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The mass-resolved resonance enhanced two-photon ionization spectra of jet-cooled benzyl chloride were
measured. Some low-frequency vibronic bands around the S1-S0 origin band were assigned to transitions of
the internal rotational mode of the chloromethyl group. The internal rotational motion was analyzed by using
the one-dimensional free rotor approximation. The conformation in the S1 state was found to be that in which
the C-Cl bond lies in orthogonal to the benzene plane. For the species withm/e 126, the transition energy
of the internal rotational bands corresponded well to the potential energy values ofV2 ) 1900 cm-1 andV4

) 30 cm-1 in the S1 state and the reduced rotational constantB values 0.50 and 0.47 cm-1 in the S0 and S1

states, respectively. TheB values obtained for the chlorine isotopomer (m/e 128) were slightly different. The
S1 potential barrier height was found to be about 3 times larger than that for the S0 state. Molecular orbital
calculations suggest that the difference between energies of the HOMO and LUMO with respect to the rotation
of the chloromethyl group correspond approximately to the potential energy curve obtained for the S1 state.

1. Introduction

The large-amplitude vibration has been of interest to many
researchers due to its large anharmonicity. Large-amplitude
vibrations, unlike any other normal mode vibrations, have quite
low frequencies and it is presumed that they may affect the
relaxation processes in the electronic excited state. However,
the excitation spectrum of large molecules including the large-
amplitude vibrational motion is very congested, so that inter-
pretation can be difficult. The supersonic jet technique is thus
very useful in obtaining information on the large-amplitude
vibrations. Okuyama et al. observed the laser-induced fluores-
cence excitation spectra with this technique for the first time in
the middle 1980s,1 and since then, a number of groups have
studied toluene derivatives.2-8 The potential energy curve on
the methyl internal rotational motion was estimated in the ground
and excited states, and the drastic change of the potential barrier
height upon the electronic excitation was shown. For chloro-
toluenes7 and methylanisoles8 it is indicated that the internal
rotational motion of the methyl group would promote intersys-
tem crossing from the lowest excited singlet state. It can be
concluded that the low-frequency motion of the methyl internal
rotation should enhance the level mixing in the lowest triplet
excited state.

The molecular structure and the barrier height for the internal
rotation of benzyl derivatives in the ground state have also been
studied by some groups. The ground-state structure has been
investigated by using the NMR J method, electron diffraction,
microwave spectroscopy, and IR/Raman spectroscopy.9-16 So-
renson and True15 measured low-resolution microwave spectra
of benzyl halides and suggested that the conformation in the
ground electronic state for all the benzyl halides they studied
is not planar (the C-X bond lies out of the phenyl plane).
Internal rotational motion of the ring-substituted benzyl alcohols
was studied by Im et al.17 with mass-resolved resonance-

enhanced two-photon ionization spectroscopy. They showed that
the barrier height in the S1 state was 2 times more than that in
the S0 state.

Benzyl chloride is known for its unique reaction and
relaxation dynamics in the electronic excited state: photoexcited
benzyl chloride undergoes fast dissociation to give benzyl radical
and chlorine atom.18 Benzyl chloride has orthogonal conforma-
tion (the C-Cl bond lies in the plane perpendicular to the
benzene plane) in the ground electronic state, and the potential
barrier height of the internal rotational motion was 740 cm-1

in an electron diffraction experiment.11,12The internal rotational
motion in benzyl chloride can be anticipated to contain
information on the interaction between the phenyl group and
the chloromethyl group; thus we considered it important to study
the internal rotation of the chloromethyl group on benzyl
chloride.

In this experiment, the mass-resolved resonance enhanced
two-photon ionization (RE2PI) spectrum of the jet-cooled benzyl
chloride was measured. Because the benzyl chloride consists
of two isotopomers with respect to the chlorine atom, the
isotopic effect should appear as a change in the rotational
momentum of the internal rotation. Therefore, the mass-resolved
RE2PI spectroscopy should give useful information on the
internal rotation of the chloromethyl group. Analyses of the
potential energy curves of the internal rotation in the S1 state
were performed by using a one-dimensional free rotor model.
We discuss the barrier height with the results of molecular
orbital (MO) calculations.

