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TI. INT™RODUCTION

A number of recent supersonic molecular jet studies have dealt with the
generation and characterization of van der Waals (vdW) molecules formed
between a solute species (tetrazine1, anilinez, benzenez, etc.) and small
solvent molecules (helium, argon, methane, etc.). Several reports have

2,4

discussed vdW clusters as model solute/solvent cage systems. Previous

2a,b has related the observed spectroscopic

work from our laboratory
properties of vdW clusters with spectroscopic properties of cryogenic liquid
solutions.5 The comparison between gas phase clusters and simple solutions
has proved useful: it has shed some light on both solute/solvent cage
structure and dynamics. Various cluster processes, such as vibrational
predissociation (VP) and intramolecular vibrational redistribution (IVR), can
be invoked to rationalize the behavior of a solute molecule in solution.
Specifically, i* has been possible to relate =2niline (An) methane cluster data
to ;niline cryogenic solution behavior.2b

Toluene (Tol) is perhaps a better solute molecule than An with which to
pursue this comparison: liquid state data have already been published from
this laboratory58 dealing with Tol dissolved in severa® small cryogenic
hydrocarbon solvents. Fluorescence excitation (FE) a 4 dispersed emission
(DE) spectra of Tol in a molecular jet have already been reported.6 in
addition, the data presented in this paper for Tol should complement that
obtained for An, since An and Tol have similar geometries, molecular
properties, and interactions with small hyvdrocarbons.

"wo problems Aarise in the study of Tol vdW clusters in a molecular jet:
several low freauency Tol vibrational features have not previously heen

assigned, and the Tol dimer FT0121 FE spectrum overlaps with and obscures

some of the cluster transitions. Assignments for weak features in the Tol
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spectrum have to be made in order to understand the major features in the
cluster DE spectra. Two-color time of flight mass spectroscopy (?-color
TOFMS) studies allow separation of monomer, cluster, and Tol dimer features
quite clearly, as will be shown below.
This paper will present data on Tol-He and Tol-CH4 vdW¥W clusters: the
elaborate (Tol)x (x = 2,3,4...) spectra will be treated in a separate
publication. The results of our investigations on these two cluster systems
will be compared with our previous data for An-He and An-CH4 vaw
2a,b R . . s . . 5a
rlusters and for Tol dissolved in cryogenic liquid solutions. The
Results Section examines FE, DE, and 1- and 2-color TOFMS spectra for the
Tol-He and the Tol-CH4 systems. The Discussion Section will focus on the
physical properties of the vdW clusters and their dynamical processes.
Properties of the Tol-CH4 clusters will be compared with those of
#~niline-methane clusters and toluene-methane liquid solutions.
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IT.  EXPERTMENTAL PROCFDURFS

{ | Tre supersonic molecular jet spparatus currently emploved in this work
;E has been described previouslyza'b: laser power and beam conditions are the

{fg seme as given in these references. All spectra are obtrined with low enough

j i power to avoid saturstion in both pump and ionization processes. Three

?E; different studies are carried out for this work. Fluorescence excitation (FE)
ii experiments monitor the total fluorescence of all species in the beam as the
.'; laser wavelength is scenned through the solute ahsorption region. For &

'Sg solute species with high quantum yield, the total emission is directly related
lzi to absorption. The spectrum thus obtained is proportional to a composite

iﬂ absorption spectrum of all species in the molecular jet. Dispersed emission
5; (DE) spectra are cbtained as a particular feature in the FE spectrum is

,Sﬁ excited and the ensuing emission is resolved with a single grating scanning
‘_J monochromator. DE spectra can consist of emission features from more than one
éﬁ species in the beam due to overlap of absorption peaks. Laser intensity for
;5 both FE and DE experiments is kept well below 2 mj/pulse to avoid saturation.
. The most selective experiment for species identification is time of flight

fﬁs mass spectroscopy (TOFMS). Tonization is accomplished selectively by either

? ' 1- or 2-color resonance enhanced 2 photon ionization. Two detection modes for
-

" the TOFMS can be employved: the intensity in a specific mass channel can be

<.

