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The van der Waals rovibronic spectrum of  p-difluorobenzene—Ar
up to 125 cm ! intermolecular energy: Assignment and character
of van der Waals modes

R. Sussmann and H. J. Neusser
Institut fir Physikalische und Theoretische Chemie, Technische Univemditachen, Lichtenbergstr. 4
85748 Garching, Germany

(Received 20 October 1994; accepted 14 November)1994

The van der WaalévdW) vibronic spectrum built on the electroni@,08,(B,)«— Sy(A,) origin of
p-difluorobenzene—Ar is investigated with rotational resolutitm ,,=60 MHz). For the first time

vdW vibronic bands are detected up to a van der Waals energy of 125 and assigned by a
rotational analysis of the band structure. The band origin positions of the ten detected bands display
a regular behavior with moderate anharmonicities and minor influences due to Fermi resonances.
Using the concept of three-dimensional Kraitchman equations and of normalized effective planar
moments characteristic data on the nuclear displacements in the two different bending coordinates
are deduced from the measured rotational constants. The fundamental vdW vibronic states at low
energies can be described in terms of one-dimensional normal modes while vdW states at higher
energies display mixed mode character.1895 American Institute of Physics.

I. INTRODUCTION molecule—noble gas complexes Brocks and van Koeven de-
rived a vdW vibrational Hamiltonian in the body fixed
Two central goals of the spectroscopy of van der Waal§rame?! This approach has been applied using different basis
(vdW) complexes concern thedtructureand the exploration  gets for fluorene—A(Ref. 21 and benzene—A(Refs. 22 and
of their intermolecular motionsAccurate information on the  23) Ejther empirical potentials or analytic representations of
structure of the prototype complexes of an aromatic molyy, jnitio potential surfaces were used in these 3D quantum

ecule and noble gas atoms has emerged from rotationally,echanical calculations. By this means in very recent work
resolved investigations in the UV spectral region. First ex'vibrationally resolved vdW vibronic spectra of aniline—Ar
amples weres-tetrazine complexed with one and two Ar at- (Ref. 24, (4 fluorodstyrene—Ar (Ref. 29, and (2,3

oms (Refs. 1 and 2 and benzengAr), (n=1,2) (Refs. ' ’ ' ' ’

3-5 which proved a central binding position of the Ar atom
at a distance of 3.58 A in thg, state of benzene—Ar. Mea- For a critical test of theoretical results on the vibrational

suremgnts have been extended to larger aronfatic and wave function rotationally resolved experimental spectra of
more ring$ substrates complexed by two and more Ar atoms . . . .

9 : o vdW vibronic states are required. Rotational constants ob-
only recenth$~° These investigations clearly show that an

o o . tained in this way are the result of an averaging of the vibra-
opposite-sided binding topology with central noble gas at-,[i nal motion and th ntain information on the aver
oms is favored and no dropletlike Ar subclusters are likely tod.O T otio t ad : usthco' ta lo Ia O'bot' el—?tr? atge
be formed on one side of the aromatic substrate. ISplacements during the intermolecuiar vibration. Hitherto,

In contrast to the advanced knowledge of the structureQnIy two examples for vdW vibronic spectra with rotational

our understanding of the intermolecular motions within the€Solution have been reported. sretrazine—Ar, Levy and
aromat—noble gas complexes is far from complete. The Vaﬁo—workers obtaln_ed ro_tanonal cqntour_s of the origin b_and
der Waals mode structure of ti&« S, transition in aro- 2nd one vdW vibronic band involving the stretching
matic molecule—atom complexes has been studied by vibré’-'brat'z(;”* theoretical work was performed by Tiller and
tionally resolved vibronic spectroscopy providing no rota-Clary” Champagneet al. obtained highly resolved UV
tional resolution. van der Waals vibronic spectra ofSPectra of vdW bands in transstilbene—Ar®  For
benzene—Ar(Ref. 10, monosubstituted benzene—Ar com- benzene—Ar rotational resolution has been achieved for all
plexes(Refs. 11 and 1R s-tetrazine—Ar(Refs. 13 and 14 three vdW vibronic bands known from low resolution
carbazole—Ar (Ref. 15, fluorene—Ar (Ref. 16, and spectroscopy>! The complete rotational analysis of these
naphthalene—A(Ref. 17 have been reported. vibronic bands will be presented elsewheteand compared
First quantum mechanical three-dimensiof@D) calcu-  Wwith the calculations of the rovibratoric stafés:
lations of bound vdW rovibratoric states in clusters involving  In this work the high resolution spectra of several van
aromatic moleculeshave been performed for benzene—Ar der Waals vibronic bands of another model system,
ands-tetrazine—Ar as early as in 1986However, it turned  p-difluorobenzene—AfpDFB—Ar) are presented leading to
out that the expansion of th@mpirica) intermolecular po- a complete analysis of the vdW vibrations. This complex is
tential in spherical harmonics works better for the nonaro-of particular interest because its reduced symmetry leads to
matic complex NH-Ar!® Very recently the multidimen- spectra without degenerate modes and the electronic origin
sional intermolecular potential energy surface of Nr  becomes electronically allowed. In recent work we found a
has been determined from experimental difgor aromatic ~ vdW bond length of 3.55 A ipDFB—Ar in the S, state®?

