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T. TNTRODUCTION

The process of solvation and, more generally, the study of

intermolecular interactions and potentials in the liquid state, have long been

3

‘% of considerable interest.1 Recently, small clusters of molecules produced in a
; supersonic molecular jet have been employed to study and model condensed phase
13 static and dynamic behavior.2 Our motivation in constructing a molecular jet
ls apparatus and investigating clusters is to compare the interactions and

dynamics found in these microscopic van der Waals clusters with the bulk data

e ;

obtained from real liquid solutions. By comparing spectroscopic and kinetic

g

information on these clusters with similar data from cryogenic solutionsB, it
is hoped that detailed information can be obtained concerning solvent-solute
interactions and dynamics in real liquids.

As a first experiment on this apparatus, aniline seeded into a He carrier

Ao Ay AR

gas (An He) was chosen. This system has been extensively explored previously

4-7

in a molecular jet , 88 well as in the static gas.8’9 More recently

A L)

25 aniline has been employed as a probe for intramolecular energy redistribution
4
in static gases at room temperature9 and in a cold molecular beam.5’6

f: In addition, relaxation in a variety of systems has been explored both in

;3 colliaiona11o and collisionless regimes.11 The role played by van der
)

- Waals complexes in relaxation processes has also been considered. Relaxation

&) . ,

a2 can be operationally defined, for our purposes, as the process by which a

A

j vibronically excited species changes its vibronic state before fluorescing. ;
e
- It is well known that these species vibrationally predissociate to form i
LA

ﬁ uncomplexed species in a lower vibronic state.12 van der Waals complexes .
;: have also been‘conaidered as possible intermediates in collisional relaxation '
;l
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;: of monomer species.13 It has also been suggested that low energy collision
ﬁa scattering resonances or the formation of "weak van der Waals ccmplexes" can
ig relax "monomers” in a molecular jet system over very long distances.5'6'1o’14
:% Reported in this paper are the results of three experiments on An He

i expanded in a supersonic molecular jet: fluorescence excitation (FE) of the
éﬁ 132 excited state observed for An and An Hex; dispersed emission (DE)

Eé obtainéd while pumping various 1B2 vibronic features of An and An Hex; and
& time of flight mass spectroscopy (TOFMS) obtained by resonance enhanced two
o photon (one color) photoionization of An and An Hex. There are three major
?: objectives of this work that are presented in the present report: a) identification
:; and characterization of AnHex ven der Waals molecules; b) determination of
;% bond and vibrational energies for these systems; and c) elucidation of the
;% excited state dynamics and relaxation mechanisms which control the
i spectroscopic line width, emission properties, and vibrational predissociation
?i of van der Waals species.
:;‘ Through these experiments, several important aspects of the radiationless
_ﬁ relaxation processes for An and An Hex have been explored. Although the
-:g results of FE and DE experimgnts do not significantly differ from those
fT previously published4’5:7, a number of interpretational differences are

i presented. New data from TOFMS experiments indicate that all of the relaxation
;? associated with An monomers can actually be attributed to vibrationsl
;i predissociation of An}(ex at large distances from the nozzle. These studies

; emphasize that the three spectroscopic techniques FE, DE, TOFMS are
Eg complementary and are often essential for the complete study of relaxation and
LY
72; complexation in a molecular jet. Geometry and bond strength for An Hex van
;y der Waals complexes will be addressed in subsequent publications.
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I1. EXPERIMENTAL
The supersonic molecular jet apparatus used in these experiments is a
two chamber system as shown in Fig. 1. The carrier gas (commercial grade He)
is regulated to the desired nozzle backing pressure (Po) and is passed
through a trap containing the solute (reagent grade An). The trap containing
An is kept at room temperature and the concentration of An in the beam varies
as Po is changed.
This mixture is delivered to either a continuous (CW) nozzle or a pulsed
nozzle. The CW nozzle consists of a commerical pinhole (25 ym in diameter) .
clamped between two stainless steel plates. The plate on the low pressure side
of the pinhole is machined such that its orifice is at the apex of a 120° cone.
This minimizes the interaction of the plate with the cold beam. The pulsed
nogzzle is manufactured by Quanta Ray and is of the Gentry design operated at
10 Hz with an open time of ~100 ys. Its orifice is 0.5 mm in diameter and the
maximum backing pressure for this valve is -~220 psi. .
The first chamber is evacuated by an Edwards oil vapor booster pump backed :
by an Edwards 150 c¢fm dual stage mechanical pump. With this pumping system
it is possidle to maintain a chamber pressure (P1) of <! x 107> torr with
P° = 1000 psi backing the CW nozzle. With Po > 1000 psi , the o0il vapor
booster pump begins to saturate and further increase in P° results in dramatic
fluctuations in P1 until P1 is determined by the pumping speed of the
mechanical pump. ;
Both FE and DE experiments are done in the first chamber. For the FE
experiment, a tunable Nd/YAG pumped dye laser output is doubled and focused

by a 1 m lens into the chamber perpendicular to the molecular beam axis. The

)




optical path is baffled both entering and exiting the chamber to reduce

scattered light in the detection system. Emission from the intersection of the
molecular beam and the laser beam (0.5 cm downstream from the nozzle, ch =
(downstream distance/nozzle diameter) -200) is collected by a lens system

the axis of which is perpendicular to the two above mentioned beams. The image
of the intersection region is focused onto the cathode of a cooled
photomultiplier tube (RCA C31034-A02) mounted on a translation stage below the
chamber.