;5& monitored as the pump beam is tuned; or, the time bhase of the TOFMS can be ‘
_;3 swept to detect all ion masses arriving at the detector for the duration of
‘: the experiments. One-color TOFMS is typically more intense than 2-color TOFMS; |
¥§ ) however, the 2-color excitation does no* cause ion fragmentation and,

\:E thereby,loss of mass selectivity. Tn the 2-color TOFMS experiment the pump

, . team is always maintained at a low intensity (~100 pj/pulse) in order to insure |
25 . that 1-color TOFMS does not occur. Blocking the ionization beam in the

«
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2-color TOFMS experiment results in no appreciable M™OFMS signal. Scanning the
wavelength of the pump beam in a 2-color TOFMS experiment and detecting at a
particular mass channel results in an absorption spectrum of the particular
mass species monitored.

Both CW (25 pm orifice) and pulse (500 um orifice) nozzles are used with
the TOFMS experiments. The pulsed nozzle is advantageous in these experiments
because of its large nozzle diameter and low duty cyvcle. The relative
distance between the nozzle and the ionization region of the TOFMS is reduced
from 21,320 nozzle diameters for the CW nozzle to 1066 for the pulsed nozzle;
this reduction should lead to a factor of 400 increase in beam density, and
+hereby signal intensity, at the TOFMS. Tn practice the signal increase in the
"ol mass channel is about a factor of 50 for the pulsed nozzle with respect to
the CW nozzle.

Toluene is *reated in the same manner as previously described for aniline
Aldrich spectroscopic grade toluene is used without purification. The carrier
gas, either pure helium or & mixture of helium and methane, is passed over
liquid to'uene in a stainless steel trap at room temperature. The nozzle is
~1so maintained at ambient temperature. The concentration of foluene in the

beam varies as a function of the backing pressure (Po).

2a,b




IIT. RESULTS

In order to interpret the toluene van der Waals cluster data, it is quite

useful to assign the toluene features in the regions encompassing the Tol Og

|
!

and Tol 633. The tentative assignments suggested here are based on toluene
previously published7 TR spectra and on *he aniline electronic spectrum. The

lowest frequency peaks observable above the Tol 08 (Fig. 1 and Table I) have

been previously identified as hot bands of the methyl torsion modes.68

1

MBS 4 £ 4 % & _¢_Ssmmsam = & 1

Molecular jet spectra, however, demonstrate that the features at 5% and 76 cm”
are not hot bands, as their intensity relative to the Tol Og intensity does
not vary over a wide range of backing pressures (50 to 800 psi). These |

features are labeled T: and Tz (x and y denote unknown quanta of this

methyl torsional motion in the excited state). The two peaks at 288 and 291 cm’1

ahbove the Tol Og pre assigned as 10bg and 16ag, primarily due to the

similarity of these peaks to analogous features in the aniline spectrum.
1

Beded b Bk & 4

Based on toluene IR data, the bands at 329 em™! and 368 cm ' may be 158

and 16bé, respectively. The doubling of the 6=é peak in thelabsorption
spectrum of toluene has been attributed to Fermi resonance between 631 and an
unidentified level.

These two regions of the toluene spectrum also contain features that are
not associsted with free molecular toluene. The peak at -19.7 cm—1 relative
to the Tol 08 and a similar peak near 6a8 are due to absorption of the

(Tol), species. Preliminary 2-color TOFMS of the Tol dimer reveals a
2

1

~omplics*ed broad structure with a sharp peak at -19.7 em”' from the Tol 08

and intensity on both the high and low energy sides of the Tol Og. The

dimer spectra will be studied more extensively in the near future.
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Tol-He

The FE spectra of various vibronic bands of the Tol-He system clearly
show TolHex vdW peaks to the high energy side of the Tol perks. The Og
region (Fig. 2) and the 6b; region (Fig. 3) evidence similar patterns.

TolHe and TolHe2 vibronic features exhibit a small additive blue shift with
respect to comparable Tol vibronic transitions: peaks due to Tol-He vdW
vibrational additions to these cluster vibronic origins are found further to
the blue. The 6aé region (Fig. 4) looks qualitatively similar to the 08 and
6bé regions; however, congestion due to the apparent Fermi resonance of 6&1
makes assignments difficult.

