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Infrared Photodissociation Spectroscopy oh-Propylbenzene-Ar Cluster Cations: Charge
Delocalization between the Aromatic Ring and the Alkyl Chain
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Infrared photodissociation spectra iwfpropylbenzeneAr cluster cations have been observed for the CH
stretching vibrational region. Because of very small perturbations due to the Ar cluster formation, the spectra
of the cluster cations can be practically regarded as those of the corresponding bare cations. The spectra of
the cluster cations were compared with infrared spectra of neotpabpylbenzene. It was found that
substantially spectral changes take place upon ionization not only for the aromatic CH but also for the alkyl
CH stretching vibrations. This fact indicates that the positive charge is not localized in the aromatic ring but

is penetrated into the propyl side chains.

I. Introduction II. Experiment

Separability betweerr electrons of an aromatic ring and ~_ 1he infrared-ultraviolet (IR-UV) double resonance tech-
electrons ofo bonds in an adjoining alkyl chain is a basic but Niqué was used for IR spectroscopy of jet-coofe&B and
still unresolved problem in chemistiWhen alkylbenzene is ~ "PB—Arin the neutral ground state {5 while IR spectra of
ionized to its cationic ground state, a simple consideration of then-PB—Ar cations in the ground state gpwere obtained by
dominant electron configurations indicates that the electron is USing infrared photodissociation (IRPD) spectroscopy, respec-

removed from the aromatic ring. However, the positive charge .

tively. Both techniques have been described elsewhere in
is known to spread over the whole molecule, partially into the detaill! Here we give only a brief description for each method.
alkyl side chain moiety through the interaction betweensthe

(@) IR=UV Double Resonance Spectroscopy inoSA
system and the alkyl chain (so-called hyperconjugation). pulsed UV laser beam \(v_hose wavelength is flx_ed_ at the origin
Characterization of such a charge delocalization into the alkyl bagdtr?f Fhe TS trtan.smoln of the tcc()jmgoound IS mtroducr:]ed, d
side chain is very important for examining an efficient charge and the lon current signal generated by resonance enhance
transfer in biological systems involving aromatic rirfgs. multiphoton ionization (REMPI) is monitored as a measure of
i the ground-state population. Prior to the UV pulse, an IR laser
Recently we measured infrared (IR) spectra of the benzene,

. \ : ulse is introduced, and its wavelength is scanned. When the
toluene, and ethylbenzene cations in the gas phase by using th wavelength is resonant on a vibrational transition of the

“messenger” techniqu.In this technique, van der Waals  .ompound leading to the IR absorption, the vibrational excitation
clusters consisting of molecular cation and Ar atom are prepared,jyquces a reduction of the population and is detected as a
and their IR spectra are measured by monitoring its dissociation yecrease of the REMPI signal intensity. Thus, the IR spectrum
yield as a function of the IR excitation frequentyhe Ar atom is obtained as the ion current dip spectrum.

plays a role of the “messenger” of the IR absorption of the (b) IRPD Spectroscopy in . The n-PB—Ar cation is
molecular cation. Because of negligible perturbations by the produced by two-color photoionization of the neutral cluster
Cluster fOI’ma'[Ion W|th Ar, the Observed IR Spec'[l’a can be for |ts internal energy to be Suppressed The f|rst uv pulse
regarded as those of the bare molecular catfénand this  excites the neutral cluster to the zero point level gfe®id the
technique has been widely applied to observe IR spectra ofsecond UV pulse ionizes it. The internal energy of the cluster
isolated cations in gas phased? In our previous work, itwas  cation is kept below 300 cm by using a suitable photon energy
demonstrated that the CH stretching vibrations of the methyl of the latter laser. After a delay time of 50 ns, the IR pulse is
group in toluene are remarkably changed in both frequenciesintroduced. When the IR wavelength is resonant on a vibrational
and intensities upon the ionization, reflecting the charge transition of the cluster ion, the excitation causes its vibrational
delocalizatior?. Though hyperconjugation is generally recog- predissociation, leading to a depletion of the cluster ion intensity.
nized to be less important with an increase of the alkyl chain Thus, by scanning the IR wavelength while monitoring the ion
length, the IR spectrum of the ethylbenzene cation also showsintensity due to the mass-selected cluster ion, the IR spectrum
clear evidence of substantial hyperconjugation. Thus, it is an of the cluster ion is obtained as the depletion spectrum.
interesting subject to investigate hyperconjugation in alkylben-  The sample was heated to 360 K, and its vapor was seeded
zene cations with a longer side chain. In this study, we apply in Ar gas of 3 atm stagnation pressure. The gaseous mixture
the Ar messenger technique in order to observe the CH was expanded into a vacuum chamber through a pulsed nozzle.
stretching vibrations of-propylbenzenen-PB) cations. The Typical background pressure of the chamber is I07° Torr.
spectra of the cations are compared with those of the neutralThe jet expansion was skimmed by a skimmer of 2 mm
ground state, and effects of the charge delocalization arediameter, and the resulting molecular beam was introduced into
discussed in combination with theoretical calculations. the interaction region with the laser pulses. A time-of-flight mass
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(a) n-propylbenzene IR-UV spectra
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(a) SS—S Spectra ofn-PB and n-PB—Ar. Figure 1 shows
the mass-selected REMPI spectra of jet-coote®B and ) ) o ) )
n-PB—Ar for the origin band region of their S transitions. Figure 2. (a) CH stretching vibrational region of the infrared

