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Argon atom substitution coordinates, accurate to f0.02 A, in the S,, and S, states of the trans-stilbene-Ar van der Waais 
complex have been determined by comparing the inertial constants obtained from fits of two bands in the rotationally resolved 
electronic spectrum of the complex with those obtained from tits of the corresponding spectrum of the bare molecule (Champagne 
et al., J. Phys. Chem. 94 ( 1990) 6). The argon atom is found to be localized above (or below) the plane of one of the aromatic 
rings by - 3 A in both electronic states but is displaced off the ring center by more than - 1 A in both transverse directions. This 
geometry is not the one predicted by simple atom-atom pair potentials. Model calculations suggest that this is a consequence of 
the vibrational averaging that occurs on the So and S, surfaces, and that these surfaces are significantly influenced by the aniso- 
tropy of the van der Waals interaction potential, in both electronic states. 

1. Introduction 

High-resolution spectroscopic measurements on 
van der Waals complexes provide a unique view of 
large amplitude motions and the anisotropy of inter- 
molecular forces, especially in the vicinity of shallow 
potential minima. The most detailed information 
obtained to date comes from rotationally resolved 
microwave and IR spectra of the ground electronic 
states of small molecules to which rare gas atoms have 
been attached [ 11. Rare-gas van der Waals com- 
plexes of a few prototypical large molecules in both 
their ground and excited electronic states also have 
been studied using rotationally resolved visible and 
UV spectroscopy [ 2-4 1. 

One large molecule that readily forms van der 
Waals complexes is trans- 1,2diphenylethylene, or 
trans-stilbene (tS). Two prominent vibronic bands 
appear x40 and 63 cm-’ to the red of the 0: band 
in the S,tS, UV fluorescence excitation spectrum 
(FES) of tS seeded in supersonic free jets of argon. 
First observed by Zwier et al. [ 5 1, these bands have 

been assigned by Bahatt et al. [ 61 to the “single-atom” 
trans-stilbene-Ar (BA) van der Waals complex us- 
ing mass-resolved RZPI techniques. Further studies 
of tSA that revealed interesting dynamical behaviors 
of this and other tS complexes have been reported by 
De Haan et al. [ 7 ] and Baskin and Zewail [ 8 1. 

This report describes an analysis of the two previ- 
ously observed bands of tSA at full rotational resolu- 
tion [ 91. This analysis yields values of the center-of- 
mass coordinates of the argon atom (in the principal 
axis frame of tS) in the four vibronic levels accessed 
in the experiments. In all cases, the argon atom is 
found to be localized above (or below) the plane of 
one of the aromatic rings, but is significantly dis- 
placed off the ring center in both transverse direc- 
tions. Model calculations of the So and S, surfaces, 
also reported herein, show that these displacements 
cannot be reproduced by simple atom-atom pair po- 
tentials. We suggest that the inadequacy of such po- 
tentials owes its origin to the significant vibrational 
averaging that occurs on both surfaces, and that this 
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averaging is a sensitive function of the anisotropy in 
the van der Waals interaction potential. 

2. Experimental 

The experiments were carried out with the high- 
resolution molecular beam laser spectrometers in 
Nijmegen and Pittsburgh [ 10,111. The molecular 
beam was formed by expansion of a mixture of tS va- 
por (Aldrich, heated to 400 K) and Ar carrier gas (at 
0.25 to 1 bar) through a heated 100ym quartz noz- 
zle, collimated with two (Nijmegen) or one (Pitts- 
burgh) skimmers, and crossed 30 cm (Nijmegen) or 
10 cm (Pittsburgh) downstream by a tunable cw laser 
operating in the ultraviolet. Typically, N 600 uW of 
UV power was employed, the laser frequency width 
is less than 1 MHz. Molecular emission from the in- 
teraction zone was collected by spatially selective op- 
tics, imaged on a phototube, and detected by using 
photon counting techniques. In Pittsburgh, the FES, 
IZ absorption spectrum, etalon markers, and laser 
power curve were recorded simultaneously with an 
on-line data acquisition system, providing calibrated 
and normalized data that are accurate to + 0.1 MHz 
in relative frequency and f 100 MHz in absolute fre- 
quency. Model potential calculations were per- 
formed on an FPS-500 vector processor machine. 

