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High-resolution spectroscopy of 4-fluorostyrene-rare gas van der Waals
complexes: Results and comparison with theoretical calculations
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High-resolution laser excitation spectra of the-SS, 08 bands of the 1:1 van der Waals complexes

of 4-fluorostyrene with atoms of argon and neon are presented. The rotational structure of each is
fully assigned using a rigid asymmetric rotor Hamiltonian. The rotational constants for the
complexes are used to extract effective coordinates for the rare-gas atoms which contain both
dynamic and geometric information. Semiempirical potentials for the clusters in the ground and
excited states are determined by fitting to the rotational constants and vibrational frequencies from
three-dimensional quantum calculations to the experimental data. The effective coordinates are
interpreted by comparison with the results of these quantum calculations on the potential surfaces
obtained. ©1998 American Institute of Physidss0021-96068)01405-6

I. INTRODUCTION (Refs. 2 and 3and references thergirin a series of papers,
Hollas and co-workers derived torsional potentials for ST
The van der WaalgvdW) complexes formed between and 4FST in their ground and excited stdteésBoth mol-
simple aromatic molecules and rare-gas atoms have beejtules have been classed as quasi-planar in the ground state:
much studied because of the importance of these systems The torsional barriers and first vibrational intervals were es-
developing an understanding of phenomena such as solvéimated to be around 348 and 44 ci, respectively, for
tion, nucleated growth, and matrix shifts in vibrational and4FST# so that the molecule is subject to a large amplitude
electronic spectra. In particular, rotationally resolved spectraero-point torsional motion in the lowest vibrational level. In
for these complexes provide a window onto their geometrytheir excited states ST and 4FST are far more rigid: The
and internal dynamics. In a recent paper we presented thersional barrier and vibrational intervals have been esti-
laser excitation spectra of the <SS, 03 bands of the 1:1 mated at about 5190 and 170 thy respectively, in 4FST.
vdW complexes of aniline with atoms of argon and neonAs a prelude to the present study, we recorded the laser
formed in a super-sonic molecular beargffective coordi-  excitation spectra of the; S-S, 09 and 4342} bands of the
nates determined for the rare-gas atoms were interpreted jare 4FST molecule in a supersonic molecular bé&uath
comparison with quantum-mechanical calculations. Thebands were/b-hybrids with the transition moment inclined
present paper describes the results of an equivalent study gf an angle of- (35'2)° to thea-principal inertial axis. The
the complexes of the 4-fluorostyre#FST) molecule. This  rotational constants obtained for the different vibronic states
represents a step up in complexity: The lack of symmetry ofyere used to derive effective molecular geometries.
the complexes makes the interpretation of the effective coor-  Several studies of complexes between ST derivatives
dinates more difficult and the low frequency of the torsionaland small molecules or rare-gas atoms have been performed
mode in the ground state of 4FST makes coupling with theysing resonant two photon ionizatiéR2P)) processes in a
vdW modes energetically more favorable. supersonic molecular beam. Thg«SS, one color (1C)-
Over the past thirty years there have been numeroug2p| spectra of ST-Ar and 4FST-Ar are shifted to the red of
spectroscopic studies of styred&T) and its derivatives the corresponding spectra of the bare molecule by about 31
and 42 cm?, respectively. These shifts are of the magni-
dpresent address: InstitiirfRhysikalische Chemie, UniversitBasel, Kliin-  tude expected for a mainly dispersive bonding interaction,
gelbergstrasse 80, CH 4056, Basel, Switzerland. which strengthens on excitation of the complexes to their S
b)éc')sloz' 1D|i:Pa”imerl‘tt°|di Chimica, Universitdi Firenze, Via G. Capponi 9, giates. The vibrational structures of these spectra are domi-
Author t(l)revr\llﬁiym aul:g.rrespondence should be addressed. Electronic maiP@ted by the “internal” modes of the aromatic molecule,
becucci@lens.unifi.it with weaker satellite bands assigned to excitation of the vdwW
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modes. The disappearance of band structure for vibrational 27
excitation exceeding P+410 cm* for ST-Ar®° and

+496 cm * for 4FST-Ar has been taken as indication of
dissociation of these complexes in their excited states. Theg
vdW intervals and dissociation energies of these complexes
were reasonably well reproduced by modeling the atom—
aromatic potential using a pairwise summation of atom-
atom potentials of the Lennard-Jones 6-12 type!! The

equilibrium position of the argon atom was calculated to be o
approximately above the center of the aromatic ring but sub-
ject to large amplitude vdW oscillations parallel to the ring. 0

ry uni

exp

Intensity /arbitra;

Analogous spectra were recorded for the 4FSXX%Ne, Kr, c
and Xe complexes, where the spectral shift increases with 342705 ' 34271.0 ' 342715
the atoms polarizability as expected from the dispersive na- Wavenumbers /em-!

L 712
ture of bqndlng interactiofr . FIG. 1. Comparison between the experimeltiédp) and simulated spectra
In thOIS paper, we describe the measurement of the, o type (a) andc-type (c) components of the S-S, 03 transition in
S1—S 0y bands of the 4FST-XX=Ar and Ng vdW com-  4FST-Ar. The simulated spectra were convoluted with a Lorenzian function

plexes(Sec. I) and the analysis of their rotational structure of 33 MHz linewidth.

(Sec. Il)). Effective coordinates for the rare gas atom are

extracted from the rotational constants in Sec. IV. In Sec. V i .

rotational and vibrational eigenvalues are calculated from &'€ determined by recording the trace from a 150 MHz free

parameterized form of the 4FST-X potential-energy surface$'pectral rang(_atalon. ) . . 0
and the potential is optimized by least-squares fitting to the Commercially available 4FSTAldrich, purity 99% was

experimental data. The role of the effective coordinates if'S€d Without further purification. Ihe igrr;]ple was main-
judging the empirical potentials is also demonstrated. Th&@ined at a temperature around 40 °C, which provides a con-
results are then discussé@ec. V) in comparison with venient vapor pressure without significant thermal decompo-

analogous molecular systems and finally the main points of ion- The spectrum of 4FST-Ne was recorded using neon as
the work are summarize(Sec. VI)). the expansion gas and that of 4FST-Ar using a 5% mixture

of argon in helium. The intensity ratio of the monomer spec-
trum to that of the complex was about 44:1 for 4FST-Ar, 6:1
IIl. EXPERIMENT for 4AFST#*Ne and 23:1 for 4FSTNe.

The experimental apparatus has been described in great
detail elsewher€ and a brief description only will be given ll. DESCRIPTION OF SPECTRA AND ANALYSIS

here. A molecular beam is formed by expanding the carrier  1ha |aser excitation spectra of thg«SS, 08 vibronic
gas, at a pressure of 400-500 kPa, through a conical nozzlg,4s of the 4FST-X vdW complexes with=r and Ne

(50 um diam and skimmer(400 um diam into the detec-  gre shown in the upper traces of Figs. 1 and 2 respectively.
tion chamber. The gas flow is seeded by passing it over th¢pe corresponding spectra of 4F%Sdonsists offP and IR
sample, contained in a heated container, before it enters th&,nches onto which are superimposed a few stfgntines.
nozzle. The nozzle assembly is stabilized to a temperaturg, -ontrast the spectra of the complexes contain strong

about 10-15 °C higher than that of the sample to prevenganches, consisting of many overlapping transitions.
condensation at the nozzle throat. The laser radiation enters

and exits the detection chamber through a well baffled path
and crosses the molecular beam perpendicularly. The total 3
undispersed laser-induced fluorescefid€) is focused onto
a photomultiplier tube(EMI 9893Q/350 and the signal is
processed by a photon count&tanford Research 400

The UV laser radiation is generated by an intracavity
doubled single-mode ring dye las&@oherent Radiation 699-
21) operating on Rhodamine 6G dyExciton) and pumped
by an argon ion las€iSpectra-Physics mod. 2040-Hn this
region, the frequency stability of the system is abdi@
MHz, the laser power at the crossing point with the molecu- o NN S 2Ne g
lar beam is 1.5-2.5 mW and the instrumental line broaden- . T .
ing is about 15 MHz, which is mainly due to residual Dop- 303 3$ffe'ﬁumber,cm.l 3045
pler broadening. Absolute frequency calibration to an _ _ _
accuracy of within =120 MHz is provided by simulta- g?a_zmior?agﬁszogn%eg!ﬁg tgs dez?t%:e(ﬁﬁ\?eﬂ%??oﬂiﬂ Scf;etcr:;a

n_eo'JSIV monitoring the absorption specFrum of iodine €X-gs, 0f transition in 4FST-Ne. The simulated spectra were convoluted
cited by the dye laser fundamental. Relative frequency shiftsith a Lorenzian function of 33 MHz line width.