The 2-color TOFMS data for various species in the Og region in general
confirm the above qualitative identification and generate species specific
assignments. Fig. 5 presents the 2-color TOFMS for Tol, TolHe, and TolHe2: a
small additive successive shift to higher energy is evident between these
three origins. Tn addition, the vdW stretching vibrational mode progression
can be uniquely identified (Figs. 5 and 6) for each species. The TolHe15
spectrum is, however, broad and somewhat structured with 2 non-additive blue
shift.

An expanded trace of the TolHe and 'I‘olHe2 2-color TOFMS, Fig. 6, shows
the vdW stretching modes in more detail (see also Table II). The stretching
frequency in both species is nearly the same. The stretching prog-ession can
be employed to estimate the dissociation energy Do by fitting the frequencies
to a Morse potential oscillator in the usual fashion: an estimate of
D° ~ 30 cm.1 for TolHe obtains. However, this estimate is clearly low.

The TolHe 2-color TOFMS contains both the peaks at 53 and 76 cm-1 above the

''''''''''
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TolHe Og. The To]He2 species shows evidence of these features as well !see

Fig. 6). These observations imply that the Do for both species is greater
than ~76 cm™ .

The dominant features in the DE spectrum of TolHe OO are similar to
those in the Tol 0° DE spectrum. Under high resolution (Av ~ 5 cm’1) a
short progression in the ground state vdW stretching mode is evident. This
feature is presented in Fig. 7. The observation of this short ground state
progression emphasized both the similarity of the ground and exc;tpd state
stretching vibrations and *“he strong AV = O propensity rule for the vdW
motion.

Fmission arising from the excitation of higher vibronic levels of TolHe is
much more complicated than that obtained by pumping the comparable Tol
feature. The DE spectrum arising from the TolHe 6a1 level is quite congested
(see Table III): some of the peaks in this emission can be identified as
emission from a number of Tol excited vibronic levels. The relatively small
binding energy of TolHe allows vibrational predissociation (VP) to a l-rge
number of lower levels of Tol. The intensity of any one distinct feature of
the TolHe DE is much less than that of the comparable Tol feature because the
total emission intensity is spread out over so many transitions. The emission
found by pumping TolHe 6b1 is very similar to that found for 6a1. These dat=a
are summarized in Table IV. The presence of Tol 6a1 emission in this latter
spectrum suggests that 73 cm-1, the difference in energy between the 6b1 and
6*’1 levels, may be enough energy to cause VP of the TolFe vdW complex. This
would set an upp>r limit to the Do for TolHe of roughly 73 cm-1. This value

»nd the apparent cont*radiction with the lower limit found above, will be

discussed further in the next section.
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Tol-CH

—_—

The Tol-CH4 spectra appear to the low energy side of the counpurable Tol
vibronic features. The TolCH4 08 is shift -43 cm_1 from the Tol 08 and
several vdW mode features can bte identified between the ’I‘olCH4 and Tol 08

itrausivions (see Fig. 8). Tentative assiguments can be made for the vdW
features and they are presentea in Table V. Tol(CH4)2 exhibits an additive
spuectral snift for the 08 feature and a slightly more complicuated set of v
peaks. A vdW stretching progression similar to the one characterized for

T010H4 1s evident 1n addition to comparable bending modes. A relatively

intense fcature at Tol\CH4)a 08 + 63 cm_1 can be tentatively assigned as
eriner the independent siretcning of botn TolCH4 bonds (a harmonic "doubie”
, ) L T (O » ,

“acitatlon) or = seeond ;ol\qu)d Uu for another configuration.

Larger clusters also absordb in this region as shown in Fig. 9. If the

1

region between the Tol\CH4)2 08 and %0 cm = to the low energy side of

tnis feature is pumped, Tol(CH4)x (5 < x < 15) clusters and Toln(CH4)x
n=2,%54,... asd x = 1,2,3,...) clusters are observed. Preliminary absorption
sprctra of some of these spccies reveal complicated structures; these spectra

will be tne subject of a future publication.