3. Results and analysis 

Representative results for the two vibronic bands, 
tSA-63 and tSA-40, are shown in figs. 1 and 2, respec- 
tively. Both figures are divided into three panels that 
illustrate three successive horizontal scale expan- 
sions of the data and the corresponding computer 
simulations. The top panels show the full experimen- 
tal contours of tSA-63 and tSA-40 and span z 1 cm-’ 
and 0.6 cm-‘, respectively. Despite the very dense 
rotational features, both bands exhibit the clearly de- 
fined P-, Q-, and R-branch structure that is charac- 
teristic of parallel-type selection rules. The middle 
panels of both figures expand the indicated portions 
to an intermediate frequency scale. The bottom panel 
of fig. 1, which spans = 1000 MHz, shows details of 
the R-branch structure of tSA-63 at full experimental 
resolution. The bottom panel of fig. 2, which spans 

76000 MHz 

77000 MHz 

964475000 964476000 MHz 

Fig. 1. The rotationally resolved fluorescence excitation spec- 
trum of the 0: band of the S, t S, transition of trans-stilbene- 
Ar, 63 cm-’ to the redoftheO!j band oftrans-stilbene (at 32234.7 
cm-‘). Panel A shows the overall experimental band contour 
(top) spanning - 1 cm-’ and the corresponding computer sim- 
ulation (bottom). Panel B shows a portion of the R-branch of 
the experimental spectrum (top) and the corresponding com- 
puter simulation (bottom) at intermediate resolution. Panel C 
shows a small section of the R-branch at full experimental reso- 
lution (top) and the corresponding computer simulation (bot- 
tom). All simulations assume a rotational temperature of 7 K. 
The prominent bright center portions of the contours (at their 
characteristic “2B’ parallel band separation) are due to unre- 
solved K_, =O, 1, 2, 3, 4 lines progressing to the blue as 
- KZ_, (AA - Al?.,). The dimmer contours in between the brigh- 
ter central portions are due mostly to asymmetry split K_ , = 1,2, 
3 lines. 

x3000 MHz, shows portions of the Q- and R- 
branches of tSA-40. Both full contour traces were 
simulated using more than 5000 calculated lines, with 
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Fig. 2. The rotationally resolved fluorescence excitation spec- 
trumofthe~+23cm-‘bandoftheS,+-Sctransitionoftrans- 
stilbene-Ar, 40 cm-’ to the red of the 0: band of tram-stilbene. 
Panel A shows the overall experimental band contour (top) and 
the corresponding computer simulation (bottom). Panel A spans 
-0.6 cm-‘. Panel B shows a portion of the experimental spec- 
trum (top) that includes contributions from P-, Q-, and R-branch 
transitions and the corresponding computer simulation (bot- 
tom) at intermediate resolution. Panel C shows a small section 
of the Q- and R-branches (top) and the corresponding computer 
simulation (bottom). All simulations assume a rotational tem- 
perature of 7 K. The dominant features in panel C are a clear 
progression to the red of subbands of a given K_ ,, quantum num- 
ber and a progression to the blue of Q-subbranches of a given K_ , 
quantum number. 

a Lorentzian linewidth ( fwhm ) of 70 + 10 MHz. This 
width is identical to that found in the rotationally re- 
solved FES of the 0: band of the bare, uncomplexed 
tS [ 12 1. Therefore, we conclude that the presence of 
a single, weakly bound argon atom does not substan- 

tially affect the lifetime of tS in the zero-point vibra- 
tional level (ZVL) of its S, electronic state. 