dimethylJnaphthalene—Ar(Refs. 26 and 27 were inter-
preted.
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and presented rotationally resolved spectra of the two lowest
energy vdW vibronic band§ We found proof for a
Herzberg—Teller activity of the short in-plane vdW bending
modeb, at +34 cm L. In this work the assignment of eight
additional vdW vibronic bands up to a vdW excess energy of
03+125 cm ! will be derived from the analysis of their ro-
tational band structure. From the fitted rotational constants

information on the typical displacements is derived. MMUMA_)LU\J LJUL \ )\ J\ A

Il. EXPERIMENT " {( v

The experimental setup for recording rotationally re-
solved spectra gdDFB—Ar complexes with the technique of calculated
mass-selective resonance-enhanced two-photon ionization
has been described in detail in our previous wSrBriefly,
for the first narrow-band excitation step the light of a cw 20 40 o 10 a@hg
single mode lasetCoherent 699/21is pulsed amplified in
excimer laser-pumped dye cells yielding nearly Fourier
transform-limited 1 mJ light pulses with a duration of 20 ns G- 1. Upper trace: Rotationally resolved spectrum of t§e(8}« S,)
full width at half . EWHM d f transition of thep-difluorobenzene—Ar vdW complex obtained by recording
[ u wi at half maximum ( )] and a re_quency the ion current at mass 154 u as a function of the frequency of the laser
width of 60 MHz (FWHM) after frequency doubling. For providing the first photon in the two-photon ionization process. Lower in-
ionization a broadband excimer-pumped dye lgé@mbda  verted trace: Theoretical-type rotational spectrum of a near oblate asym-
Physik FL 2002 is used with a pulse energy of 1 mJ. The metric top calculated with the rotational constants resulting from the best fit

. ’ to th imental t ble ) (taken from Ref. 3
laser light beams were attenuated by a factor of 10-50 o | C expenmentalspec ruiable ) (taken from Ref. 33
avoid saturation and line broadening. The wavelength of the
(secondlionization laser had to be chosen carefully, since the 71 . _ _ .
second excitation step to the ionization continuum requires 8epth 429 cm”) (Ref. 34 is small. Higher vdW vibronic
higher photon energy than the first Step and could lead to atates are needed for th|S.C0m.par|Son. In thIS .WOI’k We will
one-color signalp-Difluorobenzene at a concentration of 1% demonstrate thgtDFB—Ar is suitable for detection of high
is seeded in Ar at a backing pressure of 2 bar and the mixturting vdW vibronic bands due to its lower symmetry and the
is expanded through a solenoid valve with a 309 orifice parallel-type rotational structure of most of the bands. The
into the vacuum chamber. A skimmer of 1.5 mm diameterotational structure of the parallel-type bands with a strong
placed 4 cm downstream reduces the residual Doppler widtR-Pranch peak is different from the perpendicular band
below the laser ||neW|dth, and the ionized Comp'exes arétructure of vdW vibronic bands in benzene—Ar. It will be

mass Separated in a homemade time of f||ght mass spectrorﬁhown that this leads to an increased SensitiVity for the de-
eter. tection of additional quanta of weak vdW transitions.