For the DE experiment the smission is directed by a prism onto the slits
of a | m monochromator (McPherson 2051) with a 1200 groove/mm grating (used in
3rd order). Reported intensities are not corrected for the grating response
curve. Detection is also by a cooled C310%4-A02 photomultiplier tube. The
signal from the photo tube is processed in both experiments by a PAR '62/164
boxcar averager and output to a chart recorder or a computer.

For the TOPMS experiments the molecular beam is skimmed (Beam Dynamics,

1 mm skimmer) between the two chambers and brought into the second chamber.
The second chamber is maintained below 5 x 1077 torr (Pz) at maximum gas
loads by a 10" Varian diffusion pump. The ionization region of the TOFMS
(Quanta Ray) is centered in second chamber and a single Nd/YAGC pumped
doubled dye laser beam is fo.used into the chamber perpendicular to the
molecular beam axis without baffling. The ions are accelerated by a 5000V
potential into a flight tube perpendicular to both the laser and molecular
beams. The ions are detected by a GCalileo microchannel plate. The flight
tube and ionization region are cooled by a liquid nitrogen trap; the tube is

independently pumped by a 6" diffusion pump. Signals from the multichannel

--------------------------------
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plate detector are analyzed on a tramsient digitizer (Tektronix 7912AD) and

averaged and processed on an HP9845S5 computer.

A S v e s |

The signal from the two photon ionization of An and An Hex clusters is

R
R

¥ X

greatly enhanced if the photon is resonant with a vibronic level of the 132

state of An. Therefore, the signal from one mass channel of the TOFMS as

Tkt

a function of laser wavelength is an absorption spectrum of the mass species
being monitored. Ions created in the above manner have 7000 cm'1 excess
vibrational energy. The AnHex clusters that are ionized tend to dissociate
to smaller clusters or the monomer. In future experiments a two color
photoionization will be employed such that the excess ion vibrational energy
will be close to zero.15
Error in the tabulated frequencies for the FE experiments is determined by
the reproducibility of the dye laser wave length dial (+2 cm'1). The dye
laser monochromater combination has a systematic error of less than 2 cm'1.
Random measurement error in the DE experiment is less than 1 cm'1 for sharp

lines. Linewidths for the DE experiments are slitwidth limited at -8 cm".
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IIT. RESULTS

FE spectra of An expanded with He at various backing pressures Po
show the existence of absorption due to An Hex van der Waals clusters.
Fig. 2 showa FE apectra of the Og region of An at different Po. At low
backing pressures (Po < 200 psi) absorption due to An monomers only is
observed. As the backing pressure is increased, peaks due to the 08
absorption bands of different An Hex clusters are seen at higher energy.
Some of these features may also be associated with vibrations of the van der
Waals complexes built on these origins.16 The peaks are listed in Table I.
Notice that at high backing pressures the monomer peak becomes broad and
asymmetric to the high energy side. This suggests that peaks due to An Hex
may be hidden beneath the monomer feature, unresolved in this experiment. Mass
spectra that support this supposition will be discussed below.

The generalization used by others12b

that consecutive addition of He atoms
to a monomer gives rise to additive spectral shifts breaks down in this system.
Different geometries due to binding of He atoms to inequivalent sites may
produce different spectral shifts for the same size AnHex cluster. Also, as
pointed out above, some of these peaks cduld be due to or distorted by van der
Waals bond vibrations. Previously, pressure studies have been used to

differentiate between features due to clusters of different sizes.16a

Fig. 3
shows a graph of the pressure dependence of some of the AnHex peaks associated
with the An monomer Og feature. At pressures for which the individual
peaks are well defined, the pressure dependence has already begun to fall off
and the limiting velue of the pressure vs. intensity slopes as Po +0

cannot be readily determined. Similar observations are valid for other An

‘
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vidbronic transitions. Fig. 4 and Table II show the data for the absorption

peaks near the An 10b2, 6aé, Ig and 18 transitions. The vibration

notation for An can be found in refs. 4, 5, 6, 8, 9 and is quite standard.
It parallels that used for benzene except that I denotes the NH2 inversion y
mode. ?