2. Experimental Section

A liquid sample of benzyl chloride (purity 99.5%) was
purchased from Tokyo Kasei Co., Ltd. and used without further
purification.

A schematic diagram of the experimental apparatus for the
measurement of the RE2PI excitation spectrum in a supersonic
free jet is shown in Figure 1. A pulsed tunable dye laser* Corresponding author. E-mail: tichimur@cms.titech.ac.jp.
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(Lambda Physik Scanmate IIE: Coumarin 153 in methanol/
1,4-dioxane) pumped with the second harmonic of a Nd3+:YAG
laser (Continuum Powerlite 8010) was frequency doubled by a
second harmonic generator (Inrad Autotracker-III). The energy
resolution of the excitation laser was estimated to be about 0.02
cm-1. The excitation laser was focused with a 1000 mm lens
and was crossed with a skimmed molecular beam perpendicular
to the direction of the beam. The excitation laser and the pulsed
valve were synchronized with use of a digital delay pulse
generator (Stanford Research Systems DG535).

The sample reservoir was heated to 300-330 K to obtain
the required vapor pressure. The sample vapor was then seeded
by 2 atm of Ar or N2 gas. The gas mixture was expanded into
the vacuum chamber, passing through a pulsed valve (General
Valve Series 9, 0.8 mm diameter orifice) operated at 10 Hz.
The supersonic free jet was skimmed with a 1.0 mm diameter
skimmer positioned 12 mm downstream of the orifice. The
background pressure of the ionization chamber was below 10-7

Torr without and about 10-5-10-6 Torr with the pulsed valve
operating, respectively. The background pressure of the flight
tube was less than 10-6 Torr when the pulsed valve was in
operation. The cations were mass-selected by the Wiley-
McLaren style time-of-flight mass spectrometer and refrectron.
For the detection of the ion, a microchannel plate (R. M. Jordan
Co. 40 mm Z-Gap MCP) was used. To measure the RE2PI
excitation spectrum, the signal from the detector was averaged
by a boxcar integrator (Stanford Research Systems SR250),
digitized by an A/D converter (Union Data UAD-98KJ or
ADTEK AB98-05B), and then transferred to a personal
computer (NEC PC-9801). The excitation laser power was
simultaneously monitored with a handmade power meter and
stored in the same way as the ion signal. On the measurement
of the time-of-flight mass spectrum, the ion signal was averaged
by a digital oscilloscope (LeCroy 9314C).

3. Analytical Treatment and Selection Rules

We analyze the treatment of the internal rotational motion
of benzyl chloride as follows. The rigid chloromethyl group
(Cs symmetry) is connected to the rigid phenyl group (C2V
symmetry) and the internal rotational motion is analyzed with
the one-dimensional free rotor basis model.19,20 The wave
function, Ψ(φ), for the internal rotation should satisfy the

following equations.

where B is the reduced rotational constant,Vn is the n-fold
barrier height, andφ is the rotational angle between the benzene
frame and the chloromethyl group, respectively. Here, theφ

value is defined as the dihedral angleθ (Cortho-Cipso-CR-Cl).
In the case of the benzyl chloride, it is sufficient to use the
terms of n ) 2m (m is a positive integer) because of its
molecular symmetry. Since the higher terms are not so effective
in describing the potential energy curve, then ) 2 and 4 terms
were used here. The wave functions were expanded by the 51
free rotor wave functionsΨp as a basis set.

Substituting (1) with (3) and diagonalizing the resulting matrix
gives the eigenfunctions and eigenvalues of the internal
rotational motion.