The one-photon electronic transiti®(1B,) —So(*A,)
in pDFB-Ar (C,,) is electric dipole allowed with a transi-
tion moment directed along the short in-plap€|c) axis;

In the prototype aromatic molecule—noble gas complexj.e., ac-type rotational band is observed. The spectrum of the
benzene—Ar, only three vdW vibronic bands on the blue sid®3 band inpDFB—Ar is shown in the upper trace of Fig31.
of the (% transition were found at vdW excess energies oflts rotational structure with a strong blue-shad@dranch
+31, +40, and +63 cm! in spectra with vibrational and well separate®- andR-branch subgroups in the wings
resolutiort® and rotational resolution®! Thus, the region of of the band is characteristic of a parallel-type band. The ro-
overlap suitable to compare with theoretical vdW rovibra-tational analysis of this spectrum was described in detail in
tional states calculated from thab initio potential (well our recent work? and the resulting rotational constants are

pDFB-Ar 0§

Vo = 36 807.766 (10) cm! expetimental

lon Current 154 u

Ill. THE MODEL SYSTEM pDFB-Ar

TABLE |. Wave numbers of the band origing, vibrational shiftsé», asymmetry parameters and rotational
constants ofp-difluorobenzene—Ar in its ground electroni@,), electronically(0°), and vibronically (30%)

excited states. Indicated errors of the rotational constants reflect the uncertaintyAofth&’ — A", AB, and
AC values resulting from the fit procedure.

0, staté 0° staté 30" state
vp (cm™h) 36 807.76610) o (cm™Y) 36 927.64610)
Sv(cm™Y) +119.88015)
Af (em™h 0.03801 A/} (cm™?}) 0.037 6810) A/ (cm™Y 0.037 8910)
Bj (cm™Y 0.03645 B} (cm} 0.036 9010) B, (cm™}) 0.036 3@10)
Ch (em™ 0.02320 C{ (cm™ 0.0235%3) C/ (cm™} 0.023 4%5)
Ky +0.789 Ky +0.894

aTaken from Ref. 32.
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. TABLE II. Frequency shifts, intensitiesery strong, vs; strong; weak,w;
' very weak, vvy of bands in the rovibronic spectrum pDFB—Ar and their

assignment.

Frequency shiffcm™) Relative intensity Assignment

' s:a 0.0? S 0
-1 1
Len | 1.86020) w

: allowed 4.14020)° W 22

! 33.69515) s bl

41.54910 s S

43.42520) ww

45.67920) W s§221

: 5050315) w b

4] b, * b, 65.87615) s b,

25 cm | 80.65210) w &
! forbidden 89.61715) ww sob%o

; 95.9510) vw bl

: 99.10515) vw bko

A 117.13315) vw S5

~—0 @ O \ 119.88015)° vs 3¢
124.34820) vw 30522

125.56215) ww byo

¥ b, b,
34 cm y

#Previously these transitions have been also detected in low reso{Rédn

35).

bPreviously this transition has been also detected in low resolution in the
barepDFB molecule(Ref. 42.

H.-T. allowed

N
\

branch, and the peaks in th® branch which are narrower
and higher than in th® branch.
FIG. 2. Structure of th@-difluorobenzene—Ar vdW complex of point group

C,, with the axesx(||b), y(||c), z(||a). The Ar atom is located on th€e,

axis at an effective vdw distance of 3.55 A from the molecular plane. ThelV. THE vdW ROVIBRONIC SPECTRUM OF pDFB—-Ar
arrows indicate the relative motions of th®FB molecule and the Ar atom

when the vdW stretching modg(a,), the long in-plane bending mods, Three vdW vibronic bands located at34, +42, and

(ba), and the short in-plane berty) (b,) are excited. The indicated wave - 1 66 ¢ 2 to the blue of the electronically allowed origin are
numbers are the vibrational shifts of the vdW vibronic spectra discussed in