TOFMS data are useful in further understanding the above absorption and

emission data. Fig. 5 presents the mass spectrum obtained while pumping the

monomer Qg feature as a function of Po' At low pressure, only
13

monomer An is seen with associsated C -~ peaks. As Po is increased,

mass peaks associated with AnHe, AnHez, and AnHe3 are clearly discerned.

This observation indicates the existence of absorption features associated
with AnHex hidden ﬁnder the main monomer Og peak.' As the monomer peak

is pumped, part of the Og absorption lines of AnHe, AnHez, and AnHe3 are

also pumped. Power broedening is eliminated as a cause of the extra mass peaks
because the laser power has been kept low {~0.5 mj/pulse) and constant
throughout this series of experiments, and is quite comparable to that repoited
for similar studies.

Fig. 6 presents the mass spectra observed by pumping various AnHex
features of Og region spectrum. A good deal of cluster fragmentation is
evident in these results; even as peak 6 is pumped, the strongest feature in
the msss spectrum is the An monomer.

On the other hand, the mass spectrum arising from pumping the region

350 cm”! higher in energy than the Og transition (10bg and 16ag)

evidences intensity only in the monomer channel even at high backing pressure

.

-(Po = 900 pai). Tig. 7 gives a trace of the mmss spectra taken while pumping
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the 1Ob(2) monomer pesak, the 16a(2) monomer peak, and a van der Waals peak. a

: The fact that no AnHex mass features are seen indicates that the vibrational <)

g energy in the An molecule pumped to the 10b2 state is enough to vibrationally .

a predissociate the An}{ex complexes. a
4,5

s DE spectra of An monomers in a molecular jet have previously been reported.

PVd

Careful analysis of all data available has led us to interpretations of these

:' data that differ from those previously published. The implications these

spectra have for the understanding of collisional relaxation of An monomers in

the beam will be discussed in detail in the next section. In presenting +he

» e )

results of the DE experiments, groups of emission peaks that originate from

a particular vibronic level other than the one originally pumped will be

M AL Titn

referred to as relaxed emission. This terminology can be somewhat misleading,
however, because our evidence suggests that such fluorescence does not originate

from the relaxed pumped An monomer but originates instead from dissociated

LA RN W

AnHex clusters under the beam conditions set forth in the last section.

OO: Fig. 8 and Table III present the emission spectra obtained by

o B It

pumping the 08 monomer and a van der Waals absorption band. Direct

fluorescence from the Oo vibronic level to several totally gymmetric

a¥a a’a

vibrations in the ground state constitute a pattern that will be referred to as
a family. A comparable "family" of peaks results from the direct fluorescence

of any vibronic level and the presence or absence of members of a family can,

N D R A

- in general, aid in assigning emission peaks to an emitting level. TFor the DE
spectra, members of a family are marked together and labeled according to the

firast feature in the family. The DE spectrum of the van der Waals peaks in the

Og region is identical to the monomer 08 DE spectrum. While there are a

L er RLATAL Y. 8
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number of mechanisms which might be postulated to reproduce this observation,

the most likely explanation is that the cluster feature being pumped is a
van der Wagls vibration built on the cluster 08 transition. The cluster 08
peak itself is buried under the monomer 08 peak. The transition observed
does not involve a change in van der Waals bond vibration and thus would be
isoenergetic with the monomer 08 emission. All of the possible fluorescence
pathways for An}{ex will be discussed further in the next section.

1002,

16&2: The absorption spectrum of An shows a doublet feature st
about 352 cm.1 above the 08 (see Fig. 4). ‘This feature has'previously been
assigned as the Ié transition.7 However, Fig. 9 and Table IV show that the
emission spectra from these two levels differ from one another and from the
known emission spectrum of I1 observed by I} pumping: We were able to
reproduce a wesk I1 emission spectrum even though the Il absorption feature
is quite weak in tﬁe molecular jet. Consequeﬁtly, these two absorption features
have been reassigned to be consistent with the apparent relaxation seen in
their emission spectra.

Fig. 10 and Table V present the emission spectra of the 1Ob2 monomer and
a van der Waals peak at high Po' The monomer peak emission evidences substantial

0

apparent relaxation to three different levels, the 1Ob1, 0”, and 16a2. The

van der Waals feature pumped exhibits an emission spectrum consisting entirely

of peaks that can be identified with the relaxed monomer emission peaks that
2 9

one would expect from the 16&2 and the 10b™ levels.

