

the experimental value in solution (42 5 kJ/mol)* Conse-  i0ns (such as Li) are attached to the F atom of fluorinated
quently, the B3LYP level is concluded to correctly repro- aromatic molecule?! The atoms-in-molecules population analy-

duce the topo|ogy of the £|6F+ PES45 The carbenium ions sis of the Charge distribution iﬁ-C6H6F+ indicates that the
charge of the added proton is nearly completely delocalized over

(33) Guelachvili, G.; Rao, K. NHandbook of Infrared Standargécademic the GHs™ ring, in line with the lower ionization potential of
Press: London, 1993.

(34) Camy-Peyret, C.: Flaud, J. M.; Guelachvili, G.; Amiot\®l. Phys.1973 CeHs as compared to that of HF (8.25 and 16.04 é3As only
26, 825

, 829, . +0.17 e remains on the FH group, the H bond inF-CsHgF"
(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M

A.; Cheeseman, J. R.; Zakrzewski, V. G.: Montgomery, J. A., Jr.; Stratmann, IS only slightly weaker and longer than that in bare HF (by 0.023
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, H i i i
K N Stran M. C.. Farkas. 0" Tomasi 1. Barone. v - Cossi, M.. Cammi, A), but it is still substantially strgnger and shorter than.that in
R.; Mennucci, B.. Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.. HFt (—0.069 A). Most geometric data of tHeCsHsF" ring
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; + ;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, are bracketed by those O%BSF a't]d GHs", which result from
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;  H™ and HF loss ofF-CsHgF™ (Figure 3). In contrast to the
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, . .
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; g_eo_memes of the fng skeleton, the-& bond Iengths are rather
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, similar in GsHsF, F-CsHeF", and GHs™. Apparently, F proto-
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,

Inc.: Pittsburgh, PA, 1998 nation of GHsF drastically reduces the covalent character of
(36) é-%Blanc, R. B.; White, J. B.; Bernath, P.JF.Mol. Spectrosc1994 164, the C-F bond, resulting in a compression of the six-membered
(37) Boys, S. F.; Bernardi, Mol. Phys.197Q 19, 553. ring. The substantial structural change ofHg" upon HF
(38) e/;\rlttahr?g?h the energies are corrected for BSSE, the equilibrium geometries complexation amounts to a large relaxation energy of 2550
(39) Chalasinski, G.; Szczesniak, M. \hem. Re. 1994 94, 1. cmL. The geometries evaluated at the MP2 and B3LYP levels
Ej‘l)g ,\Bﬁ‘l’g% RT-_FB_WK?O%‘?:\%& Oé?%ié ggfng_gg%y?, 2095, o7 101 are very similar, with the exception that the MP2 level predicts

7446, o ' ' a shorter G-F bond inF-CgHgF*+ (1.609 vs 1.691 A). Interest-

(42) Wiberg, K. B.; Rablen, P. Rl. Org. Chem1998 63, 3722.
(43) Dopfer, O., unpublished results.
(44) Olah, G. A,; Staral, J. S.; Asenicio, G.; Liang, G.; Forsyth, D. A.; Mateescu, (46) Winkler, M.; Sander, WAngew. Chem., Int. E00Q 39, 2014.

G. D.J. Am. Chem. Sod.978 100, 6299. (47) Solca N.; Dopfer, O.Chem. Phys. Let2001, 347, 59.
(45) Tishchenko, O.; Pham-Tran, N. N.; Kryachko, E. S.; Nguyen, MJ.T. (48) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D;
Phys. Chem. 2001, 105, 8709. Mallard, W. G.J. Phys. Chem. Ref. Dat984 13, 695.
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F-CgHgF* (1AY)

(b)

Figure 3. Structures (in A and deg) of (a)s8sF (A1, Cz,), (b) F-CeHeF"
(1A', Cy), and (c) GHs™ (*A1, Cy,) in their electronic ground states calculated
at the B3LYP/6-311G(2df,2pd) level.

Table 1. Scaled Harmonic Vibrational Frequencies (Scaling
Factor 0.96406), IR Intensities (km/mol, in Parentheses), and
Symmetry Species of Fundamental Vibrations of F-CgHgF™ in Its
Electronic Ground State (*A’, Cs) Calculated at the B3LYP/
6-311G(2df,2pd) Level

v[em™ symmetry v[em™ symmetry vem™ symmetry
185 (7) A 783 (179) A 1285 (7) A
188 (148) A 876 (2) A 1403 (70) A
270 (1) A’ 887 (63) A 1442 (10) A
288 (70) A 950 (0) A’ 1489 (1) A
409 (1) A 979 (4) A 1638 (21) A
425 (18) A 991 (0) A 3081 (2) A
550 (2) A’ 1022 (0) A 3086 (1) A’
592 (51) A 1032 (3) A 3096 (7) A
620 (2) A 1127 (2) A 3111 (53) A
707 (100) A 1146 (0) A 3112 (5) A
710 (1) A’ 1234 (20) A 3642 (492) A

ingly, the corresponding dissociation energies nearly mddgh (
= 5583 vs 5793 cm).