Based on the molecular symmetry, the symmetry of the wave
functions can be divided into four species, (s,s), (s,a), (a,s), and
(a,a), where the former character in parentheses indicates that
the wave function is symmetric or antisymmetric to the reflection
to the plane perpendicular to the phenyl ring, and the latter
character indicates the symmetry of the wave function to the
plane of the ring. Since the product of the vibrational wave
functions must be totally symmetric, the vibronic transition
involving the internal rotation can occur when the vibrational
levels belong to same symmetry species.

4. Results and Discussion

4.1. Mass-Resolved RE2PI Spectra.Figure 2 shows the
mass-resolved RE2PI excitation spectrum of benzyl chloride

Figure 1. Schematic diagram of the experimental setup for the mass-resolved RE2PI spectroscopy: MCP, microchannel plate; SHG, second
harmonic generator; PM, power meter; BS, beam splitter.
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with m/e 126 (Bz35Cl, hereafter). The observed spectrum was
almost identical with the laser induced fluorescence excitation
spectrum measured by Takemura et al.21 The prominent band
at 37101.1 cm-1 was previously assigned to the S1 r S0 origin
band and the bands at 00 +542.3 and+748.5 cm-1 were
assigned to 6b01 and 101 vibronic bands, respectively. Some low-
frequency bands were observed above the origin and also
adjacent to each vibronic band. Figure 3 shows the expanded
spectrum under the energy region around the origin band in
different jet conditions. The band intensity of some transitions
was found to differ according to the stagnation pressure of the
carrier gas. We assign the observed vibronic bands A to H and
summarize the excess energy of the bands in Table 1. It was
found that the relative intensity of bands D, F, and H to the
origin was constant under any jet conditions, while that of the
other bands varied. Therefore, the former can be assigned to
the vibronic bands of the bare benzyl chloride and the latter
are presumed to result from the clusters or the hot bands. Since
the sum of the excess energy of bands D and F approximately
corresponds to that of band H, we can assign band H to a
combination band of D and F.

We measured the time-of-flight mass spectrum with the
wavelength of the excitation laser fixed at each band. All of
the TOF mass spectra except for band A showed the intense
peaks attributed to the benzyl chloride cations (m/e 126 and
128), while for band A excitation the relatively intense peaks
of the benzyl chloride and Ar (m/e 166 and 168) cluster were
observed. Band A disappeared when N2 gas was used as a
carrier. This band can thus be assigned to the 00 transition of
the BzCl‚Ar cluster. The benzyl chloride dimer cannot be
observed in the mass spectra. Therefore the bands B, C, E, and
G can be assigned to the hot band. From the energy relative to
the origin band, the bands E and G can be assigned to the
combinations of D with B and F with B, respectively. The two
low-frequency transitions B and C are tentatively assigned to
the hot bands of internal rotation of the chloromethyl group
because it would be the most appropriate candidate for the
lowest frequency vibration. We measured the mass-resolved
RE2PI spectrum for the Bz37Cl in order to investigate the isotope
effect on the low-frequency vibrations. The results are also
summarized in Table 1. It was found that the spacing of each
band from the origin band was slightly reduced. The largest
isotope shift was observed in band H.

Since the signal intensity of the 00 transition is larger than
any other low-frequency vibrations, the conformation of the
chloromethyl group in the S1 state should be identical with that
of the S0 state, in orthogonal conformation.11,12To confirm the

minimum energy conformation, molecular orbital calculations
were carried out. The geometry of the S0 and S1 state was
optimized at B3LYP/6-31G(d,p) and CIS/6-31G(d,p), respec-
tively, using the Gaussian 98 package.22 The calculated geometry
of the S0 state is almost similar to the results of Benassi et al.
calculated with the MP2 method.16 The optimized geometries
in both states were found to be in the orthogonal conformation
and inCs molecular symmetry. No other local minimum was
found for the chloromethyl internal rotation. These calculations
thus support our speculation on the conformation. The energy
levels of the internal rotation should be doubly degenerated with
respect to the reflection of the benzene plane. The even number
levels have (s,s) and (s,a) symmetry and the odd number levels
have (a,s) and (a,a) symmetry. The selection rules should be
evenT even and oddT odd.