this work. The possibility of single quantum excitation in tBe state is k_nown from_ vibrationally resolved spectroscogﬁyln the
indicated, including Herzberg—Teller coupling by vdw modfes an expla-  high resolution scan because of the sharp cei@rdranch
nation, see the tekt and the regulaiP- and R-branch substructure we found a
large number of vibronic bands within 125 ¢fnto the blue
of the @ band, which are weaker by a factor of 10—100 than
presented in Table I. A theoretical stick spectrum convolutedhe @ band and thus were not detected in earlier low resolu-
with a 120 MHz(FWHM) Gaussian function was calculated tion investigations>*¢ The observed frequency positions are
from these rotational constants and for a rotational temperdisted in Table II. We found 16 bands in this frequency range.
ture of 1.5 K. It is shown in the lower inverted trace of Fig. Ten of these are assigned as vdW vibronic transitions. The
1 and represents the vibronietype spectrum of a near ob- most prominent of the remaining bands is thg Band with
late (¢’=+0.789 asymmetric rotor with the electronic tran- ac-type rotational structure at119.88015) cm ™ (Table ).
sition dipole moment polarized along the short in-plane axis; is a skeletab,, (D5y,) vibration whose symmetry species
of the pDFB molecule(see Fig. 2 The c-type rotational is reduced t@, in the complex C,,). Thec-type rotational
selection rules are efe)—(oe) and (o0)—(o0) for  structure observed in this work corroborates the assignment
(K_1,K.;), wheree, o denotes the even and odd parity, of this band in previous work.
respectively. The nuclear spin statistical weights for the In Fig. 2 the relative motions of theDFB molecule and
structure discussed below arg,=14 for (K”,,K";) the Ar atom are shown for the three possible intermolecular
= (ee), (eo) andg,=18 for (K" ,,K";) = (0€), (00). modes. These are the totally symmetric stretching mede
For the wave number of the rotationless origin of the banda,) leading to a displacement perpendicular to the aromatic
we found vy=36 807.76610) cm .. ring and two bending mode$( ,) with a displacement per-
The structure ofpDFB—Ar derived from the rotational pendicular to the vertical rotational axis. While the bending
spectrum is presented in Fig. 2. In the electronic ground statmodesb, , (e;) are degenerate in benzene—Ar, the degen-
Sy the Ar atom is found to be placed on tkiy axis of the eracy is lifted inpDFB—Ar (C,,) leading to dong in-plane
bare molecule at an effective van der Waals distance dbend p,) and ashortin-plane bending modebg), which
Z¢ = 3.55(2) A% This is reduced by 0.06 A after electronic are different in frequency.
excitation to theS; state. The decrease of the vdW bond  Vibronic transitions leading ta@; fundamental vibra-
length can be visualized from the blue shading of @e tional states, to combinations and overtonesa pfibrations,

J. Chem. Phys., Vol. 102, No. 8, 22 February 1995
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TABLE IIl. Band origins vy, vibrational shiftséz, and rotational constants

5 Algw, Buaw, Cugw Of stretching vdW vibronic statessA: = Ay

3| PDFB-Ar s — Aj, 8B’, and 6C' are the deviations of the rotational constants of the
; Vo = 36 849.315 (10) cm'! experimental vdW vibronic state from the respective values of tHestate. Changes of

o 8 = +41549(15) cm planar moments$P" , effective vdW bond lengtlay,, and changeszy; of

é the vdW vibronic states.

=}

WWDPW s! state s? state s® state
J Ve (cm Y 36849.31610) 36 888.41810) 36 924.89910)

caloulated 5, (em™? +41.54915) +80.65215) +117.13315)
Trans. dipole  c-type c-type c-type
——————— Algy (cm ) 0.037 7010 0.037 6515) 0.037 4Q15)
-20 -10 0 10 20 SA (cm™Y) +0.000 0%15)  +0.0000Q18)  —0.000 2%18)
2l g2 Blgw (cm™%  0.036 1510) 0.035 3@15) 0.034 4Q15)
£ 5B (cm™Y) —0.000 7%15  —0.0016Q18)  —0.002 5@18)
| vo = 36888.418 (10) em! ; ; 7
£l v = +80.652 (15) om! experimental Claw (cm™)  0.023 3@3) 0.022 925) 0.022 375)
5 5C (cm™Y —0.000 25%5) —0.000 626) —0.001 186)
< A n M 5P (UA?) —-1.196 —-0.516 +3.775
B sPE (UA?) +0.602 +0.516 -0.783
zls (R) 3.53 3.59 3.65
5ze5 (A) +0.04 +0.10 +0.16
calculated
BENREAARAE RAREE AT 2 trapolation of the frequency shifts of tisé, s?, ands® states
| s (Table 1) yields D (stretch~300 cm %, with the harmonic
| vo = 36924.899 (10) cm" experimental frequency w,=42.2 cm’, the (diagonal anharmonicities
g| 8v=+17133(5)0mt i wXe="11.091 cm?, and wgy,=—0.029 cm’. We de-
2 duce further evidence for the validity of this assignment from
£ y

the rotational constants of these bands.

2. s" rotational constants
calculated

Generally, there are three major contributions to the ro-
T tational constants which reflect three different kinds of
= 0 ° 1 av [GHa vibration—rotation interactio®® (i) harmonic contribution
due to “inverse vibrational averaging(li) anharmonicity, or
more general, asymmetry of a potential, afid) Coriolis
coupling.

