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Abstract

The jet-cooled van der Waals (vdW) complexes o-, m- and p-CgH4R ... N, were studied by the one-colour resonant two-photon ionization
technique (R2P!) through the S, < S transition around the 03 band. N, in o-, m- and p-C¢H,F». ..N, was found to rotate almost freely around
an axis perpendicular to the benzene ring, whereas no such internal rotational features were observed for o-, m- and p-CgH,4(CHs),...No. All
the vdW vibrational modes of the complexes studied were identified and assigned accordingly. For p-CgH,(CHs)»...N,, Fermi resonance
was observed between the CH; internal rotational levels and the vdW stretching motion of N, against the benzenering. For al the complexes
studied (0-, m- and p-CsH4R,....N,), irrespective of whether R= F or CH,, the03 band shifts relative to the monomer origins 08 werelargest
for the para-substituted complexes, least for the meta-substituted complexes and in between for the ortho-substituted complexes. © 1997

Elsevier Science S.A.
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1. Introduction

During the last two decades, many researchers have
employed the technique of resonant two-photon ionization
(R2P1) to investigate the van der Waals (vdW) interaction
of rare gas atoms and small molecules with benzene and its
derivatives [1-10]. From the R2PI spectra of vdW com-
plexes, information on the complex structure, intermolecul ar
vibrational frequencies in the excited states and electronic
transition frequency shifts has been obtained. Attention has
been paid in this type of complex to the effect of H substi-
tution in the benzene ring by other atoms or groups on the
vdW vibrations, el ectronic transitions, etc. Mons et a. [7]
studied complexes of single-H-substituted benzene deriva-
tives (BDs) (CgHsX; X =F, Cl, CH, OH) and CgHsX.. . Ar.
The following observations were found:

1. theelectronictransition frequency shiftsA » of thesecom-
plexes relative to the monomer CqHsX possess a good
linear relationship with the corresponding electronic tran-
sition frequency v of CgHsX;

2. the stretching vibrational mode perpendicular to the ben-
zene ring can be approximated by a diatomic model;
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3. the bending vibrational frequencies perpendicular to the
symmetry plane of the complexes are essentiadly
unchanged.

The next natural question is. what would happen if we

changed Ar to asmall molecule M? Such acomplex BD...M,

apart from its intermolecular modes, has internal rotational
degrees of freedom, and therefore the interaction is more
complicated. To use BD...Ar as a reference, we selected

BD...N, as an example for our studies, since diatomic N,

possesses physical parameters similar to those of Ar (e.g.

ionization potential, polarizability, dipole moment, etc.).

We have recently reported R2PI studies of the vdW com-
plexes CsHsX...N, (X =F, Cl, Br) [11]. By comparing the

R2PI spectra of CgHsX...N, (X=F, Cl) with those of

CeHsX...Ar reported in Ref. [6], it is found that the vdwW

stretching and bending vibrations have a one-to-one corre-

spondence. Further analysis of the vdW vibrationa modes
shows the following:

1. inmuchthesameway asCgHsX...Ar, thestretchingmode
of CgHsX...N, can also be approximately described by a
diatomic model;

2. theforce constantsof the stretching mode and the bending
mode in the symmetry planeincreasefrom CgHsF...N, to
CeHsCl...N,, but the variation of the bending force con-
stant in the symmetry planeis not monotonic;
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3. for theinternal rotation of N, inthe complex CgHsX...N,
around an axis perpendicular to the benzene ring, there
exists only asmall barrier of lessthan 10 cm™ L

4. the S, < S, band origin 03 is red shifted relative to the
monomer; furthermore, the shifts from F to Br show a
good linear relationship with the changein the dispersion
interaction energy.

This paper investigates the effect of double H substitution
on the R2PI spectra of o-, m- and p-CgH4R,...N, (R=F,
CHs3). The complex structures, vibrational frequencies and
transition frequency shifts are analysed.

2. Experimental details

The experimental apparatus has been described elsewhere
[12]. Only a brief description is provided here. An N—Ar
gasmixture (0.03 : 1) wasbubbled through aglass container
containing the liquid CsH,R, (R=F, CH3). The vapour of
CeH4R, was carried by the N,—Ar gas mixture and expanded
through a 0.5 mm diameter exit hole of a pulsed nozzle. By
adjusting the nozzle backing pressure and nozzle opening
current, the formation of large vdW complexes (larger than
CsH4R,...N,) could be minimized in order to reduce the
effects of thefragmentation of larger clusters. Thesupersonic
beam thus formed was collimated by a2 mm diameter skim-
mer and directed into the detection region of areflectrontime-
of-flight (RTOF) mass spectrometer. The source chamber
and flight tube were differentially pumped by 10inand 6 in
diffusion pumps with water baffles respectively.