The rotational analysis was performed using an ex- 
panded version of the program ASYROT [ 13 ] that 
has been integrated with sophisticated computer 
graphics. Fits of both spectra were made by working 
simultaneously with portions of the experimental 
spectrum, the simulated contours, and the deconvo- 
luted “stick” spectrum. Tentative spectral assign- 
ments were made based on a guessed set of rotational 
parameters; these parameters were then optimized 
with least squares [ 141 statistical analysis software. 
Convergence was deemed sufftcient when the new 
least squares optimized parameters were equal to 
previously determined parameters to within the sta- 
tistical uncertainty of the fit. The analysis of tSA-63 
utilized 5 13 experimental line frequencies and con- 
verged to a standard deviation of 8.0 MHz. The anal- 
ysis of tSA-40 utilized 402 lines and converged to a 
standard deviation of 10.2 MHz. We employed Wat- 
son’s distortable asymmetric rotor Hamiltonian [ 15 ] 
in both fits. However, we found that only “rigid-ro- 
tor” terms were necessary for good convergence of 
the fits. Inclusion of higher-order distortion terms re- 
vealed that they were ill-determined by the experi- 
mental data. At least 98% of the experimentally ob- 
served intensity can be accounted for by assuming a- 
axis selection rules and rotational temperatures of or- 
der 7 K. 

The parameters derived from fits of the experi- 
mental spectra of tSA are summarized in table 1. In- 
cluded for comparison are the corresponding param- 
eters derived from the fit of the 0: band of tS itself 
[ 121. Like the ZVL’s of the S, and S, states of the 
bare molecule, the vibrational levels examined in the 
S, +-S, spectrum of the complex are rigid, near pro- 
late asymmetric tops. However, the rotational con- 
stants of the complex are very different from those of 
tS. The largest change observed is in the A “ values 
which decrease by more than 60%. The percentage 
decreases in B” and C” are much smaller, of order 
20%. Additionally, the complex levels exhibit very 
large (negative) inertial defects compared to the bare 
molecule levels. Finally, we note that the changes in 
A, B, and C (U=A’ -A”, etc.) that occur on exci- 
tation of the complex to its S, state are very small, 
5.8 MHz or less. In contrast, tS exhibits a A,4 value 
of -71.1 MHz. (The values of (B’+C’)/2=B:, 
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Table 1 
Inertial parameters and band origins derived from fits of two rotationally resolved vibronic bands in the S,+S,, spectrum of the tS-Ar 
van der Waals complex and of the 0: band of uncomplexed tS 

State Constant tSA-63 ‘) tSA-40 *) tS 0) 

So A” 1033.6f4.7 1042.3f 19.6 2611.3f7.7 MHz 
B” 212.4fO.l 212.3fO.l 262.9 + 0.1 MHz 
c” 195.3fO.l 195.7fO.l 240.6 f 0.1 MHz 
K” - 0.9592 -0.9608 -0.9812 
Lv” C) -280.4f0.1 - 282.9 f 9.2 -15.3+0.6amuA2 

S, AA 5.84 f 0.06 -4.7f0.2 -71.14 kO.06 MHz 
AB 1.925+0.008 2.94f0.02 5.928 + 0.004 MHz 
AC 4.180f0.006 4.38 k 0.02 3.963 f 0.005 MHz 
AK -0.0055 - 0.0030 0.0023 
A(AZ) =’ -30.1 kO.1 -26.2f0.4 2.9 f 0.9 amu A2 
Band origin d, 32170.986 32194.006 32234.744 cm-’ 

‘) Error bars for the A”, AA, Ail, and ACrotational constants am the square roots of the variances obtained from the least squares analysis. 
The B” and C” rotational constants obtained from the least-squares analysis are 212.38,212.35,262.86 and 195.27, 195.66,240.56 
MHz, respectively. However the precision of these values is reduced to f 0.1 MHz by possible systematic errors in the experiment 
(ref. [ll]). 

b, Ref. [ 12 1. ‘) Inertial defects, AZ=Z=-la-Z.. d, f0.002 cm-’ 

computed from our data for the complex, 206.9 and 
207.6 f 0.1 MHz for tSA-63 and tSA-40, are in good 
agreement with the less precise Biv values deter- 
mined for the complex from recent quantum beat 
studies, 207 + 4 and 209 fi 6 MHz, respectively [ 8 1. ) 