N . . S ultraviolet (IR-UV) spectra of the (upper) gauche and (lower) trans
The spectrum in Figure 1a is obtained by monitoring the bare isomers ofn-propylbenzene in the neutral electronic ground stage (S

molecular cationrfye = 120), exhibiting two bands at 37 534 () simulated IR spectra of the (upper) gauche and (lower) trans isomers
and 37 583 cm™. The §—S transition ofn-PB in a supersonic  of n-propylbenzene in & The simulation is based on the B3LYP/
jet expansion was first studied by Hopkins et al., and these two 6-31G(d,p) level calculations. The scaling factor of 0.954 is applied to
peaks have been assigned to the origin bands of the gauchéhe calculated vibrational frequencies to fit with the observed spectra
and trans rotational isomet&The geometrical structures of both ~ (See text).

the rotational isomers are also illustrated in Figure 1. Because ) ) ) ) )
the stabilization due to the self-solvation of the aromatic ring Of baren-PB is nearly the same in the jet expansion, as seen in
with the propyl chain is expected only for the gauche isomer, the intensity ratio of the origin bands in spectrum a. Therefore,
Hopkins et al. assigned the lower frequency band (37 534)m the band at 37 5_35 cm should be assigned to the origin band
to the gauche isomer and the higher frequency band (37 5830f the gauche isomer of-PB—Ar, though it exhibits an
cmY) to the trans isomer. Takahashi et al. measured zero kineticextremely small shift£1 cn™*) of the electronic transition,
energy (ZEKE) photoelectron spectra of théB cations via Whlph is un.usual for the cluster formation with Ar. This
the two S origin bandsi4 The observed ZEKE spectra via the ~@ssignment is confirmed by the results of the-l®/ double
different § origins showed a clear difference in the benzene €sonance spectroscopy given in the next section, and the origin
ring modes as well as in the low-frequency torsional and bending ©f the unusual shift will also be discussed.

modes, suggesting that the two bands are due to its rotational (b) IR Spectra of n-PB and n-PB—Ar in S,. Figure 2a
isomers. Dickinson et al. observed partially resolved rotational shows the IR spectra for the CH stretching region of the gauche
structures of the origin bands and analyzed them with the aid and trans isomers of barePB in §. In each spectrum, the

of ab initio calculationd® As a result, they confirmed the REMPI signal via the origin band of the SS transition was
previous assignments given by Hopkins et al. Recently, Fourier monitored, and the depletion of the REMPI intensity due to the

transform microwave spectroscopy was applied®B in a IR absorption was recorded as a function of the IR wavelength.
molecular beam, and coexistence of the trans and gaucheSince the characteristic vibrational frequencies of alkyl and aro-
isomers has been provéh. matic CH stretching vibrations are well-known, the bands seen