Table 1 lists the vibrational frequencies and IR intensities of
F-CeHgF™. The F-H stretch ¢gy) is predicted to be the most
intense IR-active fundamental. Its frequency (3642 Hnlies
much closer to that of free HF (3961 c#) than to that of bare
HF* (2885 cntl), consistent with the small charge transfer in
the HF—-CgHst notation of F-CgHgF . In addition toory, the
antisymmetric G-H stretch of the C2H and C6-H bonds,
ocn = 3111 cn1l, is the only other fundamental with significant
IR intensity in the investigated @m range. This mode has
almost the same frequency as that #HE" (ocy = 3110 cn1l),
in line with the similar C-H bond lengths (Figure 3). In contrast,

all other normal modes d#-CgHgF" display significantly larger
frequency shifts, because of the substantigl4® deformation
upon HF complexation. The weak—& bond in F-CgHgF"
results in low frequencies of the corresponding (intermolecular)
normal modes. The €F stretch frequencyocr = 288 cntl)

is much smaller than those in other monosubstituted benzene
derivatives (GHsX), for which generallyocyx > 1000 cnv? for
substituents withm(X) < 25 u?® The two C-F bending
frequencies argce(@) = 185 cnt! andBce(@’) = 270 cnt,

and the FH torsions corresponding to hindered internal FH
rotation arerey(d) = 783 cnm! andten(@’) = 188 cntl.

In addition toF-CeHgF" (Do = 4521 cn1?), three less stable
ion—dipole complexes witlCs symmetry are identified as local
minima on the intermolecular HFCgHs™ PES (Figure 1jl).

In the latter dimers, the electrostatic chargipole force
dominates the attraction, and the HF dipole points toward the
CeHs* cation. In HF—CgHs™, the HF ligand forms ar-bond

to the GHs* ring with a separation of 2.88 A and a binding
energy of Dg = 1595 cntl. The planar HF"'—CgHs™ and
HFM—CeHs* dimers feature slightly asymmetric bifurcated
H-bonds withDy = 1851 and 2293 cm, respectively. As an
example, the energy of HE—-C¢Hs™ is included in Figure 2
(dashed line). Clearly, these three HEsHs™ isomers may also
be detected in the present experimental schemBgpasvigr ~

3 x 10 cm™L. In this frequency range, the vibrational properties
of HFF—CgHs™, HPP™—CgHs™, and HF°—CgHs™ are very
similar. As a consequence of the weak intermolecular interac-
tion, their F—H stretch frequenciessfy = 3895-3905 cnt?)

are predicted to be relatively close to that of free Hy(=
3961 cntl), and the intense antisymmetiey fundamentals
(ocy = 31154 1 cn) lie very close to that of bare Bls™
(och = 3110 cnY). The only exception is HFP—CgHs ' (och

= 3099 cn1?l), because one ortho H atom is involved in the
bifurcated H-bond. In general, the frequency shifts and IR
intensities ofory of the three HFCgHs™ isomers are lower
than those inF-CsHgF™ because of the weaker interaction in
the former complexes.

The long-range attraction of the HiE¢Hs™ PES is dominated
by electrostatic and induction forces between the positive charge
(q) distributed in GHs™ and the permanent multipole moments
and polarizability of HF (dipolex ~ 1.8 D, quadrupole® ~
2.4 DA, a ~ 0.8 A3).50 The anisotropy of the—x andg—a
attraction favors a linear over a T-shaped orientatfoiihe
weakly bound HF—CgHs", HFP™—CgHs ", and HFP°—CgHs™t
isomers indeed have equilibrium structures in which the HF
dipole points away from g4s*. However, in the more strongly
boundF-CsHeF", the H-F—C angle (113) deviates substan-
tially from 18C°, indicating that other interactions must be
significant. Indeed, at shorter range, the® interaction as well
as covalent contributions may be important. The anisotropy of
theq—0 force favors a T-shaped over the linear configuration
and may cause the deviation from lineafityn addition, a bent
H—F—C structure is expected in the limit of chemical bonding,
arising from dative bonding between a lone pair of F and the
very electrophilic GHs™ ion 5! For example, the bond angle in
the related HFH cation (113« 2°)52is very similar to that
calculated forF-CgHeF'. In contrast to symmetric HFH

(49) Varsanyi, GAssignments for Vibrational Spectra of 700 Benzene deri
tives Adam Hilger: London, 1974.