FIG. 3. Rotationally resolved spectra of tig(upped, s (middle), ands3
(lower) (S;+Sp) transitions leading to excited states of the vdW stretching

mode of thep-difluorobenzene—Ar vdW complex. Simulations of the ex- The experimentally determined rotational constants
perimental spectra by calculatestype rotational spectra of a near oblate A/, Bigw, Cuaw (Table Ill) are plotted as a function of the
asymmetric top are shown in the inverted traces. vdW vibrational stretching quantum numbey in Fig. 4(a).

or to odd overtones of nontotally symmetric vibrational spe-
cies are symmetry allowed, can be Franck—Condon active, om| 3 s | F .
and display ac-type rotational structure.

o
o

o6 | ° - o 3 °

A. van der Waals stretching modes

0.033 = o r

1. s}, s2, si bands

We assign the-type bands with origins at41.54915),
+80.65215), and +117.13315) cm ™ * to the s}, s3, andsg
transitions, respectively. Their rotational structure is shown = omf L 3
in Fig. 3. The rotational constants of the final states change
in a way that leads to an increasing red-shading of the sharp " oo} - s
centralQ branch with increasing stretching quantum number. i3 " oa ° g @
The fitted best set of rotational constants is used for the theo-  sl— T e e
retical spectra displayed on the inverted lower trace. Ve + 172 Vo, * 1/2 Vp, + 172

The assignment of thg} band agrees with the result of
previous work®>3 It is in line with the assignment o} _ _ , ,
bands of benzene-ARefs. 5 and 10ands-etrazine-Ar £ & Sioton of nessaes o oy 0) S 0

(Refs.. 13, 14, and 28 Neglecting inﬂl{ences_ from pO_SSible modes(a), short in-plane bending modes), and long in-plane bending
Fermi resonance&see Sec. ¥, a one-dimensional cubic ex- modes(c). For an explanation, see the text.

0.030 | F r

S¢ Rotational Constants / cm™?

5

=]
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. pDFB-Ar b} experimental .| PDFB-Ar b}
3 ‘éf’ = 3632425‘;6(11 SO) o 3| vo = 36873.642 (10) ot
- v = +33. cm- | &v = +65.876(15) et :
= = experimental
e e
3 s
c c
S s
m{w W W‘ calculated
————
calculated 20 10 ° 0 20
3 4
¢ 1. — T — T 3 byO
10 0 10 | vo = 36933.328 (10) cmt ‘ experimental
b 2 R S| Ov = +125562(15)cm’!
yo experimental £
Vo = 36903.72 (10) cm! Q
&3) dv = +95.95 (10) cm-1 o
E
e
p=}
o calculated
§
P "
°Q, (")
- 7 Qo pld) 10 1 =1J
-0 0 10 av [GHz) 20 1o 0 10 Av [GH2]

FIG. 5. Rotationally resolved spectra of thé, (uppe) and b3, (lower)
(S, Sp) transitions involving odd quanta of the Herzberg—Teller active
short in-plane vdW bending mode of tipedifluorobenzene—Ar vdW com-
plex. A simulation of the experimental spectrum by a calculaetype
rotational spectrum of a near oblate asymmetric top is shown in an inverte
trace for theb)l,O transition(uppey.

FIG. 6. Rotationally resolved spectra of tbéo (uppe) and b§0 (lower)
(S1<Sy) transitions involving even quanta of the short in-plane vdW bend-
ing mode of thep-difluorobenzene—Ar vdW complex. Simulations of the
gxperimental spectra by calculatedype rotational spectra of a near oblate
asymmetric top are shown in the inverted traces. Forb;}'@eband theQ
subbranches are indicated.

Note that we findAyy, ~ Blgy for vs=0 indicating that 1 byo band

pDFB-Ar is a near oblate; = +0.894) asymmetric Recently, we have shown that the band+eé83.69515)

top. This equality is increasingly perturbed by excitation ofcm™ can be simulated with-type rotational selection rules
vdW vibrations. TheB, 4, andC,, rotational constants de- (see Fig. 5.3* This excludes the assignment as a first bending
crease with increasings due to effective moments of inertia overtoneb3 (which should display @-type band structuje

15" and 1" increasing by harmonic and anharmonic Furthermore, from the regular well reproduced rotational
vibration—rotation interaction. On the contrary, tt€,,  structure we can exclude Coriolis coupling to #lestate as
constant remains nearly unchangéske the small values the origin for the appearance of this band. The unperturbed
for 6A: = Ajqw — A¢ in Table 11l). This is reasonable since a-type rotational structure is proof for the Herzberg—Teller
the a axis is collinear to the vdW stretching coordinate and(HT) induced activity of this bantdf

|gff is not influenced by intermolecular displacements along

this coordinate. The constaA(,, value(up tovs=3) dem- 5 p3 pang

onstrates that no displacements perpendicular te tbeor- d

-1
dinate are involved in the excited states and stretch—bend Th? structure of ;h? band a;:]95.95(10) cm (Icr)]wer
coupling is small. It also corroborates our assignmerglas trace of Fig. 3is much closer to tha-type structure than to
<2, s transitions. ac-type structurdsee, e.g., the strong peak in the center and

the periodic structure on the blue sid&or this reason we
assign it to theo3, band.