The complexes formed were two-photon ionized through
resonance by pulsed radiation in the wavelength range 262—
280 nm. This blue light was generated by doubling the dye
laser output (coumarin 540A) with aBBOI crystal. Thedye
|aser was pumped by an XeCl excimer laser (LambdaPhysik
LPX210i/LPD3002). The laser pulse energy used was 0.3—
1.0 mJ. Thelaser linewidth of the excitation source wastyp-
ically approximately 0.3 cm™2.,

The ionized vdW complexes were extracted by a high-
voltage pulse, guided by a pair of horizontal and vertical
deflection plates, focused by an Einzel lens, mass sel ected by
a pulsed mass gate and reflected by an ion reflectron. The
reflected ions were detected by a dual microchannel plate
(MCP) detector. The mass gate was particularly useful in
reducing the much stronger monomer ion signal intensities
which would otherwise saturate the M CP detector. The MCP
signal was preamplified by a preamplifier (Standford 445),
digitized by a 100 MHz transient recorder and processed by
a486 PC. All thetiming pulses (DG535), dyelaser scanning
and data acquisition were controlled and carried out by the
PC.

3. Theconformations of CgH4R,...N,

For the vdwW complexes CsH,R,...N, (R=F, CH3), we
are interested in the vdwW conformations in which thetwo R

Tablel
Lennard—-Jones potential parameters used in energy calculations of the
complexes

A(cm~tA-12) C(cm tA9
CN 1.728%x 10° 1.575% 10°
H-N 2,500 107 4527 10
F-N 7.754% 107 7.531x 10

groups or atoms are located in the ortho, meta and para posi-
tions relative to each other. The Lennard—Jones empirical
potential can provide a potential energy surface which isin
accord with the experimental results. To consider the inter-
action between C;H,4R, and N,, we use the classical atomic
interaction potential and assume that the interaction energy
is the summation of all the atom—atom interaction energies.
The atom—atom pair potential takesthe form

V(r)=(A/r'?)—(C/®)+0,0,/r (@5)

In the process of energy minimization, the bond lengths
and bond anglesin N, and CgH,R,, are fixed. The parameters
A and C wereobtained fromtheliterature [ 13], and arelisted
in Table 1. The interaction parameter between the N atom
and F atom is obtained from the geometric average of the
self-interaction parameters of N and F. The partial charge
distribution of C4H,R, was calculated using the GAUSSIAN
94 package at the HF/6-311G* level. The partial charge
distribution of N, was taken from the literature [ 14].

The caculation of the minimum energy structure of
CeH4R,...N, (R=F, CH3) shows that the distance between
the centre-of- -mass, (CM) of N, and the benzene ring is
approximately 3.3 A. When thetwo R groups arein the para
positions, the CM of N, and the CM of p-CsH,R, arein the
symmetry axis (Z axis) with the N, bond axis paralel to the
X axis (see Fig. 1). When the two R groups are in the meta
and ortho positions, the CM of N, isho longer in the Z axis
with the CM of m- and 0-C¢H4R,. Whenin the metaposition,
the CM of N, isO. 2A (forR=F) and 0.1 A (for R=CHj)
away from the CM of m-C¢H,4R; in the X direction. The N,
bond axisis parallel to the benzene ring and perpendicul ar to
the symmetry plane ZOX. When in the ortho position, the
dlstance between the two CMsis 0.5 A (forR=F) and 0.15
A (for R=CHy) in the X direction. N, is in the symmetry
plane ZOX and shows small angleswith the X axisof 5° (for
R=F) and 3° (for R=CHy). For al three complexesin the
equilibrium position, as N, rotates around an axis perpendic-
ular to the benzene ring, the vdW interaction potential U( 6)
changes by as little as 10-25 cm™*. This suggests that the
rotation of N, above the benzenering isnearly free, in accord
with the observed R2PI spectra.