6&&: Fig. 11 and Table VI present the emission data for the 6aé
monomer and van der Waals absorption features. The apparently relaxed emission

peaks increasse dramatically in intensity with increased backing pressure. The

~~~~~~
CINE ]

A . 3 I .
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}i spectra obtained by pumping van der Waals absorption features show increased
< relaxation along the pathways evidenced in the monomer spectrum as well as

g peaks that correspond to unrelaxed 6a1 monomer emission.

3 Ig: Fig. 12 and Table VII present the emission data obtained by pumping
: the Ig nonomer absorption feature. Although the spectrum looks qualitatively
 § similar to spectra previously publisheds, some agsignments are different.

L~

K~

Because of the extensive overlap in the lower energy congested region of the
spectrum, the assignments rely heavily on the consistency of various peaks with
expected positions and intensities of other family members. For example, the
only direct evidence for emission from the I116a1 is the small peak at

729 <:m'1 below the pump line, but the other members of the family should be

buried under intense members of the Ig family. This assignment is consistent

ISR { LLEOLL A

with the apparent enhancement of the peaks at 1522 and 1706 cm-1 below the

pump line.

N
-l

;S 1&: Fig. 13 and Table VIII describe the emission spectrum as the 1;

i

2 monomer feature is pumped. This spectrum is extremely congested at longer

wave lengths and nearly all the apparent relaxation peaks are coincident with

X possible unrelaxed features. Many of the peaks are shown to have a relaxed

A%

\}

’ component from variation of Po; others are identified as having a relaxed

iﬁ component because their intensity is greater than would be expected for a
-E normal unrelaxed family member. The assignment of apparently relaxed families
2
;: explains the intensity anomalies in the spectrum.

'i Results using a pulsed nozzle are consistent with those reported above

%)

o using a C¥ nozzle. At Po = 200 psi, the beam density at the downstream

W E
- observation point for the pulsed nozzle [xpulsed 10] is comparable to the

n

i
>’0

i

N 10
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CV nozzle st Po = 400 psi but the value of P1 is much smaller for the pulsed

nozzle. [It should be noted that in the work of ref. 5 and 6, xpulsed is

typically below 5.1 The amount of apparent relaxation in the pulsed noszle
system at Po = 200 psi is comparable to the CVW system at Po = 400 psi for the

10bg emission spectrum (ch ~ 200). Therefore, beam relaxation in our

system is not due to background gas nor is it dependent upon the point of

observation in the beanm.
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In this section, discussion will focus on the TOFMS data and its central
role in the understanding of the FE and DE experiments. One of the most
important contributions that the mass spectral studies make is to help in the
assignment of features in the FE and DE spectra to specific mass species. In
the 08 region, Fig. 5 conclusively demonstrates that the monomer absorption
peak has hidden within its width components due to several mass species. Fig. 6
indicates that peak 2 in this region is largely due to AnHez, while peak 3 is
largely due to the AnHe species. Although these data are complicated by
fragmentation, other data support these assignments as well. Preliminary
frequency scans, using the TOFMS gated on the different mass channels as a
detector, support the above observations. These experiments yield slightly red
shifted Og peaks for the AnHe and AnHe2 species and several peaks to the
bYlue of thé monomer 08 due to vibrations of the van der Waals bond. Further
two color ionization and other studies are underway in order to quantify the
thifts and confirm these assignments.

The TOFMS data also contribute significantly to the understanding of the DE
experiments. Because the mass spectral data have shown clearly the existence
of van der Waals absorption features hidden under the monomer Og absorption
band (and, therefore, presumably under higher monomer vibronic features as well),
several mechanisms that could result in apparently relaxed emission now become
possible. Under these circumstances, both monomer and van der Waals clusters
are excited by a single laser frequency; dissociation of a van der Waals
molecule could result in DE from levels lower in energy than the level pumped,

giving rise to apparently relaxed monomer emission. Furthermore, as Fig. 7

12
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demonstrates, pumping van der Waals features near 1Ob2 does not evidence

0
)

region. This evidence leads to the conclusion that vibrational predissociati

cluster peaks in the TOFMS contrary to a similar experiment for the 0

dominates the van der Waals molecule dynamics for vidbrationally excited
aniline. Similar observations are made as peaks in the 6a1 region are pumped
and it is presumed that vibrational predissociation of van der Waals species
responsible for the relaxation seen in these spectra and others.5’6