[
1

exp

20Ne a

Intensity /arbitary units

. ot nteeess el sttt it s il it 20Ne ¢
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In this type of complex, the equilibrium position of the TABLE I. Results from the least-squares fit of thg«SS, 03 band of
rare gas atom is normally about 3.5 A above the center of th&FST-Ar. Here the symbols,, 6, ando refer to the band origin, rotational
aromatic ring1'3 Complexation is not expected to greatly al- temperature of the expansidestimated by simulation of the spectrum as-

. " P N P ar ,y a suming a Boltzmann distribution in the ground sjaded the standard de-
ter the orientation of the transition moment and the principaljation of the fit respectively.

inertial axes of the complex are primarily a translation of

those of the bare molecule towards the rare-gas atom. A  Variable Unit Valué
re-labeling of the inertial axes occurs: Tleaxis of the A em L 0.035 74613)
complex remains approximately parallel to that of the bare B” cm ! 0.027 348 153
molecule but the labels of the other two axes are exchanged ¢ ij 0.018 859 253)
(i.e.,a—a, b—c, c—b). As a result, thea/b-hybrid bands g, 22—1 8'823 ;3‘1‘51;34)
of.4F.ST are expected to becorab:—hybr_ids in the complex; cr om! 0:019184254)
this is confirmed by the spectral assignments. The greater Vo cm~t 34 270.089212)
intensity of theQ branch in the spectra of the 4FST-X com- 6 K 2.0(5)

plexes compared to that for the bare molecule results from o MHz 8.2

two effects. First, théQ transitions, prOduced.by_the COM- aNumbers in parentheses represent one standard deviation of the parameter
ponent of the transition moment along theaxis, is over-  in units of the last quoted decimal place.

lapped by?Q and'Q transitions produced by the component
along thec axis. Second, the intensity and number of observ-
able transitions is increased by a lowering of the ground statef 4FST-Ne: The stron@ branch is accompanied by a simi-
A rotational constant upon complexation, increasing thdar feature of about one quarter the intensity, shifted to the
populations of the lowesk,” levels. The same effect was red by ~0.1 cm ®. These two features are assigned to the
observed in the spectra of the equivalent aniline-Xisotopomers 4FSTiNe and 4FST?Ne respectively.
complexes. Starting values for the rotational constants of the 4FST-
The spectra of both 4FST-X complexes are well repro*°Ne complex were estimated by assuming that the 4FST
duced by a rigid asymmetric rotor Hamiltonian; least-squaresnoiety has the same geometry as the bare moléenie that
fitting and simulations were performed using a modified verthe neon atom sits in the same equilibrium position calcu-
sion of theAasyROT Fortran code written by Seal®. lated for the rare-gas atom in 4FST-Rrlnitial assignments
For 4FST-ALr, initial assignments were obtained by simu-for the much weaker lines produced by the 4F8Ne iso-
lating the spectrum using, for both states, the previous catopomer required more accurate starting estimates of the ro-
culated ground-state rotational constaftfhe number of tational constants for both states. These were calculated
assignments was built-up iteratively by simulation and leastfrom the effective inertial tensor, given in Sec. IV, using the
squares fitting. The lines were weighted with the square@ffective coordinates values obtained from the rotational
inverse of their uncertainty, which was taken as half of theconstants of the 4FS3®Ne complex but with the appro-
experimental linewidth(33 MHz) for features with a single priate effective mass term for the 4F$3Ne complex. The
assignment, or a factor gfn less for a feature assignedro  final least-squares fits contained 263 and 55 rovibronic as-
transitions of approximately equal predicted intensity. Thesignments for 4FST™Ne and 4FST?Ne, respectively,
final fit contained 234 rovibronic assignments witk=15  with J<14 andK,<7 and accounted for 97% of the total
andK =10, accounting for 97% of the total observed inten-observed intensity. Again, no consistent set of assignments
sity. No consistent set of assignmentshidype transitions to b-type transitions could be made. For the more intense
could be made. The band was estimated to be df382 4FST?Ne isotopomer, the percentages of the two compo-
a-type and 383% c-type, by averaging the value of nents of the transition moment were estimated a$;7@
lobs/l cae: Wherel is the intensity of a particular line, over a-type and 212% c-type. For the less intense 4F$MNe
the ten strongest unblended lines of each transition type. Thisotopomer, all of the observable lines were assigned as
results from the least-squares fit of the spectrum of 4FST-Aa-type transitions and the-type transitions were simply too
are given in Table I. The lower two traces of Fig. 1 showweak to be seen.
simulations of the spectra produced by each component of The intensity ratio for the two isotopomers-8.5:1) was
the transition moment, assuming a Boltzmann distribution oestimated from the relative intensities of tQebranches. For
rotational populations in the ground stdiee Table)l and  aniline-Ne the increase in the relative intensity of transitions
convoluting the transitions with a Lorenzian function. for the more massive complex was attributed to an increase
The spectrum of the 4FST-Ne complex, shown in Fig. 2,in the efficiency of complex formation resulting from the
is very similar to that expected for an asymmetric near-slightly lower zero-point energy.Brooks et al. reported a
prolate top, as is the case for the analogous spectrum alimilar increase in the intensity of the strongest lines in the
aniline-Ne! The aniline-Ne spectrum consists of superim-IR spectra of thes; band of jet cooled?Ne-SiH, compared
posed signals assigned to the isotopomers resulting fromo 2°Ne-SiH,.!® They explained this increase in terms of a
complexation witi?°Ne and®®Ne atoms, despite the fact that quasi-equilibrium, maintained by binary collisions in the ex-
the experimental ratio~3.5:1) does not agree with the ratio pansion, which interconverts the two isotopomers. Applying
of their natural isotopic abundances9.8:1). Itis clear from  this model to 4FST-Ne, using the rotational temperature es-
Fig. 2 that a similar phenomenon is observed in the spectrurtimated from simulations of the band profilésee Table N

J. Chem. Phys., Vol. 108, No. 5, 1 February 1998
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TABLE II. Results from the least-squares fits of the-SS, 08 bands of
4FST?Ne and 4FSTNe. The symbolss, 6, ando have the definitions
given in the heading to Table I. bO

Valuét

Variable Unit 4FST2Ne 4FST#Ne

A emt 0.056 53911) 0.054 0158)

B" em ! 0.027 329 144) 0.02734116) -

c em ! 0.023 389 644) 0.022 86016)

A cm 0.056 411 994) 0.053 9659 a
B’ em ! 0.027 259 §44) 0.027 26515)

c’ cm ! 0.023 678 144) 0.023 15215) Xj
v cm ! 34 304.121132) 34 304.075632)

0 K 1.2(5) 1.2(5)

o MHz 8.0 7.4

aNumbers in parentheses represent one standard deviation of the parameter

in units of the last quoted decimal place. o _FIG. 3. Principal axes (& by) and molecular geometry of 4FST in its
The error in the band origin is dominated by the uncertainty in line POsi-glectronic ground state used for calculation in this papgrgis is perpen-

tions of the iodine spectrum caused by Doppler broadening in the statigjicylar to the page The atoms are represented as follows: Solid circle for
cell. The separation between the two isotopic bands is better determlne@'arbon‘ open circle for hydrogen, centered circle for fluorine.