Our previous experiments showed that the vdW stretching
frequencies of CgHsX...N, (X =F, Cl, Br) can be approxi-
mated by the diatomic model [11]. Therefore we used the
vdW potential and diatomic model to estimate the vdwW
stretching frequency of CgH,4R,. ..N,. In the diatomic model,
the vdW stretching frequency is ws= (ks/w)'’%. Here, u is
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the reduced mass of N, and C;H,R, (al of the three com-
plexes have the same reduced mass) and k. is the stretching
force constant (the translation of N, along the Z direction).
In order to calculate the stretching force constant, wefix the
X, Y coordinates of N, in the equilibrium position, move N,
by small stepsand cal culatethe potential energy changeswith
the Lennard—Jones 6-12-1. By fitting the potential energy
change to U(Z) =Uy+ (1/2)ks(AZ)?, we obtain the vdw
stretching force constant k.. The calculation shows that the
stretching force constants of all_three complexes are nearly
thesame (ks=2.45X 10°cm~*A~?for R=Fand 2.80x 10°
cm~*A~2for R=CH,). Asaconseguence, thevdW stretch-
ing frequencies of all three complexes are very similar
(approximately 60 cm~?, 64 cm~?1). Thisis consistent with
the stretching frequencies (53-54 cm™*) observed for the
three complexes (R=F, CHs).

4. Resultsand discussion
4.1. Spectral assignments

For vdwW complexes of benzene and BDs with Ar, some
information about the vdwW vibrational characteristics is
aready known. For example, in vdwW complexes of mono-
substituted benzene with Ar, the bending vibrationa fre-

quency of Ar in the symmetry plane lies between 16 and 22

cm™?, and the vdW stretching vibrational frequency is
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Fig. 1. Coordinate system of the cal culated structure for the vdW complexes
CsH4R2...N, (R=F, CHs).

roughly in the range 40-49 cm™* [6]. In contrast, much less
is known at present about the intermolecular vibrations of
vdW complexes of benzeneand BDswith N,. SinceBD...N,
has two more intermolecular vibrational modes than
BD...Ar, the spectra of BD...N, are more complicated. A
case in point is the twisting motion of N, along an axis
perpendicular to the benzenering. It hasonly asmall barrier,
causing internal rotation. Many spectral linesstemmingfrom
this motion can be observed in R2PI experiments [1,9,10],
making spectral assignments difficult.

For the vdw complex CgHe...N,, there have been several
reports on its vdW vibrations. Ohshimaet al. [ 15] obtained
the centrifugal distortion constants by microwave spectros-
copy. From the centrifugal distortion constants, they esti-
mated the stretching vibration frequency of N, against the
benzene ring to be 45.6 cm™*, and the bending vibrational
frequency of N, parallel to the benzeneringtobe25.6cm™*
for the ground electronic state of CqHs...N,. Ref. [16] gives
the calculated stretching vibrational frequency and twisting
(t,) vibrational frequency of CgHs...N, in the ground elec-
tronic state as 53 cm~* and 73 cm ™ * respectively. Nowak et
a. [1] obtained avdW vibrationally resolved R2PI spectrum
of C¢He...N, through the S, « S, transition. They attributed
the peaks at +23 cm~*and +50 cm™~* (relative to 03) to

%0 and b, respectively, thepeak at + 37 cm™* to b, and the
peak at 65 cm ™~ * to the superposition of by, and Sl,. Thebasis
for thisassignment isthat the spectral transitionsof C¢Hg. .. N,
should follow the selection rule of rigid molecules: for the
two bending vibrations, Av=0, +2, +4, ..., wherev isthe
bending vibrational quantum number. However, recent high-
resol ution rotationally resolved spectrashow that thistype of
vdW complex has rather strong Herzberg-Teller coupling
between the vdW bending vibrations and the €l ectroni c states
involved, allowing the fundamental bending vibrationsto be
observed. Consequently, the peak previously assigned to b3
was reassigned to b} [17,18]. Stimulated Raman spectra of
CsHe...Ar(N,), CsHsF...Ar, CgHsNH,. . Ar, etc. also exhib-
ited the fundamental bending vibrations for the ground elec-
tronic states [ 19].