The TOFMS data also help to resolve questions regarding some of the
apparently unrelaxed emission. As shown in Figs. 8 and 11, pumping van der
Waals features can generate peaks identical with unrelaxed monomer emission.
It is not at all obvious how, under the conditions of these experiments, an
excited van der Waals species~cou1d fragment leaving a monomer in the same
excited (non-Og) vibronic state. However, the observation of van der Waals
absorption features within the monomer feature leaves open the possibility
that the observed "unrelaxed monomer" emigsion arising from a pumped van der
Waals feature is due to van der Waals species. The TOFMS experiments aid in
the identification of the initial species created, but without knowing the
species that fluoresces, it is not possible to determine the exact mechanism
responsible for the fluorescence. Further TOFMS experiments will be aimed
at identifying the emitting species.

Some kinetic rate information can also be extracted from the TOFMS

on

is

experiments. The clear identification of complete vibrational predissociation

! allows the

of An}{ex due to An vibrations of energy greater than 350 cm
rate of this process to be bracketed by the absorption line width and the

excited state lifetime. These results also indicate a surprisingly slow rate

13
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for the ionization process. C(hanges in the ionization proceas may lead to
better estimates ot the rate ot vibrational predissociation and/or better
understanding ot the ionigation process itselt.

‘he remainder ot this section will tocus largely on a detailed discussion
ot the Uk data, and will be organized into tour parts. rirst, a compleve
enumeration ot the possible mechanisms which can be responsible tor the Lk
spectra will be presented. Second, the mechanisms which can ieaa to apparentiy
relaxed emission will be discussed. ‘third, the unrelaxed emission will be
treated. Frinally, the kinetic intormation which can be gathered irom these
experiments will be presented in more detail.

A. Mechanisms

The T0FMS experiments are or tundamental importance to this study as
they can be employed to identify the species initially prepared and observed in
the FE spectra. Therefore, the tabulated mechanisms below are grouped according
to the initially prepared species. 1n some cases, the processes which take one
species to another are not well understood or cannot easily be difterentiatea.
Moreover, 1t 18 possible that more than one mechanism contributes to the overalil
observed spectrum. However, an eftort has been ﬁade to identity all possible
contributions which might lead to the observed DE spectrum.

A central issue raisea by the aiscussion ot these mechanisms deals with
the importance ot collisions in this system. It 18 tound that there 18 no
necessity to postulate the presence ot collisionsl resonance mechanisma
tor the explanation ot the observed Lt spectra under the beam conaitions

used 1n this work (X > 10); other mechanisms, apparently more plausible, can bde

suggested. Calculations show that hard sphere collisions between An and He
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occur on *the average ahout 1 every 50 to 100 An or AnHex excited state
lifatimes. Nonetheless, weak scattering resonance interactions have been
vostulated to exvlain data similar to those presented here,5’6 but for
X ¢ 10. ™herefore, 8]) mechanisms including collisional ones, will be
discussed helow.

Seven possible mechanisms can be initially considered. They involve:
a) mingle vibronic level fluorescence (SVLF) of an excited monomer species;
b) collisionally induced relaxation (CTR) of an excited monomer species
fo'lowed by fluorescence (P); c¢) vibrational predissociation (VP) of a van
der Wasls molecule followed by monomer F; d) collisionally induced dissociation
(CTD or CIDR) that mav or may not change the An vibronic level intensity excited
followed by P; e) SVLP of a van der Waals molecule AnHex; f) relaxation, either
r0llisionally induced (CTR) or by intramolecular vibrational relaxation (IVR)
of a van der Waals vibration followed by F of the van der Waals species; and
g) VP of AnHex by a van der ¥aals vibration followed by F from a smaller van
Ader Waals molecule, e.g. AnHe or AnHez. These mechanisms can be aschematically
represented bv the following egquations:

U oe) An.(v'\ SVLR, an

Row) Anty) Zan"(yen) B an

- ve @
P ¢) AnFe (') —An (y'=n) b4 An

x
® .\ OID .,
TorP @) Anneva)wm(y)lm
»
U e) Anﬂer(v'+v) §!EZ+AnHex(v)
. . cTR . I
U of An"ex(v +v) 7v§+AnHex(v ) AnFe_
.

*
U &) AnMe (y'+v) VPva¥) Anke__ (') ¥ AnHe__,

in which U and P label proceases responaible for unrelaxed or relaxed emission,
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») reapectively, An and An}{ex 8ignify an excited electronic 132 state species,

;g V' is some vibrationa) quants for An in the excited electronic state, Y' is some
N

WY

Y vibration quanta that is equal to or lower in energy than v', v'-n (n>1) is

\J —_

“

1

aome lower An vibrational excitation in the 1B2 state, and v is some guanta of