B. Short in-plane bending vibrations: Herzberg—Teller
active vdW modes 3. b}y, b}y bands

The bands with origin at-33.69515) and +95.9510) The bands with origin at +65.87615 and
cm ! shown in Fig. 5 display a rotational structure com- +125.56215) cm™* display a cleac-type structurdsee Fig.
pletely different from thec-type found for all other bands in  6). We assign them to tHeﬁo and theb‘y‘0 transition, respec-
Figs. 1, 3, 6, and 7. tively. The b‘y‘o band with an excess energy ©f125.56Z15)

J. Chem. Phys., Vol. 102, No. 8, 22 February 1995
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clearly demonstrates that a librational mofidis involved,
with a (hindered rotational motion of the substrate within
PDFB-Ar b, the complex, thus corroborating the bending assignment of
o 365?)5:;58;;? om experimental the vibration. The increase @, is not caused by anhar-

' monicity, since this could only lead tecreasingotational
constants. Thus, harmonic vibrational averaging of the bend-
ing wave function is the origin of increasinyy,, constants.

On the other hand, the monotonalecreasef the B, and
C.qw constants is due to harmonic and/or anharmonic con-
tributions.

lon Current 154 u

calculated

"2 a0 o o L C. Long in-plane bending vibrations
by 1. b, and b3, bands

Vo = 36906.871 (10) cm?t experimental The bands with origin at-50.59315) and +99.10515)
Bv = +99.105 (15) qm-! cm ! (see Fig. 7 are assigned to theZ, andb}, transitions.
The forbiddenb, mode ;) cannotbe HT active by sym-
metry. It can be only excited as even quanta in $he-S,
transition; i.e., the fundamentak, is missing in our spec-
trum. Considering the bending modeslisational modes,
calculated with a large part of mode energy due(tfundered rotational
motion of the substrate within the complex, a significant re-
— duction of the(benzene—Arbending frequency is expected,
20 10 9 10 2 if hydrogen atoms arp-disubstituted by fluorine ipDFB—
sib,2 Ar. For the bending modedy,, a displacement of the heavy
Vo = 36 897.383 (10) cm-! experimental halogen atoms is involved. Thus a lowey frequency than
v = +89.617 (15) em! in benzene—Ar is expected in agreement with the experimen-
tal b, frequency of about 25 cnt significantly below the
value of about 34 cm' found for theb, fundamental.

lon Current 154 u

lon Current 154 u

2. stb2, band

caleulated At this point there is only one remaining vdW vibronic
band to be assigned. This is thelype band with origin at
A o 7 ;s o] +89.61115) cm - (see Fig. 7. Its position agrees quite well

with the sum of the frequencies of thé and thes! state and
is thus assigned to thejb2, combination band.
FIG. 7. Rotationally resolved spectra of thé, (uppe) and bZ, (middle)

(S, Sp) transitions involving even quanta of the long in-plane vdW bend- 3, bg rotational constants

ing mode, and the}b?, transition(lowen involving the fundamental stretch . . .
and long in-plane bending overtone combination mode of the As expected for bending vibrations the dependence of

p-difluorobenzene—Ar vdw complex. Simulation of the experimental spec-rotational constantA\’ldW, B\,/de C\,/dw (Table V) on excited
tra by calculatec-type rotational spectra of a near oblate asymmetric top quanta[see Fig. 4(:)] shows a similar behavior as found
are shown in the inverted traces. X n .
for the by states betweem=0 andn=4 [see Fig. 40)].
However, disagreement is found for tA¢,,, andC, 4, con-

cm Lis the highest energy vdW vibronic band found in our Stants of theby state[see Fig. 4c)] showing a nonmonoto-
experiment. Vibration—rotation interaction leads to a stronglynous behavior. This can no longer be attributed solely to
red shaded) branch so that singld” values are resolved harmonic and/or anharmonic effects but rather to a selective
[the asymmetry spliting between theQ, ,(J”) and Coriolis  coupling. ~ Considering ~ Jahn's ri®,
"Qo.,7(J") subbranches is less than the experimental Iiner(bﬁ)QF(bs):F(Rx), we find that sgecond order Coriolis
width]. Congestion in thé® branch of the experimentaj, ~ coupling to the very weak HT activey state only 3.16.0
spectrum is caused by the overlappiRgoranch of the 39 €M ! to the red is possible.