The spectrum in Figure 1b is obtained by monitoring the in the 2856-3000 cnt? range are attributed to the CH stretches
n-PB—Ar cation (we = 160), showing two intense bands at of the propyl chain, and those above 3000 ¢rare due to the
37535 and 37561 cm. Upon the cluster formation of an  aromatic CH stretche$.The IR spectra of the isomers are quite
aromatic compound with Ar, a low-frequency shift is generally similar to each other not only in the aromatic CH region but
expected for the S S origin.l? Therefore, the band at 37 561  also in the alkyl CH region. Despite the large conformational
cm1 is reasonably assigned to the origin band of the trans difference of the propyl chain, most of the corresponding bands
isomer of n-PB—Ar. The low-frequency shift of 22 crt is have nearly the same vibrational frequencies (within 3%Ym
typical for such cluster formation. The origin band of the gauche and the intensity distributions are also quite similar.
isomer ofn-PB—Ar is expected to have nearly the same intensity ~ Figure 2b shows the simulated IR spectra of the gauche and
as that of the trans isomer, because the abundance of the isomettsans isomers of neutra-PB. The simulation is based on the
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NN OIARRERRARN SRR Figure 4. (a) Infrared photodissociation (IRPD) spectra of the (upper)
2800 2900 3000 3100 gauche and (lower) trans isomers of th@ropylbenzeneAr cluster
Figure 3. Comparison between the 1RV spectra oh-propylbenzene cations in the CH stretching vibrational region. (b) Simulated IR spectra
and its Ar clusters in § (a) gauche isomer; (b) trans isomer. The of the (upper) gauche and (lower) trans isomers-@opylbenzene

upper traces in (a) and (b) are the+RV spectra of baren-pro- cations. The simulation is based on the B3LYP/6-31G(d,p) calculations.
pylbenzene. The lower traces of (a) and (b) are those ofi-h@pyl- The scaling factor of 0.954 is applied to the calculated vibrational
benzene-Ar clusters. frequencies to fit with the observed spectra.

energy-optimized structures with the density functional theoreti- similar to those of the corresponding bare isomers. Even minor
cal (DFT) calculations at the B3LYP/6-31G(d,p) levélsing differences between the bare isomers, i.e., the band shape of
the Gaussian 98 program pack&g&he harmonic approxima-  the broad band at 2940 cthand the intensity of the band at
tion was involved in evaluating the vibrational frequencies, and 3115 cnt?, are well reproduced in the spectra of the clusters.
a scaling factor of 0.956 was applied to fit them to the observed. In this respect, the good correspondence of the spectra between
The simulated spectra qualitatively reproduce the observedthe bare and cluster isomers indicates that the assignments of
spectra. The overall spectral ranges of the alkyl and aromaticthe cluster bands in the electronic spectra are unambiguous.
CH stretches and intensity ratio between these two types of the  Although no structure of th@-PB—Ar clusters has been
CH stretches are well reproduced, while the simulation of band reported, the fact that the aromatic CH stretches exhibit no shift
positions and intensities is rather poor. It is noticed that the upon the cluster formation strongly suggests that the Ar atom
number of the observed CH bands (including shoulders) is moreis located on the aromatic ring. In the case of the trans isomer
than those expected (7 for the alkyl CH and 5 for the aromatic cluster, the low-frequency shift of 22 crhin the §—$; origin
CH). This indicates that extensive Fermi resonance of the CH band is consistent with such cluster structtr@n the other
modes with overtones and/or combinations makes the spectrahand, the extremely small shift in the gauche isordet ¢nm 1)
complicated. seems to be quite unusual, if we simply assume the ordinary

As is intuitively expected, the simulated spectra show aromatic-Ar interactions. A possible explanation for this
remarkable differences in both intensities and band positions unusual shift is that the Ar atom resides on the same side of
of the alkyl CH stretches between the gauche and trans isomersthe ring as the propyl chain, and it is solvated not only by the
while nearly the same spectra were predicted for the aromaticaromatic ring but also by the propyl group. Upon the electronic
CH stretches. In the observed spectra, however, both the isomergxcitation to the $state, the stabilization energy between the
show quite similar spectral features even in the alkyl CH stretch Ar atom and aromatic ring may be canceled by the repulsive
region. The simulation clearly overestimates the conformation interaction between the Ar atom and propyl chain leading to
dependence of the alkyl CH vibrations. We also found the the almost zero shift of the origin band.
similar tendency in the Hartred-ock self-consistent field (HF/ (c) IR Spectra of the n-PB—Ar Cations in Do. Figure 4a
SCF) calculations. shows IRPD spectra of the gauche and traf®B—Ar cluster