- - - e e - - - D AR LR S PR PUR TN . T e et . -, At et .
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Q a van der Wasls vibrational mode.
28
-Q B. Relaxed Fmission
5 Tf onlv a spvecific vibronic state of the monomer is populated,
Ig relaxed emission can only result from collision induced relaxation (process b).
-ﬁ This mechanism has heen vroposed to explain cbservations of DF in & region of a
™
q: supersonic molecular heam wi*h a higher collision rate than the one revorted in
;{ +hia work.s'6 However, the relaxed emission seen in the higher collision
.“
:j rate exveriment is nearly identica) with that observed in the present
“me
'7 experiment. BRased on these observations, there must be some doubt that .
- collisions are important for either experiment.
kY
- T+ has heen pointed out oreviously that the TOFMS data clearly show the
R
- axistence of van der Waals absorption features hidden under the monomer
X absorption peaka. Tf tha laser fraquency is tunéd to a monomer absorption, the
: aame vibronic level of probadbly at lesst two van der Weals species will also
X
. he exrited. ™he behavior of an excited van der Wamls aspecies can be explored
> independently by tuning to a van der Waals absorption feature away from the
N monomer feature. Several figures (no%ably 10 and 11, but others as well) show
e +hat relaxation dominates the spectrum of van der Waals molecules.
4% Mags spectra of severa) peaks in the 10b2 and 6; regions show that
'i vibration predissociation of the van der Wasls molecules does occur in these
»
g svstems. None of the peaks in these regions shows recordable intensity in +he
;'
‘.’ !
LR '
‘ 1
sﬂ ‘
h] |
16
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van der Waals mass channels. Therefore, VP must be complete before ionization
can occur. Also, recombination of An+ with He is not contributing to intensity
in the van der Waals channels in the Og mass spectrum, as this process would
he equally likelv for the mass spectra in the 10b2 and 6; region. Although

only +he 00, 10h?

and 6; region mass spectra have been studied in detail
so far, it appears the VP is occurring for all the vibronic levels excevt 08,
and can be invoked to explein all of the observed relaxsation in the An/He eystem.
Process 4 could also lead to relaxation if the dissociation of the van der
Waals svecies is accompanied by loss of vibration energy in the excited An.
However, as pointed out voreviously, calculetions show that such energetic
collisions do not readily occur under the present conditions. Mass spectral
data further suggest that collision induced dissociation and relaxation is
certainly Yess importan+ than VP of van der Weals molecules because collision
induced dissociation shou’d be equally probable for species in the 10b2 or 0o
state where as VP cannot occur for species in the 00 state. The fact that
AnPex features are observed in the 08 band for the TOFPMS snd not in the 6;
or 10b2 TOFMS clearly indicates +that VP dominates for the vibronic excited
states of AnHex as the mechanisms for generatjon of relaxed emission from An
monomers.
Further evidence against process (b) under the conditions of these
axperiments can be found in an experiment with An and CH4 seeded into the He

carrier gas.18

with CH, at low concentration (59.5!) in the expansion gas,
considerably less relaxstion is ohserved in the DE exverimenta from the 631
pumped level and lesa intensity is observed for the AnHex FE spectra. Thus,

CHA competes with He to form van der Waals clusters with An. ™he An intensity

17
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is roughly the same in both experiments. An(CH4)x clusters do not have
sbsorption bands which overlap with the An monomer pesks as can be demonstrated

hv TOFMS svectra. ™herefore, process (b) is not very important and the other

orocesses are largelv responsible for the relaxed emission from vidbronic
A "monomer"” and AnHex features.
(s Unrelaxed Fmission

¥ At low backing pressure there is no question that An(v') SVLF (a)

Fos dominates the system: at low Po (<200 psi) few van der Waals molecules are
LN —

‘o

o
ﬁ;ﬁ vproduced. However, at higher backing pressure van der Waals species can
N produce emission identical (within our stated resolution) with that of An

»
g

B

monomers prepared in the same aniline vibronic state. The van der Waals pesaks

{

:rg near the O0 produce apparently unrelaxed emission exclusively because these

!? species cannot undergo VP. As shown in PFig. 11, van der Waals peaks near 6;
o show some unrelaxed emission features, although most of the emission is relaxed
~E§ emisaion. van der Waals peaks near 1Ob2 do not show unrelaxed emission

:?i nresumably because VP is so facile from this An vibronic state. van der Waals
~§ species in other vibronic states should show varying amounts of unrelaxed

i; emission devending on the rate of VP for the particular An vibronic level.

2§ The MOFMS data presented earlier suggest two conclusions: absorption veaks
j?ﬁ for a given vibronic level of AnHe and AnHe2 are under the same viboniec band
;Eé for the monomer; and the resolved van der Waals peaks to the blue of the