(50) Gray, C. G.; Gubbins, K. ETheory of Molecular Fluids Clarendon:
Oxford, 1984; Vol. 1.
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F-CeHgsF™ does not feature a fully developed chemical bond as
is demonstrated by the weak and long-E bond. The large
difference in the dissociation energies of HH' (Do ~ PAur

= 484 kJ/mol§° and HF-CgHs" (Do =~ 54 kJ/mol) reflects the
drastic effect upon substitution oftHoy GsHs*. Nonetheless,
incipient chemical bonding is indicated by the substantial
deformation of GHs™ upon HF complexation and the partial
charge transfer from ¢is™ to HF. In general, the strength of
the (intermolecular) €L bond in L—C¢Hs™ strongly depends
on the ligand L33 Interestingly, although Nis usually more
inert than HF, with smaller permanent multipole momemts (
=0, ® ~ —1.5 DA)? the interaction in the M-CgHs"

diazonium ion, an exceptionally stable and widespread reagent

in organic synthesisjs calculated to be roughly twice stronger
than that inF-CgHgF™ (Do = 10 070 vs 4521 cmt), because
of stronger dative bonding.In contrast to N—C¢Hs™, to the
best of our knowledge-CeHsF+ has never been observed in
the condensed phase.

4. Experimental Results and Discussion

4.1. Mass SpectraMass spectra of the ion source obtained
by seeding gHsF with mixtures A and B are displayed in Figure
4a and b, respectively. Using mixture B, we found that the major
protonating agents arestl and ArH", and the mass spectrum
in Figure 4b is dominated by Arand ArH", CsHsF' and its
fragment ions @),5 and GHeF" with its intense GHs"
fragment. In addition, the peak at 79@)(is assigned to g7,
originating from the reaction betweensHand GHsF with
subsequent HF lo$8 Different protonating agents are produced
using CH, in the expansion (mixture A), the most abundant
being CH™ and GHs™.56-60 Consequently, both ions occur in
the mass spectrum with high intensity, along witgHgF™,
CeHgF™, and their fragment ions (Figure 4a). The reaction
between Cl" and GHsF with subsequent HF loss leads to
C7Ho™ (93 u, ©).55 Apparently, less fragmentation ofgl8@sF"
is observed using CHinstead of Ar/H because of softer
chemical ionizatio®® Significantly, fragmentation of gHgF"™
protonated by K/ArH™ leads also to a much higherglds*
fragment peak than does protonation bysCi,Hs*. The latter
observation is consistent with the higher PAs of {iEH, (as
compared to those of #Ar), which leave GHgF™ with less
internal energy after protonation (Figure 2).

Figure 5 shows mass spectra obtained by selectiyhtsfc
with QMS1 and scanning QMS2 to monitor metastable decay
(MD), resonant laser-induced dissociation (LID), and collision-
induced dissociation (CID). MD originates from fragmentation
of initially hot CgHgF™ ions in the octopole which survive the
passage through QMS1 as parent iond@0us). CID spectra
are obtained by introducing He collision gas into the octopole

(51) One can actually consider also dative bonding betweghFCand H to
rationalize a bent HF—C configuration inF-CeHeF". However, as the
C—F bond inF-CgHeF" is weak and the +H bond is strong and similar
to that in+bare HFF-CgHgF" is better described by HFCsHs™ than by
CeHsF—H*.

(52) Schiter, E.; Saykally, R. JJ. Chem. Phys1984 81, 4189.

(53) Glaser, R.; Horan, C. J. Org. Chem1995 60, 7518.

(54) NIST Chemistry Web Book; http:/webbook.nist.gov, 2001.

(55) Harrison, A. G.; Lin, P. HCan. J. Chem1975 53, 1314.

(56) Abramson, F. P.; Furtell, J. H. Chem. Phys1966 45, 1925.

(57) Chong, S. L.; Franklin, J. L1. Chem. Physl971, 55, 641.

(58) Huntress, W. TJ. Chem. Physl972 56, 5111.

(59) Weiner, J.; Smith, G. P. K.; Saunders, M.; Cross, R. Am. Chem. Soc.
1973 95, 4115.