We have recently obtained thevdW vibrationally resolved
spectraof CsHsX...N, (X =F, Cl, Br) using the R2P| tech-
nique through the S, < S, transition. It was found that the
stretching and bending vibrations of CgHgX...N, show a
good one-to-one correspondence with those of CgHgX...Ar.
The bending fundamental vibration b, of CsHsX...N, inthe
symmetry plane was found to have a frequency of +20.7
cm~*for X=F, +16.0cm™*for X=Cl and +15.4 cm™*
for X =Br. Referring to the stimulated Raman spectra of
CsHe...Ar(N,) and CgHsF...Ar [19], thefundamental bend-
ing vibration of CgHsX...N, perpendicular to the symmetry
plane was assigned to the peak at +39.6 cm™* (X=F) and
to the peask at +31.5cm~* (X=Cl). The peaks at +49.8
cn™ (X=F) and +49.3cm™* (X =Cl) were assigned to
the stretching vibrations §; of CgHsX...N, (X=F, Cl). The
peak at + 65 cm™* was assigned to the fundamental twisting
vibration t},. Since the vdW vibrational frequencies are not
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expected to change significantly from CgHe...N, to
CsHsF...N,, we believe that the spectral linesat +23cm™?,
+37cm™*, +50cm~*and +65cm™* of CgHe...N, belong
to b}, b}, Sl and t}, respectively. Combining the above
discussion with relevant theories, we attempt to discuss the
assignment of the R2PI spectraof CgH4R,...N, (R=F, CH,)
shownin Figs. 2—7.

TheS, « S, 03 band of the monomerso-, m- and p-CqH,R,
(R=F, CHy) lies in the frequency range 36 700-37 950
cm~! [20-22]. The 03 transition frequencies are: 37 909
cm™ (0-CgH4F,), 37 824 cm™ ! (m-CgH,4F,), 36 838 cm ™~
(p-CeHaF>), 37313.3 cm™* (0-CsH,(CH3),), 36956.3
cm~ ' (m-CgHu(CHg),) and 367328 cm™ ' (p-
CeH4(CH3),). All the above molecules, except p-CgH.F»,
can be probed by the one-colour R2PI techniqueto obtainthe
03 band excitation spectra. For p-CgH,F,, the two-photon
energy of the S, S, 03 band transition is lower than the
ionization threshold (73 871 cm™1) by 195 cm™?; therefore
its one-colour R2PI spectrum cannot be observed. In order to
investigatethevdW vibrationsof C;H,R,...N, (R=F,CHy),
al the vdW complexes of the above molecules with N,
except p-CegH,4F»...N,, were studied based on the vibration-
ally resolved spectra near 68. For p-CeH,F»...N,, sincethere
is no other transition near ﬁ (+240 cm™1) for the mono-
mer, we chose the region near ﬁ to investigate the complex
vdW vibrations.
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Fig. 2. R2PI spectra of 0-CgH4(CHs) ... Ny, 0-CeH4(CH3),...(N2) , and o-
CgH.4(CHy), in the vicinity of the S;«< S, 0 band. The spectra of o-
CeH4(CH3z),...N, and 0-CgH,4(CH3),...(N,), have the same frequency
scale.
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Fig. 3. R2PI spectra of m-CgH4(CH3)»...N, and m-CgHyu(CHs), in the
vicinity of the S, < S, 03 band.
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Fig. 4. R2PI spectraof p-CgH,(CH3),...N, and p-CgH,(CHy) , inthevicin-
ity of the S, « S, 0 band.
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Fig. 5. R2PI spectra of 0-CgH,4F»...N, and 0-CgH,F....NLAr in the vicinity
of the S; « S, 03 band.
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Fig. 6. R2PI spectraof m-CeH,F,...N2 and m-CeH,F,...NAr inthevicinity
of the S, « S, 03 band.

According to the spectral data of the vdwW complexes of
BDs with Ar, the stretching vibrational frequency of Ar
against the benzene ring S}, remains essentially unchanged
for different BDs. This is probably due to the fact that the
distance of Ar from the benzene ring remains essentially
unchanged (approximately 3.5 A) and the reduced mass of
the stretching vibration satisfies the diatomic model rather
well. On the basis of thismodel and referring to the spectrum
of CgHsF...N,, we expect that the stretching vibrational fre-
quenciesof CsH,R, (R=F, CH;) will becloseto +50cm™*
relativeto 0. Thisisindeed observed: 0-CgH,F»...N,, +53.7
cm™ Y m-CgH,Fs...N,, +53.9 cm™Y; 0-CgH4(CH3)5.. Ny,
+53.7 cm™ % m-CgH,4(CH3),...N,, +54.6 cm™% p-
CgH4(CH3)5...N,, 58.5 cm ™. The last value exhibits arel-
atively large deviation from 50 cm ™~ * and is discussed bel ow.