N

Hisher vibrenic transitions of Tol(CH4) cvidence sToctra that ave
%
te wima sy : « : Y o L
quilte gimslar to those just desce.bed for the Uy Tretene B ospectia ot e

1 1
ta, and ob, regions snow pattorns ot TolCH, and Tol punks tnat are nearly

0 4
aiveiical 1n apgesrance to the spectra of Fig. 8. The "oilH, vibronic
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bands are red shifted 4% cm"1 from their respective Tol counterparts and vdwW

vibrational features are evident to the high energy side of the 'I‘olCH4

vibronic origins. The Tol-CH4 species also generate 2-color TOFMS in the
6aé and 6b8 regions. This indicates that the 6b1 vibrational energy

(533 cm-1\ is insufficient to cause vibrational predissociation of the

TolCH4 vdW cluster on the time scale of the experiment.8 Since the TolCH4

1 . s
10 transition is not observed with 2-color TOFMS detection, the dissociation

-t
energy for the vdW cluster can be bracketed-between 533 and 739 cm . Of

course, FE spectra for Tol-CH, can be observed to much higher vibronice

4

energies.

The TolCH, DE spectra are weak and much more congested than comparable

4
Tol spectra. The TolCH4 OO DE spectrum evidences some weak features
similar to those found in the Tol 08 DE spectrum; however, a large

background of unassignable features is also present. A parallel set of

spectra obtain for the TolCH4 6a1 DE. The TolCH 11 DE spectra consists

4
-1
only of Tol 08 ~mission peaks, demonstrating that at *his energy (7%3 cm )
the TolCH4 undergoes vibrational predissociation on the time scale of the
fluorescence life*ime (~70 ns). Even at this energy, however, a broad

background of unassignable intensity is evident; the low intensity =nd broad

background se=m generally %o characterize the Tol(CH4)x emission.




VI. DISCUSSION

g Tn this section a more in depth treatment of rluster geometry, solvent
TR

,é&‘ spectral shift, binding energy, and the comparison between solution and
;?: cluster properties will be presented. First, however, a few general remarks

;\ on the spectra are in order.

et

Q;; While the signal to noise ratio for the FE and 2-color TOFMS Tol cluster
iy(’ ~xperiments is gquite reasonable and roughly comparable to those for aniline
2“3 ~rlusters, the DT spectra are generally quite congested and low in intensity.
;;E We attribute this to four causes: 1) *the overall emission intensity from

i: *oluene and toluene clusters appears relatively low due to the long lifetime
;;; of the fluorescence (-70 ns); 2) concentration of the clusters in the beam is
‘SEE kept low to optimize the spectral resolution of small cluster features; 3) VP
2~£ seems to occur *o a large number of lower vibronic levels of toluene; and
A

:?j 4) some of the emission is associated with (Tol)x and (Tol)x(solvent)y whose
?éé absorption overlaps that of the clusters. The latter point in not trivial
S because the bean conditions which apparently favor vdW clusters (Po 200 psi,
':g room temperature toluene and nozzle) also seem to produce a substantial

Ei ~noncentration of (Tol)x complexes.

= Because of the poor quality of the DE spectra, it has not been possible
%f: thus far to characterize the intramolecular vibrational relaxation (IVR)
,E% processes for Tol-He or Tol-CH4 cluste~. It is clear, howaver, that the IVR
f’ process is important for this system; at levels for which VP occur, A much
‘i; cleaner, more intense DE spectrum obtains. The characteristic times for the
i; various processes - VP, TVR, second photon absorption, fluorescence - appear
;:i to be of the sare order as found for the aniline cluster systems.8 Thus, VP
:':::

’
o
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iﬁ; is slower than 5 ps, IVR times lie between VP sand fluorescence *imes, and the :
E . time taken to absorb the ionizing photon is longer than the VP time but i
v;s shorter than the IVR time.
}: The 1last general point to be made concerning the Tol and Tol cluster
- spectra is derived from the 2-coor TOFMS. The ionization beam energy set by
S% the Tol 08 is not optimum for any of the Tol vibronic bands nor any of the
‘3% Tol-CH4 cluster bands. For the Tol vibronic features the ionization energy
;‘ must be increased by about 100 cm-1'over the volue predicted based on the
‘éé Tol Og ionization energy in order to maximize the 2-color TOFMS signal. The
fg results for Tol CH4 clusters are similar but not as dramatic. Much larger
'i* reductions in the optimum ionization energy are found for other toluene based
§§ systems (i.e., (Tol)x, Tol-C,H, Tol-CaHa).9 Comparable data obtains
‘Ef for the aniline clusters studied thus far.za’b These ionization energy
{v. changes have important consequences for Z-color TOFMS signal intensities and
22? are, of course, important for the redurtion of ion fragmentation.
?& A. Geometry
- The geometry of the Tol-He =and Tol-CH4 vdW clusters can be
k reasonably well established based on calculations for other aromatic systems,4a
spectral shift data for both toluene and aniline2 clusters, and by analogy
3 with other systems for which rota*tional spectra have been obtained.1’% For
{& the tetrazine-He and tetrazine-Ar1 clusters the rare gas atoms have been
i% definitively demonstrated to bind above and below the aromatic ring such as to
GS preserve the symnetry axis perpendicul=r to the plane; calculations indicate a
t§ similar structure for more general ring systems.4a For binding symetrically
ﬁg in this manner, additive spectral shifits for the first two ligands are found.
!
1
1
RGN N, |