(60) Lee, H. S.; Bierbaum, V. M.; DePuy, C. ht. J. Mass Spectrom. lon
Processed4997 167/168 587.
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(a) A: CsHsF/CH4/A|'

ArH*

CeHgF*

100
mass [u]
Figure 4. Mass spectra of the electron ionization source for an expansion
of CgHsF seeded with (a) mixture A (CH#Ar ratio is 1:1) and (b) mixture
B (Ho/Ar ratio is 1:25) at 8 bar stagnation pressure. Fragment ionghb$fe
are indicated b®. The most intense peaks in spectrum (a) are assigned to
CeHeF", CeHsF', CHs*, CoHs', and GHg™ (O). All major peaks in
spectrum (b) are assigned taHGF" and its fragment ion%} CsHeF™,
CeHs™, Art/ArHT, and GH;" (0).%° Part of the spectra (a) and (b) are
vertically expanded by factors of 32 and 4, respectively, to visualize small
peaks.

(a) A: CgHsF/CH,/Ar (b) B: CgHsF/Ho/Ar

CeHs* CgHgF* CgHs* CgHgF*
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Figure 5. Mass spectra obtained by mass selectigbld€E" (97 u) with
QMS1 and scanning QMS2 using (a) mixture A (&ZAt ratio is 1:1) and

(b) mixture B (H/Ar ratio is 1:25) to monitor metastable decay (MD), laser-
induced dissociation (LID, laser tuneditg = 3645 cnt?), and collision-
induced dissociation (CID, collision energy-9.29 eV in the center-of-
mass frame) of HsF". The weak signals in the mass channels 70 and 71
u are attributed t83C2CH, and'2C;H; loss of13C12CsHsF", which slightly
contaminates the isobaricsdsF" (12CsHsFH™) mass channel. The signal
intensities (in %) are normalized with respect to the corresponding parent
ion yields. The scaling factors for vertical expansion in both series of spectra
differ by roughly 1 order of magnitude.

(~2 x 1075 mbar, 0.294+ 0.02 eV average center-of-mass
collision energy). For LID spectra, the laser is set resonant to
the F—H stretch ofF-C¢HgF ™ at 3645 cml. The mass spectra
in Figure 5a and b are recorded using mixtures A and B,
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Figure 6. Experimental IRPD spectrum ofsBsF" between 2540 and 4050
cm~1recorded in the §Hs" fragment channel as compared to stick spectra
of the fluoronium isomer K-CgHgF"), the HF"°—CgHs™ ion—dipole
complex, and theo,m,p,i-CeHgFt carbenium isomers (see Figure 1)
calculated at the B3LYP/6-311G(2df,2pd) level. The relative intensities in
the stick spectra of different isomers reflect directly the calculated IR
oscillator strengths. The-FH stretch fundamentals of HF and HEt 3961.4
and 2912.5 cm' are indicated by arrow®:51 The assignment of the band

marked with an asterisk is ambiguous (Table 2).

respectively. In agreement with previous low-energy CID
studies?®2” the dominant fragment ion in both MD and low-
energy CID spectra in Figure 5 is@s* (HF loss). The GHs™

MD signal is much more intense using mixture B than mixture
A, as protonation with ki"/ArH™ deposits more excess energy
in CsHeF ' than does protonation with GH/C,Hs* (Figure 2)28

In fact, the MD signals using mixture B produce such a high
background that additional CID and LID signals could not be
distinguished within the signal-to-noise ratio obtained (Figure
5b). In contrast, using mixture A, we found that both LID and

Table 2. Band Maxima, Widths (fwhm), and Assignments of the
Vibrational Transitions Observed in the IR Photodissociation
Spectrum of CgHgF* 2

vem™ width assignment
3645 45 OFH of F-C(;Hal:Jr
3125 30 ocnof F-CeHeF*
3889 52 OFH of HF—CeHsJr

OFH T Ox of F-C5H6F+
ocH+ Oy of F-CeHGFJr

a For asymmetric peaks, the band maximum differs from the band center.
b The assignment of this band is tentative (see text for details).

are listed in Table 2. The assignments are based on the
comparison with stick spectra calculated for differegHg-"
isomers. Figure 6 includes simulations f&-CsHgF™, all
carbenium isomers ofdElgF", and HF°—CgHs™. As the spec-

tra of the other two iorrdipole complexes HF"—CgsHs* and
HF*—CgHs" are very similar to that of HFP—CgHs™, they are

not plotted in Figure 6.