Av=0.0455717) cm™!; the accuracy in this case is limited by the uncer-
tainty determined in the least-squares fit.

structural information from the rotational constants. In the
and zero-point energies from the vibrational eigenvalues cakowest vibrational levels of the complexes these constants

culated in Sec. (see Tables XI and XI)| the relative popu-  depend upon the average of the instantaneous inverse inertial
lations of the lowest rovibronic levels of the two isomeric tensor over the Zero_point oscillations of the atoms in the

forms of the 4FST-Ne cluster should be about 5:1. ConSidcomp|ex_ The oscillations are particu|ar|y |a|’ge and anhar-
ering the approximate nature of this modelhich neglects mgnic for the vdW modes owing to the weak dispersive

three body collisionsthis value is in reasonable agreementinieraction between the rare-gas atom and the aromatic mol-
with experiment. ecule.

The results from our least-squares fit of the spectra of  aAq in our previous work on aniline-X complexésye
4FST#Ne and 4FST*Ne are given in Table II. Simulations 4y ysed the rotational constants to determine an effective
of the spectra of both isotopomers using these constants afig. ia| tensor for each electronic state. The tensor is set up in
shown in the lower three traces of Fig. 2. the body-fixed reference fram@F) with its origin at the

center of mass of the complex and with axes parallel to the
IV. do STRUCTURE principal axegay, by, ¢;) of the molecule. The principal axis

The “loose” nature of the binding in the 4FST-X com- system is shown in Fig. 3 for 4FST. The inertial tensor is

plexes makes it particularly difficult to extract unambiguousgiven by

kIAg+ m(Y2+2Z?) — uXY —uXZ
— uXY KB+ u(Z2+X?) —uYZ 1)
—uXZ —uYZ KCo+ u(X?+Y?)

whereu is the reduced mass of the complex,Y andZ are  plexation. In aromatic-rare gas complexes, this assumption is
the Cartesian coordinates of the rare-gas atom with respect tmrmally justified by the fact that the internal modes of the
the principal axes of 4FST, the proportionality constint aromatic molecule are much higher in frequency than the
=h/8m2c andA,, By, C, are the rotational constants of the vdW modes. The assumption is questionable for complexes
bare 4FST molecule in the same electronic statke effec-  involving 4FST, particularly in the Sstate where the tor-
tive X, Y, andZ have been called the dtructure by Brooks sional internal modey,,”= 42 cm ** is very close in fre-
and van Koeven® guency to the calculated vdW vibrational modese Tables
The d, approach makes the assumption that the aromatitX and Xl). In the § state, where the lowest vibrational
molecule remains a rigid body which is unchanged by commode is the out-of-plane motion of the vinyl grol4il(1-0)]

J. Chem. Phys., Vol. 108, No. 5, 1 February 1998
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TABLE Ill. Comparison between theyctoordinates for the argon atom in 4FST-Ar determined from experi-
mental rotational constan(sxp), and those obtained from rotational constants calculated variatiqrnallyand
by perturbation theoryper. The calculations are numbered according to the parameter sets give in Table VII.

Calé@
1 2 3
R Exp? per var per var var

S, state

X 0.01410) 0.2185) 0.2177) 0.05Q27) 0.04225) 0.03722)

Y 0.5428) 0.06946) 0.45931) 0.08655) 0.537127) 0.48428)

z 3.4692) 3.4762) 3.4534) 3.4932) 3.4624) 3.4913)
S, state

X 0.0193) 0.2056) 0.20411) 0.03923) 0.03924) 0.03623)

Y 0.501(13) 0.07248) 0.42845) 0.09861) 0.52232) 0.45234)

z 3.4233) 3.46Q2) 3.4415) 3.4782) 3.45Q5) 3.4415)
z'-7"° —0.0465) -0.0164) -0.0129) —0.015(4) —0.012(9) —0.050(8)

Numbers in parentheses represent the range of solutions within the tolerance levels of the calculation in units
of the last quoted decimal place.
PDifference in theZ coordinates determined for, &nd $ states.

at about 79 cm?, an adiabatic separation of the vibrational determined standard deviation in tie rotational constant
modes is more justifiable. This is further supported by thebut about an order greater than the standard deviations in the
relatively small “solvation” effects of attaching an argon Band Cconstants, reflecting the approximation made in de-
atom to the aromatic modes on the internal modes of ST antkrmining the rotational constants from the inertial ter(@or
transB-methylstyrendBMS) in their S, states: The frequen- For 4FST#?Ne the experimental rotational constants are not
cies of the in-plane vibrations generally change by less thaso well determined and the tolerance limits were set equal to
1% and the out-of-plane vibrations by only 3%—4%he their standard deviations.
treatment of the 4FST molecule as a rigid body is also more Pratt and co-workers have pointed out that thecdor-
reasonable for the excited state where its inertial defect idinates should be regarded as root-mean-square displace-
less negative than in the ground state. ments averaged over the vibrational wavefunction of the
Tables Il and IV contain the effective coordinates of thecomplex}’ This is re-enforced by the fact that the inertial
rare-gas atom calculated from the experimental rotationalensor is invariant to sign changesXq Y, or Z. These co-
constants for the 4FST-Ar and 4FST-Ne complexes, respe@rdinates will contain botlstatic contributions, reflecting the
tively. The inertial tensor is calculated using trial values forequilibrium position of the rare-gas atom with respect to the
X, Y, andZ and then diagonalized to give values for the center of mass of the 4FST molecule in the lowest vibra-
rotational constants. The trial coordinates are accepted if thigonal level, anddynamiccontributions, reflecting the vibra-
calculated rotational constants reproduce the experimentéibnal excursions due to the zero-point motion. In the case of
ones to within certain tolerance limits. The effective param-the aniline-X vdW complexes, the rare-gas atoms have their
eters are then obtained by averaging over the set of acceptquilibrium positions in the symmetry plane of the complex;
able parameter values. In the calculations for 4FST-Ar andhe static contribution to theby coordinate, perpendicular to
4AFST?Ne tolerance limits of X10° and 3x10 ° cm !  this plane, is therefore necessarily zero and the effective
were required to produce solutions from the ground-state and-coordinate contains only dynamic informatibt In com-
excited-state rotational constants, respectively. These limitglexes of lower symmetry, such as 4FST-X, it is more diffi-
are of the same order of magnitude as the experimentallgult to predicta priori the exact extent to which the effective
coordinates will depend upon either of these contributions
and their interpretation is aided by comparison with calcu-

TABLE IV. Expectation values of the argon atom coordinatgs), and
lated values.

RMS amplitudes of zero-point motion along these coordinaies, calcu-
lated for 4FST-Ar in the lowest vibrational levels. The calculations are
numbered according to the parameter sets give in Table VII.

1 2 3 V. QUANTUM CALCULATIONS ON VAN DER WAALS
STATES
A) So St S S S S
A. LCHOP method
(Xy —0221 -0.212 0.065 0.045 0.054 0.019
(Y) —0.053 -0.053 -0.064 -0.064 -0.071 -—0.071 We have used the linear combination of harmonic oscil-

<AZ>Z g-‘z‘gg g-‘z‘gg 8-‘3‘?2 ggg; gg%g g‘z‘g? lator products (LCHOP) method of Brocks and van
AY 0.319 0.310 0.352 0.842 0.314 0.294 Koevert®*8to calculate the rotatlonql and vibrational energy
AZ 0112 0112 0119 0119 0107  o.105 levels of the 4FST-X complexes. This method has previously

been used successfully to interpret the 1C-R2PI spectra of

J. Chem. Phys., Vol. 108, No. 5, 1 February 1998
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TABLE V. Comparison between the, d¢oordinates for the neon atom in 4FST-Ne determined from experi-
mental rotational constantexp), and those obtained from rotational constants calculated variatiofvalty.
The calculations are numbered according to the parameter sets given in Table VIII.