Of the vdW complexes, CsH4R,...N, (R=F, CH3), the
vdW vibrational spectrum of 0-CgH,4(CHj) ...N, near 03 is
the simplest (see Fig. 2); it has four characteristic peaks:
+23.7cm™ % +340cm™?, +44.6cm~tand +53.7cm™
There are two reasonsfor this:

1. in the range 0-70 cm™?, there is no corresponding CH,
internal rotational transition for o-CgH,(CH;)»...Ny;

2. in comparison with the spectrum of 0-C¢H,(CHy),...Ar
[23], it appears that there is no internal rotational transi-
tion involving N..

Since the fundamental bending vibrational transition in the

symmetry planeis Franck—Condon allowed, we attribute the

305

Relative Intensity ( Arb. Unit)

T T T T 1
0 20 40 60 80

Relative Energy ( cm™)
Fig. 7. R2PI spectrum of p-CgH,F,...N, in the vicinity of the S, < S, ﬁ
band.



96

Table2
Spectra and assignment of CgH,4(CHsz),...N,
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0‘C6H4(CH3)2---N%b m‘CsHa(CHs)z---N%b P‘C6H4(CH3)2---N%b

Band Assignment Band Assignment Band Assignment
+237 b, +216 b, +25.0 b,!

+34.0 b, +30-40 (CHgrotation, b.2, b,,) +42.8 b,

+44.6 b, +54.6 s, +50.0° (CHs rotation)
+53.7 S, +73.0 (CH rotation) +58.8° S,

+62-72 (bu?’ b,\'g’ bu:’ Slu)

309 shifts (Av): —17.5cm~* (ortho); —12.0cm™* (meta); —57.5cm™~* (para).

bThe band position in the table is relative to the 0 transition and the unit is cm

°Fermi resonance.

peak at +23.7 cm~*to bl, and that at +44.6 cm™* to b2,
Based on the spectral assignment of CgHsF...N, (+39.3
cm™ %, bjy), we believe that the peak at +34 cm™*isdueto
the fundamental bending vibrational transition perpendicular
to the symmetry planeb,. Thepeak at +53.7 cm™* hasbeen
assigned to S}, as discussed above.

By comparing the 03 band spectrum of m-CgH,-
(CHy),...N, with that of the monomer m-CqH,(CHs),, it
can be seen that the peaksat +21.6cm~*and +54.6cm™*
clearly originate from the vdW vibration of N, relativeto the
benzenering. The pesk at + 21.6 cm™~* should be dueto the
bending vibration of N, in the symmetry plane b’,,, whereas
thepeak at + 54.6 cm ™~ * shoul d be associated with thestretch-
ing vibration S!. A broad peak appears between +30cm~*
and +40 cm™?, which is probably due to the superposition
of the CH, interna rotation and N, bending vibration (b?,,
b},) . From the spectrum recorded, thereis no clear indication
of theinternal rotation of N..

By comparing the spectrum of p-CsH,(CHs),...N, with
that of the monomer p-CgH,(CHj3) ,, we can assign the peaks
corresponding to the intermolecular modes. In the vicinity of
the origin 03 of p-CgH,(CHs3), (0-70 cm™1), the monomer
spectrum has only one peak (52.7 cm™?) involving transi-
tions between the interna rotational levels of the methyl
groups, whereas in the same region relaive to 03, p-
CgsH4(CH3)5...N, showsfour peaks (25.0cm™?,42.8cm™ 2,
50.0 cm~* and 58.8 cm™1). In the spectral region above 70
cm™ ! relativeto the origin peaks, the spectraof the monomer
and complex show aone-to-one correspondence. Sinceinthe
range 070 cm™?, the peak of p-CqH,(CHy),...N, at 50.0
cm~* has a similar position and shape to the peak of the
monomer at 52.7 cm™*, we attribute it to the transition
between the methyl internal rotational levels of the methyl
groups. Therefore the remaining peaks of the complex are
dueto the excitation of the intermolecular vibrational modes.
By analogy with the spectral assignmentsof other complexes
in the literature, we attribute the pesk at 58.8 cm™* to the
stretching motion S}, of N, perpendicular to the benzenering.
It isinteresting to note that thisvalue (58.8 cm~*) issignif-
icantly larger than those of the stretching motion S of o-
andm-CgH,(CHs)....N,whichareboth around 53-55cm 2.