On the basis of its position and IR intensity, the strong band
observed at 3645 cm is unambiguously assigned to the-R
stretch ¢ry) of F-CeHeF'. The calculations predict only for
this isomer an intense fundamental in this frequency range. The
frequency shift relative to free HRA@ry = —316 cnil) is in
excellent agreement with the calculated valtedy = —319
cmY). As predicted by the calculationsry of F-CeHeF™ is
much closer tarey of HF (3961.4 cm1)3® than toogy of HFF
(2912.5 cm?),%1 confirming the modest charge transfer from
CeHst to HF. Similarly,ory of F-CgHgF" is much higher than
the average FH stretch frequency in HFH v, = 3341.7.
cm1,52 demonstrating the stabilizing effect of charge delocal-
ization on the FH bond upon substituting Hby CsHs™.
Indeed, PA.r for F protonation (57 & 24 kJ/mol) is larger
than PAr (484 kJ/mol)?>3°The second transition observed at
3125 cn1! is assigned to the antisymmetric—€l stretch of
the two ortho H atoms ofF-CgHgF" (ocH) and compares
favorably with the calculated value of 3111 ctinin addition
to frequencies and relative IR intensities, both assignments are
supported by the observed band profiles. Bhg transition is
relatively broad (45 cmt), implying that the detecteld-CeHgF"
ions contain a certain amount of (ro)vibrational internal energy
prior to photoexcitation. Moreover, this band is shaded to the

CID signals are much stronger than the MD background due t0 ¢ indicating that the rotational constants in the = 1 state

production of colder gHgF" ions (Figure 5a). Consequently,
this mixture is used for recording the IR spectra gHEF™.

The corresponding LID spectrum in Figure 5a shows that it is 1, Ve

are larger than those in the ground vibrational state. Because
of anharmonicity, the vibrationally averaged-H distance in
= 1 state is larger than that in they = 0 state. For

indeed possible to observe photodissociation of at least ones oo HE and HE. the corresponding elongationARe ~ 0.02

CsHeF' isomer in the 3um range in the gHs™ fragment
channel. The LID and CID spectra confirm that only this

fragment channel is accessible by both resonant IR excitation
and low-energy collisions under the present experimental

conditions?® Consequently, the IR spectra ofgizF™ are

A.3661T¢ estimate the magnitude of this effect on the rotational
constants of-CsHgF", optimized geometries are calculated for
various F-H separations by relaxing all other coordinates. The
major structural change upon increasiRg; by 0.02 A is a
significant contraction of the €F bond ARcr = —0.008 A).

monitored in this fragment channel (eq 2). Analysis of the The derived changes in the rotational constants upgm
mass spectra in Figures 4a and 5a (mixture A) reveals that ., citation areAA ~ 0.8 x 105 cm-1 (<0.01%),AB ~ 15.6 x

the contamination of thé2C¢HgF" mass channel (97 u) by
18CL2CHLF is less than 3%. This small contamination is,

105cm~1(0.20%), andAC ~ 8.9 x 10-5cm™1 (0.16%). Band
contour simulations of thery fundamental hybrid transition

however, not relevant for the present study, because the very . 1+ — 100-500 K result indeed in a slightly blue-shaded band

endothermic dehydrofluorination ok8sF" cannot be observed
in the present worR?

4.2. IR Spectra. The IRPD spectrum of &isF" between
2540 and 4050 cri is shown in Figure 6. The band maxima,

profile. However, the total width of the transition cannot solely
be attributed to unresolved rotational substructure. Another
contribution arises from sequence transitions of the form

widths, and suggested assignments of the transitions observeds1) Hovde, D. C.; Keim, E. R.; Saykally, R. Wol. Phys.1989 68, 599.
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+ vy < vy, Which occur at slightly higher frequencies than does involving CsHs™ and HF (both produced by fragmentation of
the ory fundamental. This is particularly true for vibrations CeHgF™) or intracluster ior-molecule reactions of larger
involving the C-F bond!2which correspond to intermolecular  complexes, such assBsF™—(CeHsF)n—Lm (L = Ar, Hy, CHy),
modes in the HFCgHs' notation of F-CgHgF". Excitation of with subsequent evaporative cooling. An alternative production
orn causes the intermolecular—& bond to become stronger  pathway proceeds via isomerization of Fe€sHesF" (produced
and stiffer. For example, the-€F bond contraction upoogy by reaction 1). Subsequent collisional cooling below the
excitation ARcr ~ —0.01 A) implies that the EF stretch interconversion barriers may prevent quantitative (back) isomer-
frequency §cr) in the vry = 1 state is larger than that in the ization of the less stable dimers towdfelCsHeF, the global

ven = O state by~10 cnmt. Similar conclusions apply to the  minimum on the HFCgHst PES. Indeed, the calculated
intermolecular bending and torsional vibratiofigr and zgy, F—H stretch frequencies of all three HEgHs" isomers

as well as most low-frequency intramolecular modes. Moreover, considered in Figure 3l (3895-3905 cnt?l) are close to the
the stronger €F bond in thevry = 1 state is consistent with  observed 3885 cmt band. A simulation of the IR spectrum of
the magnitude ofAoru. In the limit of adiabatic separation HFM—C¢Hs" is included in Figure 6. As the dissociation
between inter- and intramolecular modasiry corresponds to  energies and IR spectra of MF-CgHs' and HF—CgHs*t are

the increase of the intermolecular binding energy upen similar, theogy fundamentals of several HFCgHs* isomers
excitation. Thus, assuming a ground-state dissociation energymay in fact contribute to the broad transition at 3885 &nif

of Do = 4521 cn! (B3LYP), the red shift ofAory = —316 this assignment were correct, also part of the signal at 3125

cm~limplies that the dissociation energy increasess in cm~1 must originate fromocy of these HF-CgHs™ isomers.