Despite the relatively small differences in the ab- 
solute values of the rotational constants derived from 
tSA-63 and tSA-40, the bands are quite different in 
appearance. The spectroscopy that gives rise to these 
differences is quite easy to understand. In the prolate 
symmetric top limit one can consider the bands as 
being composed of K ( z K_ , ) quantum number sub- 
bands that resemble textbook diatomic molecule ro- 
tational spectra with clearly defined P-, Q-, and R- 
branches [ 16 1. How these K subbands are shifted with 
respect to one another depends largely on AK’= 
(hA- AZ&)K’. tSA-63 has a small positive A that 
produces a progression towards the blue of the P-, 
Q-, and R-branches. tSA-40, on the other hand, has a 
small negative A that produces a progression towards 
the red of these branches. The appearance of the Q- 
branch is additionally dependent on AB and AC. Q- 
branches of a given Kprogress linearly in Jwith these 
values. AB and AC are both positive, in both tSA-63 
and tSA-40, producing blue shifts of successive Jlines. 
Thus, since the two shifts are in the same direction in 
tSA-63, but in opposite directions in tSA-40, the Q- 

branch in the former is degraded towards the blue but 
the Q-branch in the latter is nearly symmetric. 

4. Structure of the complex 

Our goal now is to use the information gained from 
the measurements on tS and tSA to establish the 
structure of the complex, first in its electronic ground 
state. We assume, for the moment, that the complex 
contains one Ar atom, as suggested by the earlier R2PI 
result [ 6 1. t-Stilbene itself is a planar molecule in the 
ZVL of So, with the center of mass located equidis- 
tant between the two ethylenic carbons. The a iner- 
tial axis lies in the plane and passes through the two 
ring centers; the b and c inertial axes are, respec- 
tively, in-plane and out-of-plane, as shown below 
(scheme 1 j 

Scheme 1. 
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Now, of course, we do not know where the corre- 
sponding axes of the complex lie, a priori, since the 
Ar may attach itself at any one (or more) of several 
different possible positions. But consideration of the 
changes in the ground state rotational constants and 
inertial defects that occur on complexation, together 
with the observations that the SltSo transitions of 
both tS and tSA are predominantly u-axis polarized, 
strongly suggests that there is a preferred binding site, 
and that this site is above (or below) one of the ben- 
zene rings. A similar conclusion was reached by Bas- 
kin and Zewail [ 8 1. Parenthetically, we note here that 
since the independently determined ground state ro- 
tational constants of the two complex bands are the 
same, within experimental error, the two bands must 
originate in the same vibrational level, presumably 
the ZVL of S, tSA. 

One further assumption, that the equilibrium ge- 
ometry of the tS framework is unchanged on complex 
formation, makes possible a quantitative determina- 
tion of the coordinates of the Ar atom in the tS iner- 
tial frame. We treat the problem within the frame-. 
work of Kraitchman’s equations [ 17 1, so powerfully 
utilized in microwave spectroscopy and recently ex- 
tended to optical spectroscopy by this group [ 3,18, 
191. The conventional application of these equations 
utilizes the changes in moments of inertia resulting 
from single (or multiple) isotopic substitution (s ) of 
an atom to determine its principal axis coordinates. 
But a careful study of the classical mechanics under- 
lying these equations reveals that any mass effect that 
results in a movement of the principal frame can be 
used to determine the position of the affected mass, 
whether substituted or added. The key assumption is 
that the substitution, or addition, does not change the 
positional relationships of the mass centers that make 
up the original inertial frame. Thus, by comparing the 
moments of inertia of the complex with those of the 
bare molecule using Kraitchman’s equations, we can 
determine the position of the attached atom (or 
group) in a van der Waals complex providing that 
the substrate structure does not change. Structures 
derived using this method are called “substitution 
structures” [ 17 1. 

Subject to the same assumption, the method de- 
scribed above should apply equally well to both states 
accessed in the electronic transition. It is not neces- 
sary that the inertial axes of the two states be the same. 

However, there is no evidence from the spectra for 
any reorientation of these axes on S, tSO excitation, 
in either the bare molecule or the complex. 