-1

The fact that the peak due to methyl rotation is red shifted
relative to that of the monomer and the peak corresponding
to the stretching mode is blue shifted relative to that of the
ortho- and meta-substituted complexes points forcefully toa
strong interaction (Fermi resonance) between the CH;inter-
nal rotational level and the fundamental energy level of the
vdW stretching mode. Such Fermi resonance between the
methyl rotational level and vdW vibrational modes has been
reported for CsHsCHs...Ar [7]. According to our assign-
ments for o- and m-C¢H,(CHs), above and our previous
work on CgHsF...N,, we believe that the peak at 25.0cm™*
isdueto thefundamental excitationb!,, of the bending motion
of N, along the direction defined by the two methyl groups,
and the peak at 42.8 cm~* corresponds to the fundamental
excitation by, of the bending motion of N, perpendicular to
the direction defined by the two methyl groups. These two
transitions which excite the fundamental vibration of thetwo
modes are not Franck—Condon allowed, but rather originate
from the coupling of the electronic states and the vdW bend-
ing modes. The overall assignment islisted in Table 2.

If we compare the 302 band spectrum of p-CegH,F»...N,
and the 0 band spectra of 0-CgH,F,...N, andm-CgH,F....N,
with the corresponding band spectraof p-CgH,F,...Ar [18],
0-CgH4F5.. .Ar [24] and m-CgH,F,...Ar [24], we find that
the spectrum of CgH,4F,...N, is more complicated than that
of CgH4F,...Ar. Webelieve that the compl exity of theformer
spectrum originates from the internal rotation of N, above
the benzenering in addition to the vdW vibrational modes (a
tentative assignment is listed in Table 3). We have recently
discussed theinternal rotation of CsHsX...N, (X =F, Cl, Br)
in some detail. The symmetry group of the vdwW complexes
CsHsX...N,isG,. Theinternal rotational barrier isestimated
on the basis of fitting to the potential U(6) =U,(1—
cos 26), solving aone-dimensional Schrodinger equationand
obtaining the internal rotational energy level asafunction of
the barrier U,. From this, we successfully assigned theinter-
nal rotational transitions of CgHgX...N, [11]. For the three
conformers of CqH,F,...N,, considering theinternal rotation
of N,, the symmetry group of o-CgH,F,...N, and m-
CgH.F5...N, is G, and that of p-CgH,F,...N, is Gg. The
character table of theirreduciblerepresentation of Ggisgiven
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Spectra and assignment of CgH,4F»...N,
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0-CgHaFo...N&°

m-CgH,4F,.. .N3°

P-CeHaFo.. .N3"°

Band Assignment Calculated Band Assignment Calculated Band Assignment Calculated
-79 2a,— 03y -87 —10.0 2a, — 0a, -89 —128 2a,—0a, —120
-35 1b,—1a, -33 -50 1b,—1a, —-4.2 —-6.5 1", —1b"; —-6.5
+54 1b,— 1b, +55 +43 1b,— 1b, +46 +7.9 1, —» 10, +84

+14.7 Oa, — 2a, +14.9 +14.7 Oa, — 2a, +14.9 +15.1 0a',—2a, +14.9

+19.7 b, +19.1 b,! +26.1 303 b,

+22.9 la,—3a, +21.4 +20.9 la,—3a, +215 +375 303 by,

+325 b, +345 b, +46.4 302 S,

+37.4 b2 +37.4 b2 +65.0 305 b2

+537 S, +539 s,

+65.4 b,e

39 shift (Av): —13.6cm~* (ortho); —11.4cm~* (meta); —27.0cm™* (para).

The 03 shift (A v) of p-CgHaF»...N, is taken from the fluorescence excitation spectra of Ref. [25].