the vey = 1 state Do = 4837 cn1t). In contrast tasry, theocy Clearly, the fluoronium ion of gHgF" dominates the IR
band features a narrower (30 cHand more symmetric profile,  spectrum in Figure 6. The stick spectra calculated for the
suggesting that vibrational couplings betweesy and o are carbenium isomers reveal that the aliphatic-i€ stretch
smaller than those foogw. This is consistent with a much  yipration(s) of the (substituted) methylene group are their
smaller frequency shift upon HF complexation. Indeeg; of characteristic fingerprints in the investigated spectral range.

HF—CeHs" (3125 cm) is very close tarcy Of CeHs" isolated  These occur near 2600 and 2900 dnfor i-CeHeF™ (CHF

in an Ar matrix (3110 cm),*® confirming the weak coupling  4:45) and the other carbenium ions (Qitoup), respectively.
betweenvcy and the intermolecular modes. Finally, itis noted - gpyigusly, the experimental spectrum lacks absorptions in this
that a minor part of the signal around 3120¢may also arise | 3pqe  implying that carbenium ions do not contribute to this
from other, less IR intense-€H stretch modes oF-CeHeF" spectrum. At first glance, this result may be surprising because
(Table 1, Figure 6). the carbenium ions are more stable tia@sHsF ', and at least

In contrast toory and ocy of F-CeHeF", the interpretation g5 6 of them (e.gp,0-CeHsF™) almost certainly occur with
of the weak and broad band (52 cHobserved around 3880  gignificant abundance in thegBsF+ beam under the present

cm* (marked by an asterisk in Figure 6) is ambiguous. Possible ¢ qitionst?.25 However, overcoming the barrier for dehydro-

assignments include combination bands FCeHsF" (not fluorination of cold carbenium isomers requires at leasf70
included in the simulations) or the-fH stretch fundamentals | ;1161 ~14 200 cnrt (for i-CeHeF ), corresponding to the

of less stable HFC¢Hs" complexes. As discussed below, an absorption of more than four photons withk ~ 3000 cnT?

as&gnment to carbenlulm isomers can safely be excluded.(Figure 2). Apparently, the maximal available laser intensity
Accordlng. to Table 1, first overtones Cﬁ'C?Hﬁlj arg nqt (200 kW/cn?) is insufficient to drive this multiphoton process.
expected in the 35665000 cn* range. Possible combination Resonant single photon dissociation of carbenium ions requires
bands ofF-C¢HeF" near 3885 cm include ory + vy, where initial internal energies of 130 kJ/mol. Evidently, the popula-

: : ) 1
rxdaredmtﬁrmollec?lgr modesd_thh a fre‘ﬁ“_%”cy_ 40 _crr]TT N i tion of such energetic carbenium ions is below the detection
ndeed, the calculations predict several vibrations with similar |, . \vhen CH;H/CoHs' (mixture A) is used for protonation

frequencies antil large IR intensities, such as theeGtretch (qotion 4.1). This result is also consistent with the small MD

(ocr = 2?8 Cm,) and.the asymmetric FH tprsmmé.(a ) = signal in the mass spectra in Figure 5a. In contrast, using
188 cm™). In line W'tt: the large red shifAory and the Hs™/ArH* as protonating agent (mixture B), we found that a

calculations ofl_:-Cel_—|6F structures with varying FH _bc_)nd significant amount of carbenium ions with internal energies
lengths, both vibrations may strongly couple withy, giving >130 kJ/mol is produce®2as is signaled by the largey8s*

rise to significaqt IR intensity for the corlrgsponding combination MD intensity in the mass ,spectra in Figure 5b. Efforts to record
bands. Altematively, the 3885 cthtransition may be attributed structured IR spectra of internally excited carbenium ions using