AFST2Ne AFST#Ne
1 2 3 4 4
A) Exp? Var? Var? Var? Var? Exp? Var?
Sy state
X 0.03926) 0.22319) 0.35511) 0.04Q26) 0.03020) 0.13984) 0.10161)
Y 0.41411) 0.33515) 0.41615) 0.3649) 0.4327) 0.50847) 0.49730)
z 3.3682) 3.1662) 3.3242) 3.1681) 3.3711) 3.33818) 3.35510)
S, state
' X 0.03523) 0.19821) 0.30619) 0.03724) 0.01913) 0.13X79) 0.09657)
Y 0.3749) 0.30114)  0.38G22) 0.3287) 0.3773) 0.46739)  0.44926)
Z 3.3341) 3.1522) 3.3112) 3.1551) 3.3441) 3.301(15) 3.3208)
Z'-Z"° -0.034(3) —0.014(4) -0.013(4) -0.010(2) -0.033(2) -—0.037(33) —0.035(18)

Numbers in parentheses represent the range of solutions within the tolerance levels of the calculation in units
of the last quoted decimal place.
PDifference in theZ coordinate determined for,%ind  states.

these complexe¥ 12 as well as those of several related between this rotation and the internal motions. This Hamil-
complexes (styrene-Ar1® fluorene-Art® aniline-Ar}'®  tonian is used in full variational calculations for each given
aniline-Ne! benzene-A¥29. value of J. Rotational constants are then obtained for the
Briefly, the Hamiltonian is constructed in the BF frame, ground vibrational level by fitting the levels computed for a
described in Sec. IV. This choice enables the Cartesian caeries ofl-values to a rigid asymmetric rotor Hamiltonién
ordinates of the noble gas atom to be used to describe ththe same way as one usually deduces rotational constants
intermolecular vdW vibrations and the internal vibrations offrom the measured frequencies of the rotational lgvéis
the aromatic species to be described by their normal coordaddition, we calculate the vibrationally averaged rotational
nates. The only approximation made in this derivation is theconstants of the complex from the vdW eigenfunctions com-
adiabatic separation of the internal modes and the vdWuted forJ=0 by means of first and second order perturba-
modes. The Hamiltonian for a given rovibronic state is avertion theory, with the Coriolis coupling operator as the per-
aged over the internal modes and the vdW eigenfunctions arteirbation.
then calculated by diagonalizing the matrix representation of  Apart from the validity of the adiabatic separation of
the purely vibrational part of the Hamiltonian in a basis setvibrational frequencies, the accuracy of these calculations is
of products of harmonic oscillator functions 3 y, andz.  mainly limited by the quality of the aromatic molecule—rare-
These oscillators are centered at the equilibrium position o§as interaction potentiahb initio calculations for this type
the rare-gas atomX., Y., Z., and their frequenciesy,, of complex have only been performed for benzeng“&t-In
wy, w,, are scaling parameters which are optimized variathe absence of such calculations, we represent the potential,
tionally. The matrix elements of the kinetic energy operatorV(r), as a sum of pairwise atom—atom dispersive interaction
are obtained through the use of harmonic oscillator creatioterms of the Lennard-Jones 6-12 form
and annihilation operators.
The rovibrational energy levels are calculated from the
rotation—vibration part of the Hamiltonian, including the
overall rotation of the complex and the Coriolis coupling

V() =2, 4eij(—(0y; 1)+ (0y; I1)1?), )
1)

TABLE VI. Expectation values of the argon atom coordina{e®, and RMS amplitudes of zero-point motion
along these coordinates X, calculated for 4FST-Ne in the lowest vibrational levels of th@fd S states. The
calculations are numbered according to the parameter sets given in Table VIII.

4FST?Ne 4FST?Ne
A) 1 2 3 4 4
State: 9 S S St S S, S St S S
(X) —0.256 —0.243 —0.372 —0.333 —0.076 —0.081  0.025 —0.002  0.021 —0.006
(Y) —0.051 —0.053 —0.042 —0.043 —0.070 —0.069 —0.069 —0.069 —0.069 —0.069
(2) 3.177 3160 3.338 3.322 3178 3163 3391 3354 3.388 3.351
AX 0351 0342 038 0379 0368 0.358 0.385 0.361 0.377 0.354
AY 0.387 0377 0423 0411 0391 0381 0.408 0.385 0.403 0.381
AZ 0.155 0.156 0.166 0.166 0159 0.159 0.158 0.155 0.154 0.151
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where &ij is the well depth andrij is the distance at the TABLE VIl. Parameter values used in the atom—atom pair potentials of
minimum of the interaction between atornandj (alterna- ~ 4FST-A"

tively, they are referred to as the “energy” and “geometric” 12 b 3
parameters, respectivéfy. This model excludes the dipole-

induced dipole contribution to the vdW interaction, which State: sand§  Sand§ S St
has been evaluated as less than 3% of the total energy in o , (cm™) 53.63 4471 70.87 77.45
complexes of aniline and fluorobenzetidnteratomic sepa- Ey_ar cm™h) 32.34 30.85 30.85 30.85
rations are calculated using the effective molecular geom- sr_a(cm™*) 81.0 38.49 38.49 38.49
etries for the relevant state of 4FST determined in our recent "C—Ar(ﬁ) 3.37 3.37 3.382 3349
study? The matrix elements of this potential are evaluated (‘::::’((A)) 2:22 g:gg g:gg g:gg

numerically using Gauss—Hermite quadrature,ity, andz.

One of the problems with this approach is the lack of knowI-ZReference 10 and 11.

edge of the potential parametets, and oy; . Furthermore, Rﬁferencke 7

the simplification is made that these parameters are identical 'S work

for interactions between atoms of the same type regardless of

their position in the molecule. the Scheraga modéset 3”242°and empirically optimized
Previous attempts to model the vibrational energy levelgset 3 for the § and § states of 4FST-Ar, respectively. The

of 4FST-Ar in this way made use of parameter values colvdwW modes in which the rare gas moves approximately par-

lected from various sources in the literatd?é! In following  allel to the aromatic plane are referred to as “bending”

section we test the ability of these parameter sets to repranodes, b, , by, and that involving motion of the argon

duce the rotational constants of the 4FST-Ar and 4FST-Nemostly perpendicular to this plane as a “stretching” mode,

We also test a parameter set calculated using the Scheraga The characters of the calculated vibrational eigenstates

model’?*?*The geometric parameter is calculated from thewere defined by the highest contributing functions of the

equilibrium distancer ;;°, for interactions between atoms of harmonic basis set, labeleah(, n,, n,) wheren, is the

the same type harmonic quantum number in thxeaxis, etc. The frequencies
o :(1/2)1’7(r”°+ r”o), 3 of by 3 by, anc.isZ are then the eigenvalues of the states which

contain the highest percentages of ¢he0), (010), and(001)
and the energy parameter is then determined from a modifieflasis functions, respectively. The rotational constahts3,
version of the Slater and Kirkwood formdfefor the vdW ¢, given in the tables refer to the values obtained from a full

attraction between a generic group of atoms variational treatment of the rotation vibration Hamiltonian
Z.aia; for the lowest vibrational level. Both tables contain the equi-
4gjj0;°= J (4)  librium coordinates and well deptN,,;,. Table X also con-

(@ N5+ (a IN)T tains the dissociation energy from the lowest vibrational
Hereq; is the polarizability andN; is an “effective” number  level of the excited stateD,’, and the “solvent” shift,

of electrons for atom, and theZ. is a constant. The values Awgy,.

of r;%, a;, andN; required for the calculation of the two

parameters have been optimized by Scheraga to reprodude Parameter sets 1 and 2

the molecular crystal structure of a large number of organic  pameter set 1 was recommended by Consatha. on
compounds. Finally, empirical parameterizations of the poyhe pasis of a good agreement between the separations of the
tentials for these complexes are obtained by fitting the caly,5in pands in the S-S, 1C-R2PI spectrum and the vdW
culations to the experimentally determined rotational Con'eigenvalues calculated for the Sate!® The potential was

stants and vdW vibrational intervals. _ _ subsequently used to extend the set of assignments to com-
The parameter sets discussed in these sections are listed

in Table VII for 4FST-Ar and Table VIII for 4FST-Ne. For
the calculations on 4FST-Ar, the optimum scaling of the ba-TABLE VIII. Parameter values used in the atom-atom pair potentials of

sis functions was achieved usieg=5 cm !, w,=6 cm !, AFST-Ne.

and w,=35 cm'* and for 4FST-Ne usingw,=6 cm*, 1 » - 2

wy=5 cm !, and w,=30 cm . In both cases the calcula-

tions were converged with 10 harmonic oscillator functions___ St gand§ Sand§ Sands K St

in thexandy coordinates and 8 functions in tkecoordinate. secne(Ccmt)  21.48 20.01 2528 2891 31.06

The interaction potential matrix elements were calculated &u-ne(cm) 25.39 16.03 1565 1565 15.65

over a grid of 2&24x24 integration points in the Gauss—  &F-ne(cm ) 43.00 44.02 26.16  26.16  26.16

Hermite quadrature. ocne(A) 3.109 3.22 3.06 3.239  3.220
r_ne(R) 2.887 2.79 2.68 268  2.68
Tr_ne(A) 3.204 3.18 2.72 2.72 2.72

B. 4FST-Ar %Reference 12.

by
. Reference 28.
Tables IX and X compare the results of calculations uS<geference 7.

ing parameter sets taken from the literat(get 1,2 from  “This work.
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TABLE IX. Comparison between experimental data and the results of calculations for 4FST-Ar jnsitat& The calculations are numbered according to
the parameter sets given in Table VII. The rotational constants were obtained in a full variational calculation.