The Ar coordinates that result from applications of 
Kraitchman’s equations to both the ground and ex- 
cited electronic states of tSA-63 and tSA-40 are re- 
ported in table 2. The results for the ground states, 
which are the same within experimental error, also 
are plotted in fig. 3. Owing to the r2 dependence of 
moments of inertia, there is an inherent sign ambi- 
guity in all of the coordinates X, y and z (parallel to 
a, b, and c, respectively), resulting in eight possible 
Ar atom positions. However, there are only two 
unique ones, depending only on the sign of y, since 
+x and f z are symmetry-related coordinates in tS 
itself. Fig. 3 shows, unambiguously, that the Ar atom 
in tSA is localized over one of the benzene rings, is 

Table 2 
Center-of-mass coordinates, in the principal axis frame of tS, of 
the Ar atom in the vibronic levels accessed in two S, -S, bands 
of the tSA van der Waals complex *) 

State Coordinate 
(A) 

tSA-63 

s, 1x1 2.89f0.01 
IYI 1.23kO.02 
I4 3.01* 0.02 
IRI 4.35+0.01 

SI I-4 
IYI 
I4 
WI 

2.91 f0.01 
1.01 kO.02 
3.05 + 0.02 
4.34f0.01 

tSA-40 

2.9Of 0.03 
1.20f0.05 
3.00*0.07 
4.3420.02 

2.88 kO.03 
1.02f0.05 
3.04f0.07 
4.31 kO.02 

l ) Error estimates in the coordinates were determined by propa- 
gating the experimental errors in the rotational constants 
through Kraitchman’s equations. 

Fig. 3. Geometry of the tram-stilbene-Ar van der Waals com- 
plex. Two possible positions of the attached argon, in the S, eleo 
tronic state, are shown as open circles. 
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displaced away from the ring center by more than 1 
A in both transverse directions, and sits above (or 
below) the ring plane by 3.01 A. Electronic excita- 
tion of either vibronic band of the complex produces 
very little change in. this position. The only statisti- 
cally significant change in the derived values of 1 x I , 
( y 1, and I zl for the two S, levels, tSA-63 and tSA-40, 
is along the pcoordinate. I y I decreases by N 0.2 A in 
both cases. We conclude that the Ar atom is relatively 
insensitive to changes in the electronic distribution 
that occur on S, t S,, excitation of tS, at least for the 
vibronic levels we have probed. 

The changes in the A rotational constants on S, -SO 
excitation are significantly smaller in both tSA-63 and 
tSA-40 than in tS. The large change in A for tS seems 
to be dominated by N 0.0 1 8, increases in aromatic 
C-C bond distances perpendicular to the a rotational 
axis of tS that significantly reduce the A’ rotational 
constant [ 121. In tSA, even though these aromatic 
C-C bonds are probably still similarly affected by 
electronic excitation, there is an offsetting decrease 
of N 0.2 A in the Iv] -coordinate of the Ar atom that 
increases the A’ value of the S, state. The two effects 
apparently cancel in tSA, producing small A4 values. 

for the bare molecule in both So and S, were calcu- 
lated from the QCFF/PI geometries determined by 
Negri et al. [ 201. The agreement between theory and 
experiment is remarkably good, for both states, lend- 
ing credence to the claim that the equilibrium struc- 
ture of tS is planar in both ZVL’s. The theoretical 
constants for the complex were calculated for a struc- 
ture constructed by adding a single Ar atom to the 
unperturbed tS, frozen in its QCFF/PI confIpm+- 
tion, with the coordinates for the Ar atom being those 
determined by experiment. Comparison of the ex- 
perimental rotational constants of the complex with 
those computed in this way shows (cf. table 3) that 
the two sets of values are in excellent agreement, in 
most cases even, better than that for tS itself. This 
confirms that tSA-63 and tSA-40 are both S, -S, vi- 
bronic bands of a single atom complex. Additionally, 
the calculation confirms that the key assumption 
made in our treatment of this problem, that the struc- 
ture of the substrate is unaffected by complex for- 
mation, is a good one. 

The assumptions made in the above structure de- 
termination can be tested in-the following way. Shown 
in table 3 is a comparison of the experimental rota- 
tional constants of tSA-63 and tSA-40 with those for 
tS itself, and with a set of theoretical constants for all 
vibronic levels of tS and tSA examined to date by 
high-resolution methods. The theoretical constants 

Adding an Ar atom to tS rotates and displaces the 
inertial frame towards the attached atom. A typical 
rotation matrix that describes how the substituted 
frame (a’b’c’ ) is related to the unsubstituted frame 
(a&) is shown below, 

a’ 

0 ( 

-0.987 -0.066 -0.149 a 
b’ = 0.157 - 0.642 -0.750 b . (1) 
C’ -0.046 -0.763 )O 0.645 c 