the first two

Thus, #s we have roncluded previously for An-He and An-CH

4’

ligands in Tol-Ee and Tol-CH, clusters add symmetrically above and below the

4
plane of the rine. Clusters involving three ligand (either He and CH4)
around aniline or toluene yield absorption spectra very different from those
rsgoriated with the smaller clusters. In particular, the clusters with three
solvent molecules exhibit non-=dditive spectral shifts and their spectra
contain at lesrs®t one component which is broad and featureless. This points to
the addition of the third ligand to a site perhaps less localized and
inequivalent to the sites occupied by the first two ligands. The general
properties and geometries of Tol(CHA)x (x > 3) clusters present a rather
complicated set of problems, however, and will be the subject of future reports
from this labor=tory.

B. Solvent Spectral Shift

While cluster geometry is typically controlled by repulsive

interactions (proportional to 1/r12), interactions which generate the binding
are associated with the dispersion or polarizability interaction (proportional
to 1/r6)4a. Chenges in these latter interactions upon excitation gives
rise to solven* spectral shifts. The observed shifts should therefore scale
with the solvent pclarizability and changes in the solute polarizability upon
~xcitation. Thus, aniline-methane and toluene-methane clusters have similar
binding energies (naarly the sane polarizabilities) but the aniline-methane
clusters have a factor of +wo larger solvent shift. As we will report in
future papn“s,q however, the (red) shift mrmgnitude is not simply a function
of solvent polarizability; it depends essentially on cluster geometry,

solute/solvent interaction details, and on the proximity of other solvent

molecules.
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Helium seers to be an anomalous solvent system. in general; its
polarizability is so small that other interactions, perhaps exchange, dominate
the energetics of He-solute vdW complexes. Solvent shifts for the Tol-He
system are slightly positive (1-3% cm'1\ and additive for the first two He
atoms. No correlation is obvious between the properties of aniline 2nd toluene
and either the size or direction of the He solvent spectral shift; the aniline
He shift is slightly negative (1-3 em™ ) with respect to aniline monomer
veaks for the first two atoms.2 Whatever the nature of the He-solute
interactions, it changes little upon solute excitation.

The solvent spectral shifts for larger clusters, Tol (solvent)x x> 3,
are not additive =nd are in general quite dependent on the geometry of the
particular -luster involved.q For these larger clusters cer*ain geometries,
at present not well characterized, possess shifts that converge around -150 cm_1.
This latter shif“ is quite comparable to the gas to liquid shift ( 177 cm-1)

5a

reported for a toluene-methane solution” ; in fact, the two values are
certainly identic=l within experimental resolution.
C. Binding Energy
The binding energy for Tol-He can be found in two different
»yxperiments; 2-cclor TOFMS and DE from high vibronic levels. The 2-rolor

1

mOFMS for the 76 cm  methyl motion in the excited state sets a lower limit

to the binding energy; that is, D0 > 76 cm'1. Although the DE spectra from
"olHe 6a1 and 6b1 are quite weak and the important -egions are highly