Exp? Cald®
1 2 3
Xe (A) —0.255 -0.041 —-0.022
Ye (A) —0.060 -0.075 —-0.078
Ze. (A) 3.433 3.445 3.477
Viin(cm™1) 502.2 387.0 566.9
A(cm™ 1Y) 0.035 74613) 0.036 4571.99| 0.035 890.41] 0.035 559—0.52]
B(cm™Y) 0.027 348 153 0.027 091 0—0.94] 0.027 324 p—0.09] 0.027 298 §—0.18
C(cm™?) 0.018 859 253) 0.018 950 £0.49] 0.018 874 §0.0g| 0.018 799 p—0.32]
blcm™) 11.5 13.47 9.32 12.40
ba(cm™ 1) 19.0% 25.33 17.00 23.20
blcm™1) 25.26 20.63 26.44
sf(cm* h 41.46 34.93 44.56

&This work. Numbers given in round parentheses are one standard deviation of the fitted constant in units of the last quoted decimal place.
®Numbers given in square parentheses are the percentage deviation from the experimentally determined value of the rotational constant.

‘Reference 11.
YReference 7.

bination vdW bands by Piccirilloet al!* The expected provement on the results of Consalebal: The b, ands,
Franck—Condon factors for these transitions were also usegigenvalues agree with the assigned intervals to withih

as a guide, so that two features at 28.2 and 31.1%cim the
blue of the @ band were assigned &s3 andb,g, respec-

cm * andb, is about 5 cm* too low. Only the value ob,
changes appreciably in the ground-state calculation but the

tively, contrary to their calculated energy order. A weak fea-decrease of about 0.7 ¢rhis much less than that expected

ture at @ +3.5 cm ' was assigned as the hot babgf,

giving a first vibrational interval of about 11.5 crhfor this
mode in the ground state.

from the hot band assignment.
The well depths obtained for these states can be judged

by comparing the experimental solvent shift and dissociation
In our calculations we first used parameter set 1 to repenergy for the & state with the calculated values. To a first

resent the potential in both ground and excited states; thapproximation

calculations differ only in the geometries of the 4FST moiety

in these states. The agreement of the calculated vdW eigen- —V,=0(S1), (5)
states for the excited state with experiment, obtained using a
more accurate geometry for 4FST in this state, is an im-  Avgy~V,-o(S1) —V,-0(So), (6)

TABLE X. Comparison between experimental data and the results of calculations for 4FST-Ar jrsttteS The calculations are numbered according to the
parameter sets given in Table VII. The rotational constants were obtained in full variational calculation.

Cald®

exp 1 2 3
Xe (R) —-0.243 —0.049 —0.044
Ye (A) —0.060 -0.073 -0.076
Z. (A) 3.417 3.429 3.424
Vimin (M~ 1) 505.2 388.9 616.8
D (cm™Y) 350-58% 460.4 350.7 567.2
Avggy(cm™ ) —42.017(5) -2.5 -15 —46.8
Acm™) 0.036 18614) 0.036 28¢0.28| 0.035 731-1.25| 0.036 028-0.45]
B(cm™ %) 0.027 271 %54 0.027 036 §0.86] 0.027 256 [—0.05] 0.027 225 §0.17]
Clem™) 0.019 184 754) 0.019 109 8-0.13| 0.019 029 $-0.81] 0.019 132 $-0.27]
bl (cm™?) 15.¢ 14.14 10.05 14.21
b2 (cm™ 1) 28.2 26.59 18.37 26.70
bl (cm™Y) 31.1 25.48 20.98 28.42
b¥ (em™ 56.0 53.01 46.33 57.96
béb)l, (em™) 40.5 38.23 34.72 40.77
sicm™%) 41.0 41.69 35.43 47.18

aThis work. Numbers given in round parentheses are one standard deviation of the fitted constant in units of the last quoted decimal place.
®Numbers given in square parentheses are the percentage deviation from the experimentally determined value of the rotational constant.

‘Reference 7.

dydW vibrational intervals obtained from Ref. 11.
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where V,_q is the value of the potential function for the were identical to those used for the corresponding experi-
lowest vibrational level. The calculated value dfv,,, mental values.

=—2.5 cm ! using parameter set 1 compares poorly with It is immediately apparent that, for both parameter sets,
the experimental shift of-42.0175) cm !, indicating that the variationally determined coordinates are much closer to
different parameter values are needed to model the twithe experimental values. This is reflected best in the effective
states. It is difficult to judge the accuracy of the calculationY coordinate, for which a value close to 0.5 A is determined
for the dissociation energy in either state because of the largexperimentally for both states. For both parameter sets the
uncertainty in experimental measurements of this quantityariational calculations yield’~ 0.4-0.5 A, whilst pertur-
(see Ref. 26 for a review of the experimental difficulties bation theory givesy~0 for both states of the complex. In
Comparison of the 1C-R2PI spectra of 4FST and 4FST-Araddition, theZ coordinates obtained variationally were also
reveals that the intensities of analogous vibronic bands aréloser to the experiment in all of the calculations than those
similar up until @ +350 cn'* after which the intensity of ~0obtained by perturbation theory. From this point on we shall
the bands of the complexes drop off until there is no sign ofoncentrate solely on the results of the variational calcula-
a band corresponding to that of the bare molecule ft otions.

+581 cm L.’ This reduction in intensity is attributed to the The main difference in the effective coordinates ob-

onset of predissociation and the dissociation energy of thEdined with the two parameter sets occurs in the values ob-
complex in the excited state may then be put within thetained forX. This coordinate is close to 0.2 A for the set 1

limits 360<D,’< 581 cm'L. Haas and Kedler warn that calculations, while the negligibly small experimental values
one-color photo-ionization schemes may lead to excitatiof?'® well reproduced by the set 2 calculations. Parameter sets

from levels above the dissociation limit of the complex andl @nd 2 differ most significantly in the value of the,_¢

71 . =
that the true dissociation energy will be lower than thoseparameter use(B1.0 cm_ in set 1 compared to 38.89 ¢in
determined heré® This is supported by recent LIF and life- in set 2. Table IV contains the calculated values of the root-

time measurements for ST-Ar by the same autfdfEhe mean-squar¢RMS) amplitudes of t_he Z€ro-point motion,
values of 460 cm* for the dissociation energy in,Salcu- AX, and average value of the coordinaips), for the argon

lated using parameter set 1 is therefore probably on the higﬁtom. in the Iowe_st _V|brat|onal level of each state. The RMS
. . , mplitudes are similar for both states and both parameteriza-
side. In the following sections we demonstrate that the well.

. . . . ions; AX andAY are about 0.3 A, indicating large freedom
depth is the quantity most sensitive to the choice of param- . .
. ) . of motion parallel to the molecular plane, and is about
eters used in the atom—atom pair potentials.

0,1 A, since the potential well is narrower in this coordinate.