From this result, we see that the new inertial axes 

Table 3 
Comparison of experimental and theor+ical rotational constants (in MHz) of tS and tSA in their ground and excited states ‘) 

Rotational 
constant 

tSA/S,,( -63) tSA/&( -40) ts/s, tSA/S,(-63) tSA/S, ( - 40) tS/S, 

A, expt 1034 
A, theory 1039 
A(t)-A(e) +0.48% 
B, expt 212 
B, theory 211 
B(t)-B(e) -0.47% 
C, expt 195 
C, theory 194 
C(t)-C(e) -0.51% 
AI, expt amu A* - 280.4 
M, theory amu A2 -278.9 

1042 2611 1039 1038 2540 
1048 2659 1046 1044 2598 
+0.58% + 1.8% +0.67% +0.58% +2.3% 
212 263 214 215 269 
211 262 211 212 264 
- 0.47% -0.38% -1.4% -1.4% - 1.9% 
196 241 199 200 245 
194 238 197 197 240 
-1.0% - 1.2% -1.0% - 1.5% - 2.0% 
-282.9 -15.3 -310.5 -309.1 -12.4 
-281.6 0 - 308.5 - 307.2 0 

‘) See text for a description of the methods used to obtain the theoretical constants. 
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make substantial angles with the old ones. Conse- 
quently, the rotational constants of the complex are 
much more sensitive to out-of-plane distortions of the 
tS frame. Thus, our earlier conclusion that the bare 
molecule is planar in both electronic states is made 
firmer by the results in table 3. If a significant non- 
planarity existed in the tS frame, the agreement be- 
tween calculated and observed rotational constants 
of the complex would be poorer than that for the bare 
molecule alone. This is not the case, for either elec- 
tronic state. Additionally, we predict from the above 
result that the S, +-So transition of the complex should 
exhibit hybrid character. If the transition moment re- 
mains parallel to the a inertial axis of the substrate, it 
will make an angle of N 9 o with a’, introducing a small 
amount of perpendicular character into the 0: band 
of the complex. We have not detected this in our 
spectra, which is the expected result given their com- 
plexity and the direct-cosine-squared dependence of 
band character. 

Argon atom coordinates have been measured for 
several other van der Waals complexes of large mol- 
ecules from their rotationally resolved spectra. It is 
particularly interesting to compare the derived val- 
ues of the out-of-plane z-coordinate in cases where 
the Ar is attached to a planar, or near planar frame. 
In the S, states of tetrazine-Ar, fluorene-Ar, and ben- 
zene-Ar, theseare lzl=3.44 [2], 3.46 [3], and 3.58 
A [ 4 1, respectively. In pyrrole-Ar, the ground state 
has been examined by microwave spectroscopy, 
yielding 1 z I = 3.55 8, [ 2 11. All of these values are 
larger than that measured for tSA, I zI = 3.0 1 A. 

3. Modeling the tSA potential surface 

The nuclear framework of a molecule is not rigid 
because the atoms undergo vibrational motions about 
their equilibrium positions simultaneously with ro- 
tation. As internuclear distances and angles change 
when the molecule vibrates, moments of inertia and 
the atomic positions derived from them depend in a 
complicated way on the nature of these vibrations. 
Zero-point vibrational effects tend to cancel in the 
calculation of atomic positions with Kraitchman’s 
equations [ 17 1. Nonetheless, we can easily imagine, 
especially for a weakly bound atom like Ar in tSA, 
that its ZVL substitution coordinates might still be 

influenced by large amplitude intermolecular vibra- 
tional motions, perhaps to a significant degree. These 
vibrational motions, in turn, are governed by a tSAr 
potential energy function. Here, we attempt to gain 
information about that function in both electronic 
states from the measured Ar atom coordinates. 