conrested, the prominent features in the spectra can be assigned (see Tables

:
IIT and IV). Sevrral emission features in the TolHe 6a DE spectrum are

13
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¥y
::Eﬁ identified as originating from Tol 151: a firm upper limit of 91 cm—1,
(;:; based on the 6a1-151 energy gap, can thus be set for the binding energy. In
Eg addition, the weak congested emission from TolHe 6b1 appears to contain
‘ig features originating from Tol 6a1. Although the assignments are less certain
oy in this instance, the observations of Tol 631 emission would suggest an upper
;§§ 1imit of 73 cm”! (the 6b' -6a’ energy separation) to the binding energy.
While this upper limit seems in conflict with the 2-color TOFMS derived lower
i%i limits of 76 cm-1, a number of kinetic processes could be invoked to
:;ﬁ rationalize the apparent difficulty. A value of the Tol-He Do ~ 75 cm_1 is
f£$ not unreasonable but it is probably best to suggest that 75 S_Do < 90 cm—1.
E;: Note that this binding energy is approximately one-half of that found for
ifﬁ aniline-He. However, the polarizabilities of aniline and toluene are both
S 11 + 10% 13 in the ground state10: the ground and excited state binding
‘55 energy ar-~ expected to be nearly identical based on the small spectral shifts.
'35 The binding energy for Tol-CH4 is indistinguishable from that of
;ﬁi aniline-CH4; D° lies between 533 and 739 cm-1. The correlation between
‘;?j polarizability and binding energy should not be extrapolated to other systems,
,ég however; it does not hold. for example, for toluene solvated by ethane and
,:5 propane for which detailed structure and geomeitry can produce nearly a factor
;EJ of two change in the binding energy.9
w, <
5 D. Solution Properties

.
.I

l‘ -
e,

Parallels between solution properties and cluster spectral shifts,
binding energies, and dynamics (VP and TVR) have already been mentioned in our
'fS : previous publications.2a’b The new information derived from the Tol-CH4

- system concerns the trends in the absorption spectra as larger clusters are
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probed. TFrom TolCH, and Tol(Cud)? spectra it is eclenr that the ”01—CHA

4
. . . - -1 5a . . A .

tiquid shift of -177 cm is raridly apprenched by the clusters. This trend

seems to be continued by at least a component of the TOI(C”A\T spectrum.

Furthermore, the ubiquitous pres~snce of intensity in the MO](CH4)Z mass

channel as the laser is tuned throupshout this reecion attests to the diffuse

nature of this s=tsorption. Such a diffuse shrsorption is ulso a characteristic

of the solution spectrum. From these observations 1+ soems clear that at

least one geom~try of the Tol(CWA), species is apypronching solution-like

vroperties.
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V. CONCLUSIONS

The following table summarizes the data (in cm‘1) for the toluene-

helium and toluene-methane clusters:

o Species Solvent Shift Stretching Frequency Binding Energies
¥ ‘ 1
o v, v

Fr

7. TolHe 1.5 11 9.0 75-90
%

o TolHe, 3.0 8.8

)

e TolCH -43 31.8 53%-739
.;_:.-. 4

.',..:,

§¥x ’I‘ol(CH4)2 -83 32.5

"

\’f: For the Tol-He and Tol—CH4 clusters the first two ligands add above and

below the plane of the aromatic ring. The third ligand is suggested to bind

e
’u"‘

LA

A%j in the plane of the ring, probably near the CH3 group. Three coordinated

:-‘c CH4 solvent molecules appear to generate spectral shifts and linewidths !
_i;; similar to those found for toluene-methane solutions. 'I‘olHe.5 also generates

i éj a broad spectrum, shifited only slightly from TolHez; higher mass clusters

Ff ; fall within the TolHe3 spectrum.

:ﬁi Studies of toluene and aniline solvated by ethane and propane are now in

or

‘yﬁf progress; the results will be reported in the near future. Based on these

:i;i studies, however, caution should be exe;cised in drawing general conclusions

« .."‘ "

concerning the nature and strength of the interactions, binding energies, and

solvent spectral shifts if information on detailed cluster structure is not
available. Calculations are also in progress which should generate an

assessment of cluster structure and its effect on binding energy, solvent

shift, and transition linewidth.
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TABLE 1

The toluene FE spectrum in the region encompassing Tol 00 and Tol 6aé (see Fig. 1).