Therefore we assigned the hot bands B and C to T1
1 and T2

2,
respectively (T denotes the internal rotational mode). On the
basis of this assignment we simulated the transition energies of
the internal rotational mode as described in section 3. We
assumed the potential terms of the S0 state were identical to
those obtained by electron diffraction measurement,11,12 V2 )
740 andV4 ) 0 cm-1. The other parameters, theB values in
both states and theV2 andV4 values in the S1 state, were fitted
to the observed transition energies. For Bz35Cl the best fitting
was obtained with theB values 0.50 and 0.47 cm-1 in the S0

Figure 2. Mass-resolved RE2PI spectrum of the jet-cooled benzyl
chloride monitored Bz35Cl (m/e 126).

Figure 3. Mass-resolved RE2PI spectra (m/e 126) with stagnation
pressures of (a) 4.0, (b) 1.8, and (c) 0.6 atm.

TABLE 1: Energy and Assignment of Low-Frequency
Bands Observed around the S1-S0 Origin Band

band assignment Bz35Cl (cm-1) Bz37Cl (cm-1)

A BzCl‚Ar 00 -14.8 a
00 37101.1 37102.0
B T1

1 +19.2 +18.9
C T2

2 +39.9 +39.6
D 10b0

1 +48.3 +47.7
E 10b0

1T1
1 +67.7 +66.5

F 16b0
1 +80.0 +79.3

G 16b0
1T1

1 +97.5 +97.1
H 10b0

116b1 +126.2 +124.5

a The band A for Bz37Cl could not be observed because the band
intensity was very weak.
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and S1 states, respectively, and the potential energy termsV2 )
1900 cm-1 and V4 ) 30 cm-1 in the S1 state. The results of
Bz37Cl were well reproduced by only changing theB values of
both states and they were found to be 0.49 and 0.46 cm-1 in
the S0 and S1 state, respectively. The decrease of theB values
upon the electronic excitation would be due to the stretched
length of the C-Cl bond. The tunneling splitting in every
internal rotational level was obtained to be too small to be
observed (<0.01 cm-1). The observed and calculated transition
energy was shown in Figure 4 and summarized in Table 2. The
calculated Franck-Condon factor was listed in Table 3. The
calculated values well satisfied the selection rules of the even

T even and oddT odd transitions. The Franck-Condon factors
of the T1

1 and T2
2 transitions are comparable to that of the T0

0

transition, but the band intensity is too weak. This is due to the
small populations in the higher levels. The vibrational temper-
ature was estimated from the obtained energy level spacings
and calculated Franck-Condon factors, and obtained to be about
40 K in the hottest spectrum (Figure 3c).

We conclude that the potential barrier height in the excited
state is increased about 3 times larger than that in the ground
state. The barrier height for the chloromethyl group is extraor-
dinarily higher than that of the other benzyl derivatives.17 The
detailed discussion will be described in the following section.

4.2. Electronic Structure of the Benzyl Chloride. To
investigate further the extremely high potential barrier height
in the S1 state, we performed MO calculations on the potential
energy curve of the internal rotation of the chloromethyl group.
The total energies in the ground and excited states were
calculated by using the dihedral anglesθ from 0° to 90° in a 5°
step, as shown in Figure 5. The potential barrier heights were
calculated as 654 cm-1 in the ground state and 1257 cm-1 in
the excited state. Though the values calculated were lower than
the observed ones, the calculation reproduced the experimental
result whereby the barrier height increased upon electronic
excitation.