Calculations using the same parameter set 2 obtainefi N . . .
' h Il ly slightl -
from the Scheraga model, were performed for both ground- e vibrationally averaged coordinates are only slightly dis

. ! ) laced from the equilibrium coordinates of the potential
and excited-state geometries. The calculated vdW eigenstat &ven in Tables IX and Xbut differ significantly in the two
consistently under-estimate the experimental values for bot

H hei der for the Sa arameterizations. The larger value ©f_,, in set 1 pro-
sates, roweven | elr energy order Tor the ssate repro- duces a stronger dispersive interaction between this atom-
duces that of the assignments in 1C-R2PI spectrum. Th

) > 1 X ﬁair which shifts the potential towards the fluorine atom,
e|gen§tates labeleol, = and by. are the third and fOLljrth, re- Xo~(X)~—0.2 A. While using set 2 gives a potential mini-
splectlvely. Moreover, the eigenstates labebed, by* and,  1,m much closer to the center of mass of the 4FST mol-
s, are the sixth and eighth, ;eparated by about 0.7lcm- ecule, X;~(X)~0.0 A. The effective coordinateX, ob-
which is in good 1agreement with the experimental separatiogined with the two parameter sets reflects the difference in
of about 0.5 cm™. A smaller dissociation energy for thg S the position of the potential minimum. The effectiZecoor-
state(350.7 cn) is obtained using this parameterization but, ginate reflects mainly the vibrationally average value of this
the use of the same parameters to represent the pqtlent|al #Bordinate, sincéz)>AZ. Neither parameter set reproduces
both states, results in a calculated solvent shift.5 cm'%)  the reduction in the value of this coordinate upon excitation,
which is again far too small. _ ~ which results from the strengthening of the dispersive inter-
~ Using parameter set 1, the rotational constants obtainegction. The interpretation of the effective coordinates will be
in the full variational calculation agree with the experimentaldiscussed in more detail in Sec. VI.
values to within about 2% for both states. Using parameter |t was concluded that parameter set 2 produces the more
set 2, the level of agreement is about 0.5% for the groungealistic description of 4FST-Ar in these states. Although set
state and 1% for the excited state. The rotational constants produces a better approximation to the observed vdW fre-
determined by treating the Coriolis term as a perturbation arguencies in § this is achieved by using an artificially high
~0.5% worse in all of the calculations. It was found that theparameter for the Ar—F atom-pair potential which shifts the
effective ¢ coordinates for the argon atom, obtained frompotential towards the fluorine to an extent not suggested by
the calculated rotational constants, are of much greater use the experimental glcoordinates. This highlights the danger
judging the two parameter sets than the constants thenof collecting parameter values from different literature
selves. Table Il compares the effective coordinates obtainegources. The parameters contained in set 2, while underesti-
from both the perturbativéper) and variationalvar) calcu-  mating the vdW frequencies, were calculated in a consistent
lations with those determined from experiment. The toler-manner and more correctly reflect the balance of the disper-
ance limits applied to the calculated rotational constantsive interactions which determined the position of the argon
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28 30 32 34 36 FIG. 5. Dependence of thH® well depth,V,,,, and(ii) s,* vdW vibrational
GC-Ar/A eigenvalue calculated for th®, state of 4FST-Ar on the C—Ar atom pair

parameters. These quantities are plotted against the geometric parameter,
FIG. 4. Dependence of th@) A, (ii) B, and (iii) C rotational constants  oc_ar, Using different symbols for calculations using different values of the
calculated for theS; state of 4FST-Ar on the C—Ar atom pair parameters. energy parametes,c_a, [30(0), 40(0), 50(A), 60(V), 70(< ), 80(+) cm™Y].
The constants obtained are plotted against the geometric parametgr,
using a different symbols for calculations using different values of the en-
ergy parametersc_a [30(0), 40(0), 50(4), 60(V), 70(<¢), 80(+) cm™ 1.
The calculations treated the Coriolis term as a perturbative correction to the
rotation—vibration Hamiltonian. for the same change irc_a,). The calculated rotational

constant is always an underestimate of the experimental

above the aromatic plane. There was, however, a need f@lue. It is a much weaker function fofC—Ar than thg other i
produce a new set of parameters which better reproduce ¢fyo constants and may also be considered approximately in-

vdW frequencies without adversely influencing thestruc- ependent ofec_p. The calculated vdW eigenstates_ are
ture. strongly dependent upon both parametéte frequencies

change by about 10% and 40% for 20% changes:ity, and
oc_ar, respectively and the well depth is more sensitive to
changes ine_p, (the corresponding changes are 18% and

Ab initio calculations indicate that the & S, transition  4%).
in ST is dominated by two configurational changes, both  The simple, near-linear dependence of these quantities
involving promotion of one electron to an antibonding or- upon the two parameters enabled estimates of each parameter
bital located primarily on the aromatic rifg.Consequently, to be determined by least-squares fitting to the experimen-
it might be expected that the potential parameters whichally determined rotational constants and vibrational inter-
change most significantly between the ground and exciteglals. The derivatives were determined analytically and the
states will be those which model the interaction of the argordata were weighted as the inverse of their experimental un-
atom with the carbon atoms of the aromatic ring. Clearly, acertainties, taken as twice the standard deviation of the fitted
deficiency in the present model of the potential is that it doesotational constant§see Table )l and =0.5 cni' ! for the
not differentiate between the carbon atoms of the aromatigibrational intervals measured by 1C-R2®The parameter
ring and those of the vinylic group. values at convergence weeg_,, = 77.5+1.2 cm ! and

To quantify their effect, the LCHOP calculation was re- o¢_a= 3.349+ 0.001 A(parameter set 3 in Table lIThe
peated over a grid of values fat-_,, and oc_a,, With the  results of the calculation using parameter set 3 for the excited
other parameters constrained to those of the ground state gtate are given in Table IX. The calculation reproduces the
set 2. The graphs given in Fig. 4 show the rotational con+otational constants to within about 0.5% and effective coor-
stants calculated by perturbation theory and those in Fig. Binates, determined from these constaste Table I, are
the potential well deptli) and thes,! vdW vibrational in-  in agreement with the experimental values. The vdW vibra-
tervals(ii) as functions of_a, andoc_a,. The other vdW  tional eigenvalues for the levels involving only the bending
vibrational eigenstates showed a dependence upon the pabrations (b,5, b,5, byg, b,s. byg, andbyd) reproduce the
rameters similar to that of,® . These calculations were per- intervals obtained in the 1C-R2PI spectrum to within 0.2—-2.7
formed with the $ geometry of 4FST-Ar since the vdW cm 1. The calculated vdW stretching eigenvalue is, how-
vibrational intervals are known for this state. TAeand C ever, about 6 cm' greater than the experimental value and
rotational constants are largely independent of the energthe energy order of the eigenstates does not reproduce that
parameterg_a,, but are strongly dependent upon the geo-deduced experimentally. In addition, the calculation gives a
metric parametergc_a, (the calculated values change by high value for the dissociation ener¢§67.2 cm'1) for this
less than 0.2% for a 20% changesp_,, but by about 20% state.

2. Parameter set 3
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TABLE XI. Comparison between experimental data and the results of calculations for2R8Th its S, state. The calculations are numbered according to
the parameter sets given in Table VIII. The rotational constants were obtained in a full variational calculation.

cal®

Exp? 1 2 3 4
Xo (A) —0.308 —-0.384 —-0.181 —-0.103
Ye () —0.063 —0.056 —-0.079 —0.080
Z. (A) 3.088 3.246 3.085 3.309
Vpmin (cm™1) 149-25% 233.7 187.7 203.8 224.1
Alcm b 0.056 411 994) 0.061 514 £9.05] 0.057 764 §1.21] 0.061 305 £3.67] 0.056 287 $—0.22]
B(cm™Y) 0.027 259 §44) 0.027 247 0—0.05] 0.027 179 8-0.55] 0.027 329 §0.25| 0.027 344 [0.31]
C(em™Y) 0.023 678 144) 0.024 156 £2.02] 0.023 466 §0.33] 0.024 165 £2.06] 0.023 343 5—1.41]
b tem™ ) 10.43 8.94 9.23 8.85
b,! (cm™) 17.67 15.71 23.33 17.20
st (cm™Y) 42.69 36.68 41.04 41.97

#This work. Numbers given in round parentheses are one standard deviation of the fitted constant in units of the last quoted decimal place.
PNumbers given in square parentheses are the percentage deviation from the experimentally determined value of the rotational constant.
‘Reference 7.