IR spectra of gauche and transPB—Ar are given in the cations in the CH stretching vibrational region. In these spectra,
lower traces of Figure 3a,b, respectively. For comparison, the depletion of the cluster ion intensityne = 160) due to
corresponding spectra of the bar®B isomers are also shown vibrational predissociation was measured as a function of the
in the upper traces. The IR spectra of the Ar clusters are quite IR wavelength. As seen in the IR spectra of the clustergjn S
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the perturbation due to the cluster formation with Ar is expected the same level of the calculation for toluene and ethylbenzene
to be very small for the CH stretching vibrations. Thus, the in S and Dy. In the S state, the methyl and ethyl groups have
observed spectra of the cluster cations can be practically very small positive charge (0.03 AU in both the groups). The
regarded as those of the bare cations. net charge of the methyl and ethyl group in thg dbate is 16

The IR spectra of the-PB—Ar cations are totally different and 18% of the total positive charge, respectively. These results
from those of the corresponding neutral clusters with respect are quite similar to those of-PB, and nearly the same extent
to the number of bands and to the band positions. The aromaticof the charge delocalization to the alkyl chain is predicted among
CH bands become quite weak upon the ionization, and only these cations, despite the different chain lengths. These estima-
traces of the bands are seen around 3090'cithe alkyl CH tions are well consistent with the fact that the ethylbenzene and
stretches also show Significant Changes_ A few strong bandsh-PB cations exhibit quite similar characteristics with respect
are seen in the 29668000 cn1? range, and they are assigned to the alkyl CH stretch regioflt should, however, be noted
to the asymmetric CH stretches of the propyl chain based on that the above discussion based on the DFT calculations may
DFT calculations described below. Much weaker bands appearbe still qualitative because the IR spectra based on the DFT
in the region where the symmetric CH stretches of the alkyl calculations only qualitatively reproduce the observed spectra.
chain are expected. Finally, it is worthwhile to note that the IR spectra in the

The simulated IR spectra of the gauche and traR® cations cationic ground state show a remarkable isomer dependence in
are shown in Figure 4b. The simulation is performed by the the alkyl CH region of the-PB cations, though the IR spectra
same level of theory as that used for the neutrals. The simulationin the neutral gstate are quite similar between both rotational
reproduces qualitatively the observed IR spectra. The IR isomers. In electronic spectroscopic studies, a similar tendency
intensities of the aromatic CH stretches drastically decrease uponhas been found:; the vibronic structures in the S electronic
the ionization, and slight high-frequency shifts are predicted, spectra of the gauche and trans isomers are nearly the same
in accordance with the observed spectra. The same tendencie§xcept for the shift of the origin band positions, while the ZEKE
have already been found for ionization of other alkylbenzenes, Spectra of the isomers via theig 8rigins show quite different
such as toluene and ethylbenzérithe simulation also predicts ~ low-frequency band¥! Since the FranckCondon active modes
the stronger intensities of the asymmetric alkyl CH stretches in the ZEKE spectra are associated with large geometric changes
than those of the symmetric alkyl CH stretches. The details of between the neutral and cationic states, such an isomer
the alkyl CH stretches are poorly simulated by the DFT dependence of the low-frequency modes indicates that the
calculations. As seen in the spectra of the neutral ground state conformational change of the propyl chain should be involved
Fermi mixing might be responsibie for the discrepancy between Upon the ionization. If the pOSitive Charge is distributed in both
the observed and calculated spectra. the aromatic ring and the propyl chain, it is reasonable to expect

(d) Charge Delocalization in the n-PB Cations. The that strongerinte_rac_tions through space between the propyl Chgin
ionization of n-PB to its cationic ground state is usually and the aromatic ring than those in the neutrals, resulting in
interpreted byr electron ejection from the aromatic ring under the stronger isomer dependence of the IR spectra. Thus, the
a crude approximation. If the produced positive charge is really ISOmer dependence of thePB cations would be regarded as
localized in the aromatic ring, the vibrational spectra of the another indication of the charge delocalization into the alkyl
propyl moiety should show only a minor change upon the chain. There are also alternative expla_nat|ons for the isomer
ionization. However, the observed IR spectra of the cations are 9€Pendence; in the case of the gauche isomer, the Ar solvation

significantly changed even for the alkyl CH stretches. This fact POSSibly gives small perturbation to the propyl group, though

clearly demonstrates that the positive charge is not localized in t€re is no sign of such perturbation in. She enhanced

the aromatic ring but is penetrated into the propy! side chains. Polarization interaction between the charge on the ring and
Drastic changes of alkyl CH stretching vibrations upon propyl group also could contribute to the isomer dependence