“The band position in the table is relative to the 03 transition, except for p-CgH,F»...N,, and the unit iscm™*. The band origin of p-CgH,F....N, isrelative to
the 303 transition. U(0) = U,(1—cos26), where the parameters U, for 0-CqH,F,...N, are 5cm ™1 (S, state) and 19 cm™* (S, state), for m-CgH,F»...N, are
7cm™t (S state) and 19 cm ! (S, state) and for p-CH4F....N, are 13 cm ™t (S, state) and 19 cm™* (S, state).

in Table 4 and that of G, can befound in Ref. [11]. Clearly,
the internal rotational barrier of CgH,F...N, can still be
expressed as U(6) =U,(1—cos26), and the relationship
between theinternal rotational energy levelsand U, described
in Ref. [11] can be used for the complex CgH,4F....N,. For
the molecular symmetry groups G, and Gg, the internal rota-
tional wavefunctions are (&, &, by, b,) and (&4, @5, b"y,
b",) respectively. For the eectronic transition S, < S, of
CeH4F5...N,, themolecular symmetry readily givestheinter-
nal rotational selection rule for o- and m-CgH,F,...N, as:
qoa, bob, a0, bheob, aaob, aob, &« a,
a, <> by, b; +» a, and b, <> b,. Theinternal rotational selection
rule for the electronic transition S, < S, of p-CgH,F,...N,
can be derived as. @', < a';, d,«ad,, b, ob’, bbb,
a,ead, bieb, a,«b,, a,«b, a,«b; ad
a', <« b’,. For o-, m- and p-CgH,F,...N,, if we choose U, of
the ground electronic state (S,) tobe5ecm™*, 7 cm~* and
13 cm~* respectively and that of the excited state (S,) to be
19 cm™1, all the spectral linesnear 03 or 303, except the peaks
which were assigned to the vdW vibrations discussed above,
can be assigned to internal rotational transitions as listed in
Table 3.

It should be pointed out that the above assignments are
tentative, and further confirmation is need using techniques
such as dispersed fluorescence, hole-burning spectroscopy,
etc.

4.2. Line shift of the 03 band

It can be seen from Tables2 and 3that the03 band transition
frequencies of all the vdwW complexes studied, i.e. o-, m- and
p-CsHuR,...N,, arered shifted (A v <0) relative to those of
the 03 band of o-, m- and p-CgH,4R,...N,. This suggests that
the vdW binding energies are larger in the excited state S;
than in the ground state S,.

Previous studies have shown that the 0 band shift A v of

CgHsF...N,is —14.0cm™~* [11]. In another experiment, we
found that the A » value of the 03 band of CgHsCHs...N,was
—28.5cm~ . Asshownin Tables 2 and 3, the 03 band shifts
Av of p-CgH,F,...N, and p-CgH,(CHj3), are —27.0 cm™?
and —57.5 cm™ * respectively, double the values of the cor-
responding mono-substituted complexes. Thisisby nomeans
a coincidence, but rather implies that, when the substituents
are in the para position, their contributions to the change in
the vdW interaction potential energy between Sy and S, are
additive, a phenomenon which can be explained by the Len-
nard-Jones atom—atom interaction potential. Also evident
from Tables 2 and 3 isthat of o-, m- and p-CgH,F,...N, and
o-, m- and p-CgH,4(CHy),...N,, p-CsH4R,...N, hasthelarg-
est A v value, m-CgH R,...N, hasthe smallest A v valueand
0-CgH4R,...N, hasanintermediate A v value. It appearsfrom
the above discussion that the 03 band shift A v is influenced
by two factors: the number of substituents and the relative
positions of the substituents. This is similar to the 03 band
shifts of BDs relative to the 03 band of benzene [26].

The large difference in the 03 band shifts between p-
CeH4F5...N, and p-CgH4(CHy) ... N, meritsdiscussion. The
fact that A v(03) of p-CeH,F»...N, is about half that of p-
CsH4(CHs),...N, can be explained by the dispersion inter-
action term in the vdW interaction potential. Since the
dispersion interaction potential isdirectly proportional tothe
polarizability, the changein the vdW interaction energy from
Sy to S; should be proportional to the change in the polariz-
abilities of the two electronic states, i.e.

AVF/A VCH3=AEF/AECH3~A0(,:/A01CH3 (2)

The polarizabilitiesof S; (a™) and S (ay) havethefollow-
ing approximate relationship [ 27]

where I'* and I, aretheionization potential s of the complexes
inthe S, and S, states respectively and E* is the excitation



(1,2)(3,4)(5,6)(7,8)*

27— 0

(2,3)(1,4)(7,8)*

(1,3)(2,4)(56)(7,8)

(7,8
7+ 6

(1,2)(3,4)(56)*

(2,3)(1,4)*

27— 0

(1,3)(2,4)(5,6)
7+ 0
R

E
R

Character table of group Gg

Equi. rot.