band whose origin is only 5.68 cm ! located to the red

(Table ). D. Mode character

) ) The frequency shifts of all discussed vdW vibronic
4. by rotational constants bands are displayed in Fig. 8 as a function of their vdw

The A4,y constants of théy vibronic stateTable IV)  vibrational quantum number. The goal of this section is to
display a monotonous increase as a function of vibrationatlucidate the character of these vibrational motions. In par-
quantum numbev,,, [see Fig. 4b)]. This is different from ticular, the mixing of bending and stretching modes for
the behavior of thé\;,, constant of the stretching mode and higher quanta will be discussed.
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TABLE IV. Band originsy,, vibrational shiftssz, and rotational constanss,y,, , Bigw . Cuaw Of short in-plane
bending vdW vibronic state®A: = Ajqw — Ag, 6B’, andSC’ are the deviations of the rotational constants
of the vdW vibronic state from the respective values of tRestate. Changes of planar momenﬁt@ii,,
effective vdW bond lengtlz;;, and changeSz; of the vdW vibronic states.

by state b7 state b state by state
vy (cmY) 36 841.46110) 36 873.64210) 36 903.7210) 36 933.32810)
S5, (cm™h +33.69515) +65.87615) +95.9510) +125.56215)
Trans. dipole a-type c-type a-type c-type
Algy (cm™) 0.037 8210) 0.038 1010) 0.038 9010)
8A (cm™ Y +0.000 1715) +0.000 4515) +0.001 2515)
Bygw (cm™ 0.035 9510) 0.035 2010) 0.033 6Q10)
5B (cm™Y —0.000 9515) —0.001 7Q15) —0.003 3015
Claw (cm™ 0.023 285) 0.022 923) 0.022 073)
5C (cm™h —0.000 277) —0.000 635) —0.001 485)
5P (UA?) -2.891 -3.838 —5.627
sPS" (uA?) +0.879 —1.450 —-8.761
zle (A) 3.54 3.55 3.53
85z (R) +0.05 +0.06 +0.04

Vibration—rotation interaction results in an increase, e 1 e e 5
82 = Zig(VAW vibronic state)— z.4(0%), of the effective Py= 5(|y+|z_|x):2 mix;’, @

vdW bond length(along the stretching coordinatwith in- !

cgeaging intgrmolecular energy for the vdW vibronic statesyherex; is one Cartesian coordinate of thé atom. Expres-
s, s7, ands” (Table IIl). While excitation of the short in-  sjons forPS andP¢ are obtained by cyclic permutation of the
plane bending modefFig. 2) does not affect the intermo- sypscriptsx, y, z. Employing effective moments of inertia,
lecular distance(Table 1V), the excitation of the long in- &% the resulting effective planar moments contain contri-

plane bending overtongFig. 2) results in a large value of pytions from vibration—rotation interactions and Ed) is
0ze (Table V). This indicates bend-stretch coupling. The repjaced by

consideration of effective coordinategy and yg;, using off  Leff  ieff eff .
three-dimensional Kraitchman equatiofiss not instructive 2P =1+ = =2P, — Ay, 2

since their calculation partially leads to imaginary values for,here A, represents the pseudoinertial defect, containing
the higher vibrational states, as found for similar cases. Th“@enerally harmonic and  anharmonic  vibrational

we apply an analysis of planar momemg, ,. Planar mo-  congriputions®! Large values oft, , , indicate major effects
ments of a rigid nonplanar molecule with moments of inertiagy e to vibration—rotation coupling, i.e., in the absence of

e 1 . . . . .
Ixy. are defined as Coriolis coupling this means strong harmonic and/or anhar-
monic vibrational averaging.

TABLE V. Band origins vy, vibrational shiftséz, and rotational constants
vaw » Buaw Cuaw Of vdW vibronic states involving the long in-plane bend.
SA: = Algw — Ag, 6B’, and 8C’ are the deviations of the rotational