Our approach is not new. Like others [ 3,8,22,23], 
we construct the tS-Ar potential as a superposition 
of pairwise additive atom-atom potentials 

V(R) = C Vi IR-ri 
1 

I 9 (2) 

where 

(3) 

Here R is a vector from the tS COM to the Ar atom, 
the rts are the positions of the atoms in tS relative to 
its COM, and the ei, oi are the usual Lennard-Jones 
parameters. (Initial values of these parameters were 
taken from Ondrechen et al. [ 22 ] and are listed in 
table 4, together with subsequent values used in more 
refined calculations. ) We then express the kinetic en- 
ergy of the attached Ar in the inertial coordinate sys- 
tem of tS, using the reduced mass of the complex, 

(4) 

and add these terms to eq. (2) to form the model 
Hamiltonian. We thus neglect the angular momen- 
tum, and the related kinetic energy, associated with 
rotation of the tS frame relative to Ar, an assumption 

Table 4 
Potential energy parameters used in the model calculations 

Calculation Atom pair E(cm_‘) u(A) 

I” Ar-C, 40.2 
h-C@ 40.2 
Ar-H 33.0 

II Ar-C, 40.2 
Ar-C&h 40.2 
Ar-H 33.0 

III Ar-C, 40.2 
Ar-C+.,(p) 40.2 
Ar-C,(o, m) 40.2 
Ar-H 33.0 

3.42 
3.42 
3.21 

3.42 
3.08 
3.21 

3.42 
3.08 
2.51 
3.21 

a) Parameters taken from ref. [ 221. 
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justified by the rigid rotor fits to the tSA data. The 
problem is thus reduced to one in which a single re- 
duced mass moves in the potential of a bare tS mol- 
ecule. Selecting a product basis of 13 particltki-a-box 
wavefunctions for each coordinate, we then diagon- 
alize the 13 ‘dimensional Hamiltonian to obtain a set 
of eigenfunctions and eigenvalues. A point-by-point 
integration scheme of V( R ) over all 1 33 functions us- 
ing a 500 x 500 x 500 point grid was employed. The 
Rayleigh-Ritz criterion was used to optimize the size 
of the box, to 12 A along a, 5 A along b, and 5 A along 
c. The vertical origin of the box was placed near the 
minimum of the potential. Expectation values of the 
Ar geometrical coordinates (squared) were then 
computed by summing over the appropriate eigen- 
vector coefficients. Similar calculations using a har- 
monic oscillator basis gave identical results. 

The results for the literature potential (calculation 
I) are listed in table 5. The global minimum is at 
-420 cm-‘. The quantitative agreement of the cal- 
culated Ar atom position with the experimental re- 
sults for the (presumed) ZVL of So tSA ( 1x1= 2.9, 
lyl=1.2, lzl=3.0A) is very poor. Of particular in- 
terest is the calculated value of 1x1, 1.1 A, which 
places the Ar near the ethylenic portion of the tS mol- 
ecule rather than near one of the aromatic rings. 

An insight into this result is provided by fig. 4, 
which shows a cross section of the potential along x 
(((a)atconstant lyl (=O)andtwovaluesoflzl,3.15 
A and 3.40 A. The generic form of the potential shows 
six minima. Two lie on either side of the ethylenic 
portion of tS, two lie over the aromatic rings, and two 
lie at either end of the molecule. Of these, the four 
inside minima are lower and roughly comparable in 
depth. Varying lzl changes the relative heights of 
these minima; at I zI = 3.15 A, the aromatic binding 
sites are preferred whereas at I zI = 3.40 A, the ethy- 
lenic binding sites are preferred. (The onedimen- 

Table 5 
Calculated Ar atom coordinates in S, tSA (in A) *) 

Calculation 1x1 IYI 

I 1.1 0.7 
II 3.1 0.2 
III 2.8 1.0 
Expt. 2.9 1.2 

*) See text for description of the calculations. 

I4 

3.5 
3.0 
3.3 
3.0 

I 
-6 0 

-6 0 

2 (5) coordinate in 

Fig. 4. Slices of the model S, potential energy surface along x, 
withy=O, lzl=3.15A(top),and IzI=3.40A(bottom). 

sional barriers along x are typically large compared 
to the zero-point energy for motion of the Ar atom, 
so it appears proper to speak of localization along this 
coordinate. ) Clearly, this must be because, at smaller 
I z I, the Ar can sample both portions of the surface at 
relatively favorable distances. Stated differently, it 
must be that the tS-Ar potential becomes more re- 
pulsive when the Ar approaches the ethylenic portion 
of the molecule at distances less than 3.4 A than when 
it approaches the aromatic rings. This conclusion ap- 
pears consistent with what is known about the Ar- 
ethylene potential [ 241. 