For the ground state, fitting to the experimentally deter-this complex*> Set 2 was kindly provided by Ph.
mined rotational constants and a single vdW intefwdlich  Bréchignac?® they were obtained for the aniline-Ne complex
is determined from the position of thg hot band'}) gives by empirical optimization of the parameters of Ondrechen
eca= 70.954.6 cmi L andoe_a= 3.382+ 0.001 A. Pa- et al?® Set 3 contains values calculated using the Scheraga
rameter set 3 predicts that the? level should occur about model and set 4 was obtained from this set by fitting the
23 cmi ! above the B level, this supports the assignment of parameters for the C—Ne atom pairs, as was done in the
a weak feature atd&9 cm ! in 1C-R2PI spectrum to the previous section for 4FST-Ar. The results of these calcula-
b,2 hot band’ The solvent shift of-46.8 cm ! calculated tions are given in Tables XI and XlI for the ground and
using this parameterization compares well with the experiexcited states of the complex, respectively. The results of
mental one of—42.0175) cm™ 1. The effective coordinates calculations for both states of 4FS$iNe using parameter set
obtained for the ground state agree well with experimen# are given in Table XIlI.
and, in addition, the reduction in th& coordinate upon ex-
citation is reproduced reasonably by this parameterization. ;. parameter sets 1 —3

The high values calculated for the dissociation energy . 0
and s,! eigenvalue in the Sstate suggest that fitting the 7Only the Vd\év bendlngifundamentalmxo ((.)0+11'2.
€ parameter to the anharmonicity of the bending vdw®™m ) and byo (Og +20.0 cm ), have been assigned with
C-Ar cI:ertainty in the 1C-R2PI spectra of thg<SS, transition of

vibrations probably overestimates the interaction energy o

. . . - _1
the argon atom with the aromatic molecule. The good agreeA-'FST'Ne' A band of similar intensity €O+31.0 cm ) was

ment in the solvent shift and reduction in the effectie tentatively assigned aszé and a much weaker featureg(o

1 ; 12 . ; ;
coordinate suggest, however, that the difference in this interfrt:B'3 Corlnf )4\’;25_'_ lkj)n?sst;gne?_. ;I;]he first V|br(()jr_1|c bandt
action energy is well reproduced. The calculations using pa(—) served tor Ut absentin ,1e corresponding spectrum

f 4FST-Ne occurs atP+222 cm ', providing the upper

rameter sets 1 and 2 show that the vdW vibrational eigenval®' f o1
ues were also affected by the parameterization of the F—AfMit for Do’. The band at b +120 cm*is observed at
atom pair. Attempts were therefore made to simultaneousl?omparable Intensities in _bqth spfect_ra but it is more cau-
determine thesc_, and oc_,, parameters but the fits were iously used as the lower limit 90 since bands resulltlng.
ill-conditioned and did not converge despite damping. Con-from A4FST-H0, present as an impurity, are expected in this
straining the C—Ar parameters for the vinylic carbon atomg €9'0": L ,
to the values calculated using the Scheraga model, while The. VdW_ vibrational e|genvalue§ galculated for the S
fitting the parameters for the aromatic ring, led to furtherState. given in Table X, are very similar for all three pa-
increases in the calculated well depth. The parameter value: meter sets and are con§|stently about 2 to 3'cless than
of set 3 are therefore recommended for calculations of th&'€ €xperimental 1se.parat|ons 9f thg, andby, bands f[om
vdW eigenstates and molecular geometries in clusters of thid'® &% bgnd. Thes; eigenvalue IS calculateq at 37-43 chy
type. sgggestlng trlat the.co.rrect a;sgnmem;z};hs th_e feature at
Og +43.3 cnmi'. This is also in agreement with the values
assigned for thes, vdW stretching frequencies in the other
4FST-X complexe$41(1) cm™! for X=Ar, 37(1) cm ? for

The parameter values used to represent the potential i=Kr, 38(1) cm™* for X=Xe']. The assignment of the band
AFST?Ne are listed in Table VIII. Set 1 is a collection of at 03 +31.0 cmi * is less clear cut since a large number of
values taken from the literature and used in a previousdevels are calculated with energies in this region. The bend-

LCHOP calculation of the vdW vibrational eigenvalues of ing eigenvalues are underestimated by about 20% in these

C. 4FST-Ne
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TABLE XII. Comparison between experimental data and the results of calculations for 2R8Tn its § state. The calculations are numbered according
to the parameter sets given in Table VIII. The rotational constants were obtained in a full variational calculation.

Cal®

Exp? 1 2 3 4
Xo (A) —0.292 —0.354 -0.178 -0.111
Ye () —0.063 —0.055 —0.076 —-0.077
Z. (A) 3.069 3.228 3.067 3.270
Viin (€m™1) 235.0 189.6 204.8 240.8
Dy’ (cm™Y) 120-22% 196.1 155.5 167.3 201.8
Avgy,(cm™1) —7.8957) -1.0 -1.6 -0.8 —-14.6
Acm™}) 0.056 411 994) 0.060 780 §7.74] 0.057 079 (1.18] 0.060 581 7.39] 0.056 188 [—0.40]
B(cm™ 1) 0.027 259 §44) 0.027 176 7—0.30] 0.027 136 8-0.45] 0.027 248 5-0.04] 0.027 257 §-0.007]
C(em™b) 0.023 678 144) 0.024 367 £2.91] 0.023 678 70.003 0.024 370 2.92] 0.023 634 P—0.19|
blem ) 112 11.00 9.28 9.82 10.07
b,' cm™) 20.0 17.87 16.00 17.41 18.48
s, em™Y) 433 42.99 37.01 41.45 43.32

&This work. Numbers given in round parentheses are one standard deviation of the fitted constant in units of the last quoted decimal place.
PNumbers given in square parentheses are the percentage deviation from the experimentally determined value of the rotational constant.
‘Reference 7.

calculations, indicating that the correct eigenstate should bwith set 2. By analogy with 4FST-Ar, these constants are
obtained at about 25 cm. The strongest candidates are theexpected to be most sensitive to the choice of the geometric
b2 and bxlby1 levels, which are close to this value in all parametergc_ne. The larger value of this parameter in set 2
three parameterizations. Both might be expected to havproduces a better agreement with experiment than the similar
good Franck—Condon factors for excitation from the lowestvalues used in the other sets. The effectiyeaordinates for
vdW level of the ground state, but the lack of observation ofthe neon atom, derived from these calculated rotational con-
a band assignable tn,3 in the spectrum favors the assign- stants, are given in Table V. The poor reproduction of the
ment to thebxébyé combination band. experimental rotational constants using sets 1 and 3 results
The dissociation energies for the State are acceptable because the effectivé coordinates obtained using these sets
in all three calculations but little more can be said because adre about 0.1 A less than the experimental values for both
the lack of precise knowledge of this quantity. The use of thestates. The values of this coordinate obtained with set 2 are
same parameters in the ground state calculation gives a safiuch closer to the experimental ones. Table VI contains the
vent shift of about—1 cm™! in all three cases, which con- RMS vibrational amplitudes and average coordinate values
siderably underestimates the experimental value ofor the lowest vibrational level calculated using these param-
—7.8957)cm L. eter sets. Th& coordinates are dominated by the contribu-
The rotational constants obtained in a full variationaltion from(Z), which is reduced by the use of a smaller value
calculation again provide the most significant test of thefor oc_ne. Although the effectivey coordinates are in rea-
three parameterizations. The values of these constants calcssnable agreement with the experimental values in all three
lated using parameter sets 1 and 3 are very similar and inalculations, the effectiveX coordinates again demonstrate
much poorer agreement with experiment than those obtainettie differences in the parameterizations. The negligibly small

TABLE XIIIl. Comparison between experimental data and the results of calculations for ZR8Tr its § and
S, states using the atom—atom pair potential represented by parameter set 4 in Table VIII. The rotational
constants were obtained in a full variational calculation.