i?‘ monomer involve vihrations of these two van der Waals species. This assignment
5& is necesssary if vprocesses e,f,g are occurring and this assignment will be

:Ei assumed in the suhsequent discussion. If the assumption is incorrect and

'25 thege hlue shifted features are different ven der Waals species, then the only
o

o 18
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mechanism consistent with the results is d. The problems associated with this
Tatter mechanism will he discussed below.

The most direct process which can lead to apparent unrelaxed monomer
emission from an AnHe:(v'+v) is SVLF to the ground state of the AnHex complex

with sv=0 (process e). If the van der Waals vibration is the same in the

ground state as in the 132 state, as is often the situation for other systems,19
then process e would produce the same emissioﬁ as the complex with v=0 in the
132 and therefore the DE would be nearly the same as that found for the
unrelaxed monomer. This process does not require that collisions be postulated
and it is consistent with the ohservation that changes in van der Waals
vibrationsl quanta of zero are moat intense.19 Moreover, the observations

are consis*tent with the force constants being the same in both ground and
excited states of An"ex. 1t is somewhat surpriasing that some red-shifted
intensity is not seen in the DE spectra of the van der Waals features, but this

is presumably due to insufficient resolution (-8 cm’1

for DE experiments).
Another possibility for generation of unrelaxed emission from cluster
absorption features is the dissipation of the van der Waals species vibrational
energy to voroduce AnHe1.2(v'). Process f involves the dissipation of vsn der
VWaals vibrational energy through very weak collisions in the beam, or through
TVR made vossible bv a high density of states. It has recently been suggested
that TVR can occur in the tetragzine-Ar system.’q However, it seems unlikely

that thera is either sufficient collisions for collision induced relaxation or

sufficient density of states for IVR under the circumstances of these

axneriments.




- Aoy 1 g Y. - oo i e N, e W W LNl a e T e W Ve s e
3R T W S e AR A I I AS K il S T e Sevi iy R I i o i i A A N O e I R - -1

;E It is perhaps conceivable that one quanta of a van der Waals mode could '

;E vidbrationally predissociate an An-He bond (process g). However, that would

’ implvy that the An-He bond energy is roughly 10 cm'1. A binding energy this

2; low does not seem to be consistent with the stability of the species (greater

iﬁ than 15 usec from TOFMS) or with estimates of the tetrazine-He binding energy

i. of greater than 57 cm°1.17 Moreover, if the blue shifted van der Waals

:E veaks can be interpreted as vibrations, a rough Morse potential dissociation

;§ energy calculation based on w_ - 9 em™ and w Xy ~ 1-2 em” gives a D

; of 100 %+ 50 cm'1. It thus avppears unlikely that process g is terribly

éz important in this instance.

é: .As pointed out previously, process 4 cannot be ruled out as a possible

)

7? mechanism for generation of unrelaxed emission from van der Waals complexes.

gé However, because of the low collision rate and the observation that process d

?2 is not contributing appreciably to the relaxed spectra, it seems unlikely that
! collisional dissociation is contributing to the unrelaxed emission spectra.

é To summerize the discussion of the aniline/He DE spectrum: while it is

Lé clear that SVLF dominates aniline emission at low backing pressure, at high

l‘ Po apparent aniline relaxed emission is largely due to VP of van der Waals

':; apecies. Collision induced relaxation of aniline monomers is not occurring

'g appreciably in this system and i+ appesrs unlikely that any collision processes

1“ contribute significantly to the overall beam kinetics and dynsmics at

ii Xc' ~ 200 or xpu]sed ~ 10. The apparently unrelgxed monomer emission from

:ﬁ van der Wanls species sppeara +o be SVLF of the Anﬂex excited cluster to the

;, ground state with Av=0 for the van der Weals vibrations, althcugh processes f

tg and g cannot be conclusively ruled out at this time.
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D. Fxcited State Kinetics
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The TOFMS experiments may also be used to assist in understanding the
kinetics of the relaxation processes in the excited state. As pointed out
previously, Anﬂex clusters excited to the 1Ob2 vibronic region vidrationally
predissociate before ionization can occur. This indicates that the average
time‘between absorption of the first photon by the complex and the absorption
of +he jonizing vhoton is somewhere between the minimum lifetime of the complex
(-5 ps from FF linewidths) and the lifetime of the An excited state (-5 ns).

A rough calculation of the photon flux at the ionization point indicates that

—3). Such a low

the guantum efficiencv for ionjzation must be very low (<<10
quantum efficiency could be due to the high excess vibrational energy (-7000 cm'1)
of the ion and a poor Franck-Condon factor for the neutral ionm AnHex transition.