Lo in the cation. Whatever the origin of the isomer dependence,
ionization have been also found for toluene and ethylbenZene. : ; :

. . .~ both the isomer cations showed the remarkable changes in the
Especially in the case of ethylbenzene, the IR spectrum of its

cation exhibits the same characteristics ofritfeB cations, such alkyl CH stretches upon ionization. This fact indicates that the

as strong asymmetric alkyl CH, weak symmetric alkyl CH, and i:sr:)?:]ge? gaetigi:]zllzatlon effect is almost common between the
substantial reduction of the aromatic CH stretch intensity. ’
Despite the increase in the alkyl chain length, the spectral
changes upon the ionization ®fPB seem to be similar to those
in ethylbenzene. In this study, we applied the Ar messenger technique in order
To estimate the extent of the charge delocalization, we to observe the IR spectra of thePB cations in the CH
performed natural bond orbital (NBO) charge population stretching vibrational region. The observed spectra of the cations
analysis?! On the basis of the energy-optimized structures used showed remarkable differences from those of the neutrals in
to simulate the IR spectra, we calculated NBO charge in the respect to not only the aromatic CH stretches but also the alkyl
B3LYP/6-31G(d,p) level. No difference is found between the CH stretches. This result indicates that the positive charge of
rotational isomers with respect to the charge delocalization in the cations is delocalized into the alkyl chain. The NBO analysis
both § and Dy. Because of the weak electron donating property based on the DFT calculations was performed, and nearly the
of the propyl group, the propyl group is positively charged even same extent of the charge delocalization to the alkyl chain is
in So. However, the net charge in the propyl group is very small predicted among the toluene, ethylbenzene, mRB cations,
(only 0.03 AU), and both the aromatic and propyl groups are despite the different chain lengths. Though the estimation should
essentially neutral. In the Istate, the NBO analysis predicts be regarded as qualitative, it is consistent with the significant
that 17% of the positive charge is distributed to the propyl chain changes of the alkyl CH stretching vibrations in these molecules
and 83% to the aromatic ring. This result supports the charge upon the ionization.
delocalization effect indicated by the observed IR spectra. Charge distribution is the most essential information to
We also performed the NBO charge population analysis at consider problems concerning charge delocalization. Though

IV. Concluding Remarks
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the development of theoretical calculation techniques and

Fujimaki et al.

(10) Ohashi, K.; Izutsu, H.; Inokuchi, Y.; Hino, K.; Nishi, N.; Sekiya,

resources enables us to estimate it easily, calculated results stilf- Chem Phys Lett 200q 321, 406.

cannot be regarded to be very accurate because of some g

theoretical and conceptual probledsMoreover, no direct
experimental verification of the charge distribution is practically

(11) For example, Ebata, T.; Fujii, A.; Mikami, Mt. Rev. Phys Chem
98 17, 331.

(12) Wiley, W. C.; McLaren, I. HRev. Sci Instrum 1955 26, 1150.
(13) Hopkins, J. B.; Powers, D. E.; Smalley, RJEChem Phys 198Q

available at the present stage. Therefore, it is very important to 72, 5030.

develop experimental techniques to extract any information on
the charge delocalization. Some of molecular vibrations are

localized on a functional group, and observation of such

characteristic vibrations gives us detailed information on changes

(14) Takahashi, M.; Kimura, KJ. Chem Phys 1992 97, 2920.

(15) Dickinson, J. A.; Joireman, P. W.; Kroemer, R. T.; Robertson, E.
G.; Simons, J. PJ. Chem Soc, Faraday Trans 1997, 93, 1467.

(16) Mate, B.; Suenram, R. D.; Lugez, @.Chem Phys 200Q 113

of electronic structures upon ionization. In addition, IR spec- 1

troscopy provides experimental examinations for the improve-

ment of theoretical calculations because observed IR spectra

can be directly compared with theoretical calculations.
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