150
constants of the vdW vibronic state from the respective values of the 0 g
state. Changes of planar momeriﬁléf(ffy, effective vdw bond lengtlz), < short in-plane bend
and changedz.; of the vdW vibronic states. g ol
C
b2 state b staté s'b2 state L'%" stretch
v (cm™Y) 36 858.35¢100 36 906.87110) 36 897.38810) § ”
5, (cm™ +50.59315) +99.10515) +89.61715) "‘_j,
Trans. dipole  c-type c-type c-type T o
Algw (cm™) 0.039 4@10) 0.038 10 0.039 3@0) =
A (cm™) +0.001 7515  +0.000 45 +0.001 6515) g long in-plane bend
Boaw (cm™) 0.036 1010 0.034 40 0.034 9@0) S 30
8B (cm™} —0.000 8@15) —0.002 50 —0.002 0Q15) >
Claw (€M™ 0.022 6@3) 0.022 57 0.022 53) &h
5C (em™ —0.000 9%5) —0.000 98 —0.001 035) 0 > s 7
sPE™ (uA?) —0.039 —3.704 -6.120 Number of Quanta
sPy" (uA?) —19.926 —-1.584 —-12.679
zle (A) 3.22 3.60 3.38
[y -0.27 +0.11 -0.11 FIG. 8. S; vdW excess energy as a function of excited quanta of the vdW

stretching modes, the short in-plane bending modes, and the long in-plane
aNo errors of rotational constants were derived because the band is pebending modes. The solid line represents a spline interpolation of the ex-
turbed(see the text perimental points.
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For molecules with a plane of symmetry and when thenicities and no major perturbations of frequency positions
only out-of-plane atoms are symmetrically equivalent pairsdue to anharmonic coupling. The latter mechanism couples
harmonic and/or anharmonic contributions to the pseudointhe skeletal 3bstate at+119.88015) cm * and thes® vdw
ertial defect can be classififdas due to(i) symmetric or vibronic state at-117.13315) cm™ %, shifting the vdW state
antisymmetricvibrations (with respect to the plane of sym- towards somewhat lower energies.
metry) of (ii) eitherin-planeor out-of-planeatoms. Since in A major result of this work is the characterization of the
pDFB-Ar there exist thexz andyz planes of symmetry, we mode character of excited vdW vibronic states. For this we
can use this concept to characterizeth@ndb, vdW bend- interpreted the influence of vibration—rotation interaction by
ing modes. It is found that, e.g.,l& normal mode can in an analysis of effective planar moments. As a result we con-
principle produce harmonic contributions Ag via the anti-  clude that the vibrational motion in thet ands? states leads
symmetric(with respect to the/z plane vibrations of both  to linear displacements along thexis with negligible com-
in-plane and out-of-plane atoms involved. Furthermore, it igponents along the andy coordinates. Similarly, vibrational
seen that &, normal mode also affects, via harmonic and amplitude in theb? state contains nb, character(although
anharmonic contributions from the symmet(igith respect it contains some stretch displacement pointing to the libra-
to the xz plane vibrations of the out-of-plane atoms in- tional character of the bending mgod@&hus, for low energy
volved. states a simple one-dimensional harmonic picture seems to

In order to extract information on mode character frombe adequate, in line with the small observed anharmonicities.
experimental data in the electronically excited state, we con- A different situation is found for higher energetic states,
sider instead of the pseudoinertial defect the quarﬁﬁ’iﬁ, e.g., the b§ state. Here considerable motional amplitude
which we define as along thex and ycoordinates is observed indicating that the

. . vibrational stat n no longer nsider r
sPE™: = PEM(vdw vibronic statg— PE"(0°). 3 ibrational state can no longer be considered as a pyre
vibration in a one-dimensional picture.
The numerical values 0dP<" and 5P;eff evaluated for all In conclusion we have shown that rotationally resolved

vdW vibronic states are listed in Tables IlI-V. Large valuesUV spectroscopy of van der Waals vibronic bands is useful
(|5Peﬁ|>1) indicate significant vibrational averaging. Small for characterization of the intermolecular vibrational motion
values of bothsPe" andﬁP)‘iff found for thes! ands? states and the intermolecular potential. The measured rotational
(Table Ill). This means that these states represent nearlgonstants of the different vdW vibronic bands can provide a
genuine stretching normal modes with negligible amplituderitical test of future results from 3D quantum mechanical
in the (x,y) coordinates. For the? state a IargeﬁP)‘jff (= bound state calculations based on theoretical model poten-
—19.926uA?) and a nearly zer@Piff is found (Table V). tials.

Although a genuind, normal modgwith zeroy amplitude

could, in principle, contribute to bot®PS™ and (SP§ff (as ACKNOWLEDGMENTS

discussed forA, and Ay), in our experiment a measurable
effect is seen only foﬁPsﬁ. We take this as evidence for a
genuineb, motion in the sense that there is no amplitude in
the other bendingly) direction(however, forb2 there is an
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