Using the optimized geometry of the S0 and S1 states, we
also carried out vibrational frequency calculations. The lowest
frequency mode corresponds to the internal rotation mode of
the chloromethyl group, whose frequency was calculated to be
38.2 cm-1 in the S0 state and 53.7 cm-1 in the S1 state. The
second lowest frequency mode was the 10b mode vibration
(bending mode between the phenyl and the chloromethyl
groups), whose frequency was found to be 109.9 cm-1 in the
S0 state and 87.5 cm-1 in the S1 state. The third one was the
16b mode and its frequency was calculated as 271.5 cm-1 in
the S0 state and 206.2 cm-1 in the S1 state. The internal rotation
was found to be the lowest frequency mode. The band C at 00

+48.2 cm-1 can be assigned to the 10b0
1 vibronic band, and

the band D at 00 +80.0 cm-1 to the 16b01 vibronic band. When
we compared the internal rotation bands to bands C and D, the
smaller isotope shift was observed. This implies the fairly equal
energy shifts in both the S0 and S1 states for the internal rotation
modes. From this analysis, we conclude that the observed
internal rotational bands are the hot bands.

The very high potential barrier height suggests that a strong
interaction is occurring between the phenyl group and the
chloromethyl in the excited state. Figure 6 shows the variation

Figure 4. Relative energies for the vibrational levels of the internal
rotation in (a) S1 and (b) S0 states. The observed transitions are indicated
by the arrows. The values for the Bz37Cl are described in parentheses.

TABLE 2: The Observed and Calculated Transition
Energies Involving the Internal Rotational Mode

Bz35Cl (cm-1) Bz37Cl (cm-1)

transitions obsd calcda obsd calcdb

T0
0 0 0 0 0

T1
1 19.2 19.5 18.9 19.3

T2
2 39.9 39.8 39.6 39.3

a B(S0) ) 0.50 cm-1, B(S1) ) 0.47 cm-1, V2 ) 1900 cm-1, V4 ) 30
cm-1. b B(S0) ) 0.49 cm-1, B(S1) ) 0.46 cm-1, V2 ) 1900 cm-1, V4 )
30 cm-1.

TABLE 3: Calculated Franck -Condon Factors of the S1-S0
Transitiona

S1 state

S0 state T0 T1 T2 T3

T0 100 0 4.5 0
T1 0 79.9 0 5.8
T2 0.6 0 80.5 0
T3 0 5.7 0 62.8

a All values were normalized to the 0° transion as 100.

Figure 5. Potential energy curves in S0 (filled circles) and S1 (open
circles) states obtained by MO calculations. Both are normalized to
the energy minimum.
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of the calculated energies of the HOMO and LUMO for different
angles of the internal rotation. Both orbitals have their global
minimum in the orthogonal conformation (θ ) 90°), and the
differences in energies between the orthogonal and planar
geometries (θ ) 0°) were found to be 1077 cm-1 in HOMO
and 4254 cm-1 in LUMO. The energy difference between these
orbitals corresponds approximately to the potential barrier height
in the S1 state. Therefore, we conclude the electronic structure
of the LUMO is related to the internal rotational motion. The
calculated HOMO and LUMO of benzyl chloride in the ground
state geometry are shown in Figure 7. One can clearly see a
strong interaction between theπ* orbital of the benzene ring
and theσ* orbital of the C-Cl bond in the LUMO. The resulting
orbital spreads over the Cipso-CR bond and forms the bonding
orbital between the phenyl group and the chloromethyl group.
This interaction may be responsible for the extraordinarily high
potential barrier in the excited state.

Theoretical study on the benzyl derivatives by Benassi and
Taddei23 suggested that the rotational barrier in the S0 state is
mainly controlled by the hyperconjugative effect ofπ(benzene)-
σ*(CR-X) and π*(benzene)-σ(CR-X), where X) F and Cl.
Our calculation proposes thatπ*(benzene)-σ*(CR-X) interac-
tion is effective to the rotational barrier in the excited state. In
the planar conformation, there can be no interaction between
the π*(benzene) and theσ*(CR-Cl) because of symmetry
restrictions. Therefore the energy difference in the planar
conformation between theπ*(benzene) and theσ*(CR-Cl) was

calculated to be about 7300 cm-1, and should represent the zero-
order energy difference between these levels in the orthogonal
conformation. The strong interaction is thought to be caused
by the energy proximity of these orbitals.