S " i
to aock + vy comblnathn band, \_Nher’e}_, ~ 760 ch Such . mixture B, however, failed, mainly because of the large MD
bands may acquire additional IR intensity by Coriolis or Fermi background

interaction with the intensery vibration52:63 Possible candi- e ) ) i o
Similar to the carbenium ions of8gF", the dissociation

dates fony include the strongly IR-active symmetric FH torsion, ° S
(@) = 783 el (Table 1). energy of F-CgHgFt may also be larger than the vibrational

energies of the observed transitions. Howewer, andocy of
F-CeHgF™ (3645 and 3125 crit) are much closer tdg for
F-CeHgF™ than for the carbenium ionDg§ > 11 000 cnt?).
Accurate experimental values for the ground-state binding
energy ofF-CgHgF" are not available, and thermochemical data
(62) Nizkorodov, S. A.; Meuwly, M.; Maier, J. P.; Dopfer, O.; Bieske, EJ.J. yield an approximate enthalpy of 17 25 kJ/mol (142Gt 2090

In a second scenario, the 3885 thiband may be assigned
to the F—H stretch fundamentals of less stable +atipole
complexes, such as those shown in Figurel1Jhese may be
formed in the ion source, for example, via three body association

Chem. Phys1998 108 8964. —1 inatior?5:48
(63) Ayotte, Py Weddle, G. H.; Kim, J.; Johnson, M. A. Am. Chem. Soc. cm ) for dehydmﬂuor_matmﬁ' The Do value calculated at
1998 120, 12361. the MP2/6-31G* level is 41 kJ/mol (3430 c),2° whereas the
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a=1.012+0.051

IN([CsH5*/[CeHs*Imax)

1

R
IN(1/lmax)

Figure 7. Double logarithmic plot of the normalized fragment yield,
[CeH5T]/[CeHs I max Versus the normalized laser intensitymax, Mmeasured

for the process described in eq 2 using= 3645 cnt! (ory). The straight

line corresponds to a least-squares fit of the data to a first-order polynomial,
and the derived slope af= 1.012+ 0.051 indicates a one photon process.

L

higher B3LP/6-311G(2df,2pd) and MP2/6-311G(2df,2pd) levels
yield Do = 54 and 51 kJ/mol (4521 and 4260 ctHy respec-
tively. Thus, although available theoretical and experimental
data are inconclusive as to whettgy of F-CsHgF" is below

or aboveory and ocy (3645 and 3125 cmi), the high level
calculations suggest thddg > 4000 cntl. Following this
favored scenario, the experimental detectioropf and ocy

for F-CgHgF™ must be explained either by two photon absorption
of cold F-CgHgF' or by one photon absorption of complexes
with internal vibrational energy prior to IR excitatiok;{ >

900 and 1400 cmt for ory and ocn, assumingDy = 4521
cmY). In the latter case, thegHs™ photofragment concentration,
[CeHs1], is proportional to [1— exp(—ol)], whereo is the cross
section for single photon absorption, drid the laser intensit{

For the low available laser intensitiax = 200 kW/cn¥), the
relation can be approximated by Ingids]/[CeHs ] may = const

+ a x In(l/lne) with a = 1. On the other handa > 1 is
expected for two or more photon absorption of cBiCeHsF.
Figure 7 reproduces a double logarithmic plot of the normalized

The GHs™ fragment is the phenyl cation in it#\; electronic
ground state (with probably only minor vibrational excitation),
as the lowest triplet statéR;) and the most stable acycligids™
isomers are at least0.8—1 eV higher in energ§>® Hence,

IR photodissociation of-CsHeF" does not induce ring opening.
This observation is consistent with the narrow kinetic energy
release (KER) component observed fCgHeF' in unimo-
lecular decay studies using GHas protonating ageat:2° An
interesting question is whether photodissociatiofri@sHeF"

is a mode-selective or a statistical process. For small and weakly
bound complexes, often highly mode-selective dissociation
dynamics is observed, whereas dissociation of larger and more
strongly bound systems can usually be well described by
statistical theorie¥?67-6% Unfortunately, the large widths of the
transitions observed foF-CgHgF™ are mainly arising from
inhomogeneous broadening (hot band congestion) rather than
from homogeneous broadening due to fast relaxation processes
(intramolecular vibrational redistribution and/or predissociation).
Consequently, the experimental spectrum does not allow one
to decide which relaxation mechanism is faster in the present
case.

5. Concluding Remarks

In summary, the fluoronium isomer of protonated fluoroben-
zene, F-CgHgF™, is characterized by IR spectroscopy and
guantum chemical calculations. The observed spectrum corre-
sponds to the first structured spectrum of an isolated protonated
aromatic molecule (AH) in the gas phase. Quantum chemical
calculations of the gHeF" PES reveal that ring protonation of
CeHsF (carbenium ions, fluorobenzenium) is energetically
preferred over F protonation (phenylfluoronium). Nonetheless,
sufficientF-CsHgF' concentrations are produced using chemical
ionization with CH, in a supersonic plasma expansion. The
spectroscopic and theoretical data show thaisHgF" is best
described as a HFC¢Hs™ ion—dipole complex. The dissociation
energy for dehydrofluorination, that is, fragmentation into HF
and cyclic GHs" in their electronic ground states, is calculated
to be onlyDg = 4521 cnt! (54 kJ/mol) and enables the IR

fragment yield versus the normalized laser intensity measuredspectrum ofF-CgHeF" to be observed by photodissociation.