0

- . o RELATIVE ) A

WAVELENGTH (vac A) ENERGY (vac cm ) ENERGY (cm ") _ASSIGNMENT
2669.67 37457.7 -19.7 Tol, 0
2668. 26 37477.5 0 08
2664.48 37530.8 53.3 Tg
2662.83 37554.0 76.5 Tg
2647.90 37765.7 288.2 10b§
2647.71 37768.5 291.0 16a;
2645.01 37807.0 329.5 15,
2642.31 37845.6 368. 1 16bé
2636. 34 37931.4 453.9 Tol, 6a
2635.97 37936.7 459.2 6a
2635.73 37940.1 462.6 6ag

2635.04 37950.1 472.6 ?

e e e a .. . '.\..._ e
..




- - v -y

E AL TABLE 11

“: TolHe and TolHe, 2-color TOFMS in the 08 region (see Fig. 6).

2

N | RELATIVE a
) - - SIGNMENT
g ENERGY (vac cm 1) ENERGY (cm 1) ASSIGNM

TolHe (1.55 cm_1 relative to Tol 08)
o 37479.1 0 TolHe O

37488.2 9.1 TolHe V

ONO —~0O O

37494.6 15.5 TolHe V
23 TolHe, (3.18 em ! relative to Tol Og)

LS R

o 37480. 7 0 TolHe, 0
9 37489.5 8.85 Tolke, V

ie 37495.4 14.7 TolHe2 v

ONO - OO

C a)

V refers to the vdW stretching mode.




TABLE II1

DE spectrum obtained as TolHe 6aé is pumped. Only the prominent peaks in the
spectrum are reported.

ENERGY RELATIVE CALCULATED

WAVELEQQTH ENERGY TO TOL 08 RELATIVE ENERGY ASSIGNMENT
(vac A) (vac cm~1) (cm™1) (em™ 1)
2668. 4 37475 2 0 o
2668.7 37470 7 14 15)
2672.7 37415 62 62 6a)
2674.6 37388 89 96 16b]
2675.6 37375 103 104 15410b)
2677.4 37350 127 120 10b216a]
2678.7 37331 146 146 10b2
2679.3 37324 154 153 16bé6a?
2680.7 37303 175 173 16a216b)
2681.2 37297 181 176 10621657
2683.4 37266 211 6agX)
2685.1 37243 234 233 10bg6a?

a)

All fluorescence seems to originate from Tol monomer.
in the ground state.

21

X denotes an unknown level




TABLE 1V

DE spectrum obtained as TolHe 6b is pumped. Only the prominent pcaks in the
spectrum are reported.

ENERGY RELATIVE CALCULATED

WAVELEQPTH ENERGY TO TOL 08 RELATIVE ENERGY ASSIGNMENTa
(vac A) (vac em~1) (Cm—l) (cm~1)
2668.3 37477 0 0 o
2669. 4 37462 16 14 15,
2673.2 37409 69 62 6a (lébéIObg)
2674.3 37393 84 78 15016a)
2675.6 37375 103 104 15010bg
2679.1 37326 151 146 1067
2679.5 37321 156 153 16bg6 2
2681.1 37298 179 176 10b216b]
2683.2 37269 209 6arX?
2685. 3 37240 237 233 10b26a)

a)

All fluorescence seems to originate from the Tol monomer. X denotes an unknown
level in the ground state.
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2
e TABLE V
o
i:‘: Two color TOFMS of TolCH, and Tol(CH,); in the 08 region. Only the prominent peaks
. are tabulated and tentative assignments are given (see Fig. 8).
-~
0 . L T T I T T T T Tt
) -1 RELATIVE a
% ENER . S
:-‘: GY (vac cm ) ENERGY (cm=1) ASSTGNMENT
30 U
] TOICH, (-43 em ! relative to Tol 08)
o 0
N 434, '
o 37434.4 0 l‘olCHA 00
N 1
o 37451.8 17 TolCH, A
b~ 4 70
. 1
Ay
‘ 37458.7 24 TolCHa B,
1
4
37466.2 32 'I‘o].CH4 V0
2
‘- 37488.5 54 TolCH4 Vo
At -1 0
e Tol(CH,), (-83 cm relarive to Tol 0))
42 0
'_\ 0
:':: 37394.1 0 Tol(CH4)2 OO
1
‘ 37412.6 18 Tol(CHl‘)2 AO
L 37418.5 24 Tol(CH,). B.
:; 472 70
i 1
::_: 37426.7 32 Tol(CHl’)2 V0
x 37440.5 46 Tol(CH,), viAl
472 00
By 2
- 37446.2 52 Tol(CH[’)2 VO
[~ 37456.
~ 37456.9 63 Tol(CHb')2
S S e e T T
';‘;: a) Tentative assigioncnts are as follows: V stands for the Tol-CH, stretch, and A and
:::- B are Jdifferent vdW bends. The feature at Tol(CH,) 08 + 63 cm~! can be assigned
";-: as either a si-ultancous double excitation of indépSndent stretches of both Tol-Cly
N bends or the 08 of a new configuration of Tol(CHA)z.
s,
o
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FIGURE CAPTIONS