Table 4 shows the internal rotational barrier heights in the
S1 states of the toluene and some benzyl derivatives. The barrier
heights for these molecules differ by the substituted groups.
From the above discussion, we consider this is due to the
difference in the interaction between theσ*(CR-X) orbital and
π*(benzene), and this would be roughly estimated by the energy
difference of these levels. Since the energy level of theπ*-
(benzene) can be assumed to be constant for each molecule,
the interaction would depend on the energy level of theσ*-
(CR-X), which almost corresponds to the dissociation energy
of the CR-X bond. Table 4 also shows the dissociation energy
of the CR-X bond. Since the energy level of theσ*(CR-H) in
toluene is largely separated from that of theπ*(benzene) the
barrier of the internal rotation is too small. For the benzyl
derivatives smaller energy separations than toluene give rise to
the interaction ofπ*(benzene)-σ*(CR-X). The interaction in
benzyl chloride should be strong because the energy difference
is the smallest of four. Therefore the resulting bonding orbital
causes the high barrier height of the internal rotation in the S1

state.

5. Summary

The internal rotation of chloromethyl group on benzyl
chloride in the S1 state was investigated by mass-resolved
resonance-enhanced two-photon ionization (RE2PI) excitation
spectroscopy in a supersonic jet condition. We observed the
low-frequency bands up to 150 cm-1 above the origin in the S1
state. The low-frequency bands whose intensities varied with
the supersonic jet condition were assigned to the internal
rotational band of the chloromethyl group. The conformation
in the S1 state was clarified as that in which the C-Cl bond of
benzyl chloride lies in the plane perpendicular to the benzene
plane. Using the one-dimensional free rotor approximation the
spectra were analyzed, and the potential energy terms were
found to beV2 ) 1900 cm-1 andV4 ) 30 cm-1 in the S1 state.

The rotational constant of the internal rotation for the Bz35-
Cl was found to be 0.50 cm-1 in the S0 state and 0.47 cm-1 in
the S1 state. For Bz37Cl, theB values were 0.49 and 0.46 cm-1

in the S0 and the S1 states, respectively. The potential barrier
height was found to be about 3 times as high in the S1 state as
in the S0 state. We also calculated the HOMO and LUMO of
benzyl chloride. Both have their energy minimum in the
orthogonal conformation and their maximum in the planar
conformation where the C-Cl bond lies in the benzene plane.
The MO calculations suggest the large energy difference (∼4300
cm-1) between the orthogonal and planar conformations in the
LUMO. They also suggest that the LUMO of the orthogonal
conformation consists of theπ* orbital of the benzene ring and

Figure 6. Energy variations of HOMO (filled circles) and LUMO
(open circles) with the internal rotation. Both are normalized to the
energy minimum.

Figure 7. Calculated (a) HOMO and (b) LUMO of benzyl chloride in
the ground-state geometry.

TABLE 4: The Barrier Height of the Internal Rotational
Mode and the Dissociation Energy of the C-X Bond in the
Benzyl Derivatives

barrier height (cm-1)

S0 state S1 state
dissociation

energy (kJ/mol)g

toluene (Bz-H) 4.9a 25b 368
benzyl fuoride (Bz-F) 58.2c <300d

benzyl alcohol (Bz-OH) 140d 330d 322
benzyl chloride (Bz-Cl) 740e 1900f 289

a Reference 23.b Reference 24.c Reference 9.d Reference 17.e Ref-
erence 11.f This work. g Reference 25.
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the σ* orbital of the C-Cl bond, forming the strong bond
between these orbitals. It is concluded that the stabilization of
the LUMO in the orthogonal conformation should be caused
by the interaction between theπ*(benzene) and theσ*(C-Cl),
which arises from the small energy separation of these levels.
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