So S
(cm™) Exg* Cal® Expg? Calc
A 0.054 0158) 0.053342—1.54  0.053 9658) 0.053 308—1.21]
B 0.027 34116) 0.027 346 10.02]  0.027 26%15) 0.027 263 §-0.004
c 0.022 86016) 0.022 817 5-0.18 0.023 15215) 0.023 105 B-0.20]
Do’ (cm™1) 188.3 203.0
b,* 8.69 9.88
b, 17.07 18.30
st 40.26 42.44

aNumbers given in round parentheses are one standard deviation of the fitted constant in units of the last quoted
decimal place.

PNumbers in square parentheses represent the percentage deviation from the experimentally determined value of
the constant given in Table II.
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values obtained from the experimental rotational constant$ABLE XIV. Comparison between the,coordinates for the argon atom in
are reproduced using parameter set 3 only. Similar to thEB-A" 4FST-Ar and 2FN-Arin their Sstates.

4F_ST-Ar calculations, parameter sets 1 and 2 differ from set A) EB-Arb AFST-ARC SEN-ArC

3 in the use of much larger values for the energy parametes;

in this casesr_pe. The minima of the potentials calculated X 0.4205) 0.01410) 0.23211)

using sets 1 and 2 are shifted towards the fluorine atom com- 0.37219 0.5428) 051315
9 z 3.54(3) 3.4692) 3.4564)

pared to that obtained with set 3 by the larger interaction

energy for the F—Ne atom pair. Since thgaxis is inclined  *Numbers in parentheses represent estimated errors in coordinate values.

at only about 6° to the C—F bond in both states of 4FST, thi Dﬁ;em:‘ked using rotational constants from Ref. 30.

difference in the position of the minimum is mostly reflected iggterence 17.

in the values of X), given in Table VI, and in the effective

values for theX coordinate of the neon atom. The effective

coordinates of the neon are in reasonably good agreement

with experiment for calculations with all three parameterergy parameters for ground- and excited-state calculations.

sets. The rotational constants obtained using these parameters,

It was concluded that the most realistic description of thegiven in Table XI, and the effective coordinates determined

AFST?%Ne complex in the $and § states using a potential from them, given in Table V, are both in good agreement

constructed from an atom—atom summation was again provith the experimental values. Furthermore the reduction in

vided by the Scheraga modget 3, but that the parameters the effectiveZ coordinate on excitation of the complex is

were in need of refinement in order to produce more accuratéery well reproduced by the calculation. Good agreement

predictions of the vdW vibrational eigenstates and the mowith experiment was also obtained for the rotational con-

lecular geometries in these states. stants(Table VIII) and effective coordinates for the neon
atom in the 4FSP?Ne complex(Table V) calculated using
parameter set 4.

2. Parameter set 4

Following the same procedure as described in Sec.
V A 2. for the 4FST-Ar complex, the geometric and energyv|. DISCUSSION
parameters for the C—Ne atom pairs in the states were
least-squares fitted to the vdW vibrational intervals deter-  The orientation of the S+ S transition moment for the
mined from the 1C-R2PI spectrdr? and the rotational con- 4FST-X complexes with respect to theirinertial axes,o,
stants obtained in this study. The values of the other paranimay be calculated using
eters were constrained to those calculated by the Scheraga _
model for the § state. Uncertainties of 1 cm ! were used tar? 9=1(c)/I(a), ™
to weight the vdW intervals because of the lower signal-to-wherel(a) andI(c) are the percentages af and c-type
noise in the 1C-R2PI spectra of 4FST-Ne compared to thatharacter in a band, respectively. The resulting values of
for 4FST-Ar. The fit converged to giveéc_ne=3.220+0.001  +(38+2)° for 4FST-Ar and =+ (31+3)° for 4AFSTNe are
A and ec_ne =31.1+1.5 cmi L. The calculation using these both within the experimental error of the value 6{35'2)°
parameter valueéet 4 in Table VII) is given in Table XI.  for the angle between the S-S, transition moment and
The vdW vibrational intervals are reproduced to within 1.5inertial axes in 4FST.The principal axes of the complexes
cm ! for all three modes and trte(lb eigenstate is calcu- are mainly a translation of those of the 4FST molecule, sug-
lated at 30.99 cm?, further supporting the assignment (3’0 gesting that the S—S; transition moment in 4FST is not
+31.0 cmt as the combination band. The calculated rota-greatly affected by the complexation.
tional constants differ from the experimental ones by less In the previous section the effective coordinates of the
than 0.4% and all three of the effective coordinates for thaare-gas atom in the 4FST-X complexes were used as an
neon atom, given in Table V, are now in good agreemenindirect guide to the position of the potential minima. The
with those determined from experiment. accuracy of the calculated average coordinate values and
No vdW vibrational intervals have been measured forRMS amplitudes in the lowest vibronic levels was assessed

4FST?%Ne in its ground state. To enable a determination ofby the ability of the calculation to reproduce the experimen-
the energy parameter for the C—Ne atom pairs we fitted tdal values of the effective coordinates. This represents a dif-

V,-0o(S), which was determined from the correspondingferent approach from that adopted in previous publica-
value calculated for the excited state and the experimentaions®*’ where the values of the effective coordinates were
solvent shift using Eqg.(6). This gave Dy’ ~V,—o(Sp) used to estimate the expectation values and RMS amplitudes
=194+10 cm !, where the error bar is inherited from the in complexes of this type. A simple correspondence of this
uncertainty in thes c_ye parameter value for the excited state type can be made in complexes involving mono-substituted
calculation. The parameter fit converged to give_ne benzene derivatives but they do not apply in lower symmetry
=3.2390.001 A andec_ne=28.9+1.6 cm L. The calcu- complexes such as 4FST-X. This is demonstrated in Table
lated solvent shift of—~14.6 cmi ! is subject to an error of XIV which compares the effective coordinates for the argon
about*+10 cm !, due to the uncertainties of the C—Ne en- atom in the ground state of 4FST-Ar with those derived from
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the rotational constants of the corresponding vdW complexe¥Il. CONCLUSION
; 30
with fluorobenzene (FB) and 1/2-fluoronapthalene In conclusion, the S— S, 08 bands of AFST-XX =Ar

(1/2':'\')'17_ . . . _and Ne have been recorded at rotational resolution for the
The signs of the effective coordinates are not obvious iy« fime. Rotational constants obtained from the analysis of
vdW complexes(as they are when the Kraitchmann equa-ihe spectra were used to obtain effective coordinates for the
tions are applied to covalently bound molecilesd eight 516 gas atoms in the complex. The rare gas-aromatic poten-
possible sets of solutions are possible. The four pairs corrgisls were represented as a pairwise sum of atom-—atom
sponding to opposite signs o correspond to stereo- terms. These potentials were judged by their ability to repro-
isomers, which cannot be distinguished experimentally. Asjuce the effective coordinates, vibrational intervals, dissocia-
previously mentioned, the effecticoordinate is generally tion energies, and solvent shifts of the complexes. The po-
in good agreement with the calculated vibrational averagetentials were optimized by least-squares fitting the
(Z), since the RMS amplitude is a much smaller quantityparameters of the C—X atom pair to the experimental data.
(AZ~ 0.1 A). The reduction in the value & in the ground  The fitted parameters produce good agreement with the rota-
state in going from FB to 4FST to 2FN reflects the increasdional constants and in-plane bending vdW frequencies, but
in r-electron density in the complexed aromatic. In FB-Ar, overestimate the dissociation energies and vdW stretching
the G, symmetry of the aromatic molecule leads to the re-frequency. We believe that a better description of the poten-
quirement thafY) = 0 and the effective¥ coordinate re- tial surface can only be achieved with a more sophisticated
flects only the contribution to the inertial tensor from the Model than simple atom—atom pair interaction. Future work
zero-point vibrational oscillation with respect to thgaxis. ~ Includes the use of these parameters to predict the structure
The value ofY=0.37 A for the ground state of FB-Ar is and vibrational frequencies in the clusters of ST with one or

reasonable as a measure of the vibrational amplitude by confi0re attached rare-gas atoms.
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