iE FIGURE 1

{\j Portions of the FE spectrum of toluene in the region encompassing Tol 08 and
;, Tol Gaé. For this spectrum Po = 150 psi. Some of the peaks are due to

’ Tol, species. No TolHe peaks are present (see Table T).

-' FIGURE 2

.g; FE spectrum of toluene expanded in He at high (upper trace) and low backing
L pressures. The energy scale is relative to Tol Og (37477.5 cm—1). Note

»jg the vdW cluster peaks to the blue of the Tol Og.

o

A FIGURE 3

13? FE spectra for the 6bé region at high (upper trace) and low backing pressures
;22 of He. The energy scale is relative to Tol 6bé (38010.5 cm-1). Note the

d : similarity in the pattern of vdW peaks with that found in the Og region.

%S Some intensity due to Tol2 species is evident to the red of Tol 6b;.

:

‘{é FE spectra for the 6ag region at high (upper trace) and low backing pressures
,:1 of He. Due to Fermi resonance, the Tol Baé is a doublet. Consequently vdW

.|

peeks of the lower energy feature interfere with those of the higher energy

»
.
L]

N,

feature. Also, intensity due to 'I‘ol2 is evident to the low energy side of the

v
(4

Tol 6aé transition. The energy scale is relative to the lower energy Tol Gaé

i

feature (37937.5 cm-1).
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1
-
)
A
£y
~ -
{ ! FIGURE 5
;i: Two-color TOFMS of Tol and several TolHex clusters in the 08 region. Some
.f‘:_.
i:ﬁ fragmentation is evident in the Tol spectra as shown by the presence of some
oy intensity due to 'I‘ol2 and TolHex features. However in the TolHex 2-color
AR
:ﬂ TOFMS spectra the pump beam intensity was kept below ~100 yj/pulse and
N
;3§ fragmentation is not evident.
A
.
3 FIGURE 6
N IS 0
N . 0 0
" Expanded 2-color TOFMS of Tol and 'I‘olHex in the O0 region. The Oo peaks
S 4
e have been artificially aligned at O relative energy. Note the similarity
-
S
-E: in the vdW stretch progression for TolHe and TolHe2. Also, note the presence
.:\
N of TolHe T: and Tz peaks (see Table II).
A
R
o1 FIGURE 7
w0 : . 0 0
s Part of the high resolution DE spectrum of Tol O  and TolHe O . The feature
ab at -18 cm'1 relative to the main peak in both spectra is due to T012.
N
'f\'.
;: The energy scale is relative to Tol Gb?. Note the V? peak which gives
X
o,
14 the energy of a vdW mode in the ground state.
e
i
v FIGURE 8
SN [
-
4 Two-color TOFMS of TolCH4 (upper trace) and Tol(CH4)2 in the 08 region. The
.
ﬁﬁ‘ energy scale is relative to Tol 08 (37477.5 cm-1). Note the peaks due to
S
\
ﬂﬂ vdW stretches and bends. Tentative assignments are given in Table V.
O
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‘ A FIGURE 9

NS One-color TOFMS of Tol(CH4)x clusters which absorb in the region of the

e Tol(CH4)2 08. The upper trace identifies the species which absorb at the
Tol(CH4)2 Og position (37394.5 cm‘1). The intensity in the Tol and TolCH4
mass channels is due to fragmentation of larger ions. The lower trace

;xj identifies the species which absorb to the red of Tol(CH4)2 (37370 cm-1);

3 the intensity in the Tol, TolCH4 and Tol(CH4)2 mass channels is due to

15 fragmentation of larger ions. Note the presence of T012(0H4)y clusters and
>

very large Tolx(CH4)y clusters.
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