Int. rot.

Table4
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energy from Sy to S;. The change in polarizability from Sy to
S S, istherefore

Aa=a*—a,=E*/(I,— E*) (4)

The ionization potentials of p-CgH4F,...N, and p-
CgH4(CH5),...N, are found from Ref. [28] to be 9.14 eV
and 8.44 eV respectively and the ground state polarizabilities
are10.3 A® and 14.9 A® respectively. The S, electronic tran-
sition energies of the two complexes are 4.565 eV and 4.553
Fo | [ eV respectively. Substituting the 7, E and « values into Eq.
(2), weobtain the ratio in Eq. (3) to be 0.59. Thisvaueis
close to the ratio of A»(03) of the two complexes (0.47).
Thisindicatesthat, on electronic excitation from S;to S;, the
change in vdW interaction energy is dominated by the dis-
persion interaction term.

As can be seen from Tables 2 and 3, the 03 band shifts of
I Lol [ o- and m-CgH,R,...N, (R=F, CHy) areclose, but different
from those of p-CsH4R,...N, (R=F, CH;). This difference
in line shift may be attributed to the different electrostatic
i nteractionsbetween the dipolemomentsof thethreeisomeric
CsH4R,...N, (R=F, CH3) compounds and the quadrupole
moment of N,. While the dipole moment of p-CsH,R,...N,
(R=F, CH,) is zero, o- and m-CiH,R,...N, (R=F, CH;)
have dipole moments around 1 D [28]. Conceivably, during
the electronic transition S, < S, the changein vdW interac-
tionmainly stemsfromthedispersiontermfor p-CgH,R,...N,
(R=F, CHj). For o- and m-CgH,R,...N, (R=F, CHj),
S - however, the change in vdW interaction during the S, < S,

L transition should include not only the dispersionterm but also
the quadrupole—dipole interaction term. In addition, the rel-
ative positions of the methyl groups can affect their confor-
mations [29] which, in turn, can affect the interaction
between the aromatic molecule and N,. Thisis probably one
of the sources of the different 03 band shifts of o-, m- and p-
A A A A C6H4R2...N2(REF,CH3).

5. Conclusions

We have studied the excitation spectra of o-, m- and p-
CeHaR,...N, (R=F, CH,) in the vicinity of the S; « S, 00
band using supersonic beam and multiphotonionizationtech-
niques. Several conclusions can be drawn from our spectral
analysis.

1. N, in o-, m- and p-CgH,F,...N, rotates aimost freely
around the axis perpendicular to the benzene ring with a
barrierof 199cm~tinS; and 5-13cm~tin S,.

2. For o-, m- and p-CgH,(CH3),...N,, no spectral features
associated with the excitation of the internal rotations of
N, were observed.

3. Foro-andm-CgH,R,...N, (R=F, CHj;), thevdW stretch-
ing vibrational frequency of N, perpendicular to the ben-

- zenering is 53-55 cm %, the in-plane bending frequency

<<nmoh<<bhm is 19-23 cm~* and the bending frequency perpendicular

L B B B B B B
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to the symmetry plane is 32-35 cm™~*. The situation for
p-CeHuR,...N, (R=F, CH;) is quite different presuma-
bly due to the higher symmetry. In addition, Fermi
resonance has been observed for p-CgH,(CHj),...N,
between the CH; internal rotational levels and the vdwW
stretching motion of N, against the benzene ring.

4. For al the complexes studied, i.e. o-, m- and p-
CeH4R,...N,, irrespective of whether R=F or CH, the
03 band shiftsrel ativeto themonomer origins03 arelargest
for the para-substituted complexes, least for the meta-
substituted complexes and in between for the ortho-sub-
stituted complexes. Therefore the 03 band shift depends
not only on the number of R species, but also on the
relative positions of the R species. By comparing themag-
nitude of the band shift of p-CgH,(CH5),...N, with that
of p-CgH,4F5...N,, it was found that the ratio of the band
shiftsis, to agood approximation, directly proportional to
the ratio of the monomer polarizability changes from S,
to S, suggesting that the band shiftsmainly originatefrom
the change in the dispersion interaction term of the vdw
potential on electronic excitation.
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