We have modified the potential to model this ef- 
fect. The results are reported in tables 4 and 5 (cal- 
culation II ) . Reducing the aromatic carbon u’s by 15% 
relative to those of the ethylenic carbons brings both 
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the calculated 1 x I- and 1 z 1 -coordinates into much 
better agreement with the experimental values. Ad- 
ditionally, the global minimum is reduced to -484 
cm-‘. 

One other dimension of the tS-Ar potential re- 
mains to be explored, that along y. The potentials 
employed in calculations I and II give a vibrationally 
averaged y-coordinate that is significantly smaller 
than the experimental value. In calculation I (at 
1x1=1.1 and ]z] ~3.5 A), V(y) exhibits two min- 
ima, symmetrically displaced with respect to the 
ethylenic portion of the molecule at y=O. In calcula- 
tion II (at 1x1=3.1 and IzI ~3.0 A), V(y) exhibits 
three minima, also symmetrically displaced with re- 
spect to y=O. The center minimum, over an aro- 
matic ring, is significantly lower in energy than the 
outer two minima. Calculation I gives a better value 
for the y-coordinate. We attribute this to the signifi- 
cantly smaller slope of the potential along y in calcu- 
lation I. Thus, V(R) must be modified in a second 
way in order to correctly model the experimental re- 
sults. Not only is it necessary to distinguish the ethy- 
lenic and aromatic binding sites, but it is also neces- 
sary to flatten the potential along y. 

We also have modified the potential to model both 
of these effects simultaneously. The results are re- 
ported in tables 4 and 5 (calculation III). Again, re- 
ducing the aromatic carbon ds brings both the cal- 
culated Ix I - and I z I -coordinates into better agree- 
ment with the experimental values. But a further re- 
duction of the revalues of the ortho and meta carbons 
(by 25% relative to those of the ethylenic carbons) 
also brings the calculated I y I -coordinate into better 
agreement with experiment. The latter change gives 
the three minima along y approximately the same 
values, thus making the potential flatter along this 
coordinate. Clearly, the surface must be steeper along 
this coordinate in Si, since 1 y] decreases on elec- 
tronic excitation. The global minimum on the So sur- 
face in calculation III is - 34 1 cm- I. 

The calculations also give eigenvalues for the tS- 
Ar intermolecular vibrational modes. Comparison of 
these with the experimental S1 vibrational spacing of 
23 cm-’ suggests that this mode is an in-plane tS-Ar 
bending vibration, principally along x, in agreement 
with the assignment of Zwier et al. [ 51 but in dis- 
agreement with the calculations of Bahatt et al. [ 61. 
All of our calculations show that the first mode hav- 

ing significant out-of-plane character lies at 30 cm-’ 
or above in energy. But there is significant mixing be- 
tween the two types of modes in tSA, giving these la- 
bels significantly less meaning than in benzene [ 23 1. 
Finally, we note that the finding that there is little or 
no change in I y I on excitation of one quantum in this 
mode is consistent with the character of the surface 
along this coordinate. 

6. Summary 

Summarizing, we have obtained rotationally re- 
solved spectra of two vibronic bands in the S, c So 
electronic spectrum of the single atom trans-stil- 
bene-Ar van der Waals complex. Fits of these spectra 
to a rigid rotor Hamiltonian yield the vibrationally 
averaged rotational constants and moments of iner- 
tia of the complex in both electronic states. Argon 
atom substitution coordinates in the complex, accu- 
rate to + 0.02 A, have been determined by compar- 
ing its moments to those of the bare trans-stilbene 
molecule. Comparison of these coordinates with those 
calculated using model pair potentials shows that sat- 
isfactory agreement with experiment can be obtained 
only if significant modifications of the accepted Ar- 
C Lennard-Jones parameters are made. The modifi- 
cations that are found to be necessary suggest that an- 
isotropies in the potential are quite important. Ad- 
ditionally, it appears that model pair potentials are 
too corrugated to correctly reproduce the effects of 
the extensive vibrational averaging that are observed 
in the trans-stilbene-Ar complex. 
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