for oy excitation (3645 cmt). The slope derived from a least-
squares fit to a first-order polynomia = 1.012 + 0.051,

Under one photon absorption conditions, Ea€sHeF" isomer
of CsHgF" can selectively be detected, whereas the more stable

suggests that the observed fragmentation signals arise (pre<arbenium isomers do not contribute to the spectrum observed.

dominantly) from one photon absorption. Thus, the 3125 and
3645 cnr! bands are attributed tacy + v — vy andogy + vy

The present experimental approach differs qualitatively from
the previously used messenger technique to characteriZze AH

< vy sequence transitions, which are regarded as good ap-ions by IR photodissociation of their weakly bound AHL,

proximations of theocy and ory fundamentals. A similar
situation occurs for the related,8—CgHe™ complex investi-
gated with the same setdpThe large widths of the transitions
in the F-CsHgF™ and HO—CgHg™ spectra (26-45 cntl) are
consistent with the observation of sequence transitions.
Assuming single photon absorption of relatively cBCsHgF+
and a dissociation energy b ~ 4500 cnt?, the (ro)vibrational
excitation of the GHs™ and HF dissociation products in reaction
1 must be small. The HF fragment is in the vibrationl&ss
electronic ground state with low (or no) rotational excitation.

clusters using inert ligands 1113 Although with the latter
approach all AH isomers produced in the ion source contribute
to the observed spectrum, the properties oftAkte more or
less modified by the weak microsolvation interaction with L.
The IR spectrum of-CgHgF" confirms that protonation of
CeHsF at the F atom strongly destabilizes the-EEbond and
the charge of the added proton is mostly delocalized over the
CeHs' ring (0.83 e). A similar destabilization of the usually
extremely strong and inert-&F bonds in fluorocarbon mol-
ecules was reported for metal cations binding to the F &fom.

(64) In fact, the observed cross section corresponds to the product of absorption(65) Hrusak, J.; Schider, D.; Iwata, SJ. Chem. Physl997, 106, 7541.
and dissociation cross sections. It is assumed that quantitative dissociation(66) Lorquet, J. C.; Lorquet, A. J. Phys. Chem. 2001, 105, 3719.

of metastable levels above the lowest dissociation limit can occur on the
time scale of the experiment (that is, the flight time through the octopole).

(67) Baer, T.; Hase, W. lUnimolecular Reaction Dynamic®xford University
Press: New York, 1996.

Thus, the observed cross section is proportional to the absorption cross (68) Miller, R. E. Sciencel988 240, 447.

section, as the dissociation cross section is roughly constant.

(69) Ewing, G. EJ. Phys. Cheml1987, 91, 4662.
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In line with the charge transfer, the geometryFofCeHgF is
rather different from that of gHsF, with the main effect that

In conclusion, the fruitful combination of IR spectroscopy,
mass spectrometry, and quantum chemistry is a powerful tool

protonation leads to a compression of the ring. Moreover, to determine the structure (in particular, the protonation sites)

comparison betweeory of F-C¢HeF" and HFH' reveals that
replacing H by CgHs™ stabilizes the FH bond because of
the charge delocalization in theglds* ring. In addition, the
large difference in the dissociation energies of-HiF" (Do ~
PAye = 484 kJ/mol§° and HF-CgHst (Do ~ 54 kJ/mol) reflects
the drastic effect upon substitution of Hy CeHs™. Similar to
cyclic GsHs™, the closed shell CHt cation is a very electrophilic
agent. Consequently, GHforms a relatively strong bond even
to the inert Ar atom { AHp ~ 47 £+ 9 kJ/mol) because of partial
charge transfer from Ar to CH.7%71As a result, complexation
of CHg™ with Ar has large structural effects similar to those of
complexation of GHs" with HF.

(70) Olkhov, R. V.; Nizkorodov, S. A.; Dopfer, Q. Chem. Phys1998 108
10046.
(71) Hiraoka, K.; Kudaka, I.; Yamabe, €hem. Phys. Lettl99], 178 103.
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in AH™ isolated in the gas phase and under controlled solvation
conditions (e.g., AFi—L,).1113 Future efforts aim at the char-
acterization of related reactive intermediates, such as othér AH
ions and |=-CgHs™ complexes. Eventually, this strategy aims
at the determination of the drastic effects of stepwise solvation
on the properties of ioamolecule reaction mechanisms.
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