Tf this is correct, a two color ionization with roughly zero vibrational excess
energy could ionize AnHex from, for example, 1Ob2 before the cluster could
vibrationally predissociate. Such experiments could lead to a better estimate

of the time it takes for the complex to undergo vibrational predissociation.

At present this time 1 is found to be within the limits 5 ps < 1T £ 5 ns.
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V. CONCLUSIONS

The supersonic molecular jet experiment is certainly an important tool
for the study of van der Waals complexes and monomer dynamics. Experiments
involving FE, DE and TOFMS complement one another and generate an extensive
picture of the overall excited state energies and lifetimes for many processes.
The major conclusions that can be reached based on this work are as follows:
1. AnHe and AnHe2 features lie under the An monomer feature for all vibronic
states of aniline that have been observed (e.g. og. 1002, 6a(1), ete.)
2. van der Waals features to the blue of the aniline vibronic transitions are
tentatively assigned to AnHe and AnH02 van der Wasls vibrations. Some
background intensity may well be associated with high order AnHex.
3. Under these low collision conditions it does not appear to be necessary to
postulate either An or AnHex collisional processes to account for either
the observed DE or TOFMS data.
4. "Relaxed An emission” can be associated with vibrational predissociation of
van der Waals molecules.
5. "Unrelaxed An emission"” associated with pumped van der Waals features arises
most likely through transitions for which the van der Waals bond vibrational
excitation does not change (Av=0). Under this mechanism all features to the
blue of an aniline vibronic feature are assigned as AnHex cluster vibrations
built on the AnHe:(v) vibronic origin lying under the An.(v) vibronic
feature. |
6. The time range for VP, second photon absorption for the photoionization

process, and other processes that may occur with reduced probability seems to

be between ~5 ps and ~5 ns.
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Purther work is underway at present to use less energetic ionization to
reduce fragmentation and improve the probability for absorption of the second
photon. 1In addition, high resolution spectra will be obtained shortly to

resolve rotational features of the AnHex van der Waals molecules.
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TABLE I

Fluorescence excitation spectrum near O (34031 cm™ ) at 600 psi backing
pressure (see Figure 2).

° Relative
Peak Position (A) Position (cm™ ) Assignment
1 2938.5 0 Monomer
2 2937.8 7.9 vaw
3 2937.6 10.8 vdw
4 2937.0 17.7 vdw
5 2936.7 20.4 vdw

2936.2 vdWw
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TN TABLE II
e
": a. Fluorescence excitation spectrum near lObg (34379 cm-l) at 800 psi backing ;
’ pressure (see Figure 4).
2,
:'-3: Peak Position (X) Relative -1 Assignment
3 Position (cm °)
s 2
o 1 2908.7 0 10b0 monomer
pa 2 2908.3 5.9 16a> monomer
N
3 2907.6 13.1 vdw
N 4 2907.4 16.0 vdw
o 5 2907.0 20.5 vawW
6 2906.9 22.4 vdW
.‘4
X 7 2906.3 29.1 monomer
; -.i
x )
~4 b. Fluorescence excitation spectrum near 63(1, (34523 cm ) at 400 psi backing
pressure (see Figure 4).
&
=
,-:::: Peak Position (A) gz:i:z: (ca~ly Assignment
. 1
L, 1 2896.6 0 680 monomer
! ':_-,
s 2 2896.0 7.5 vaw
- 3 2895.8 9.9 vaw
B 4 2895.2 16.8 vaW
‘N 5 2895.0 19.4 vdw
- 6 2894.6 24.2 monomer
7
Ny 7 2893.8 33.4 monomer
‘\.i'
6; |
w
.‘. 29
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TABLE II (cont.)

c. Fluorescence excitation spectrum near Ig (34790 cm-l) at 900 psi backing
pressure (see Figure 4).

-]
Peak Position (A) Relative

Position (cm ) Assigmment
2876.4 0 Ig monomer
2873.7 8.0 vdW
2873.6 9.7 vdW
2872.9 17.6 monomer
2872.1 27.2 monomer

d. Fluorescence excitation spectrum near lé (34829 cm-l) at 800 psi backing
pressure (see Figure 4). '

Peak Position (Z) g:;i:iz: (en™ ) Assigmment
1 2871.2 0 lé monomer
2 2870.8 4.4 vdw
3 2870.4 9.6 ?

4 2869.8 17.0 vdwW
5 2869.5 19.9 vdW
6 2869.1 25.1 vdw
7 2868.9 27.4 vdW

30

T LT T TPt S e e AN R
PRI I R A R e te et . e PR B R S S S R
ADAD P ADPK P SR R PR A A YIS A Al e el el u g




.........

“ -

ol

'.‘

-‘. L
et 1
.K TABLE III

,g ‘
'? Dispersed emission spectrum pumping Og (34031 cm_l) at 200 psi backing pressure

! (see Figure 8).

el Al el

x-
A
f: e Relative Relative Assignment(a) ]
S Position (A) Position (cm-l) Intensity 08 i
1 0 4
j 2975.7 425 100 I, ]
T . 0 |
. 2985.1 531 76 6a, ]
o 0o (b)
. 3011.4 824 57 1y
o 0 0
“§ 3023.0 951 83 I,6a;
b 3026.8 993 19 ?
a 0 (b)
-~ 3027.9 1005 37 124
o 0
e, 3030.2 1030 29 18a,
! 0
. 3033.0 1060 19 6a,
!: 0 0
3050.4 1248 68 Il
“ 0
. 3053.5 1282 24 9a;
N 00
s 3060.0 1351 26 6a;l;
G 0 0
3067.0 1426 36 1,12,
~ 0 0
N 3069.7 1455 29 I,18a;
- 0 0
ey 3072.0 1479 30 I,6a,
2 (a) Families are assigned together in a column and labeled with the highest _
X energy transition of the family. 4
f (b) The assignment of 1 and 12 follow the convention of refs. 9 and 4. ;
- !
;~
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‘, TABLE IV
2
T -
. a. Unrelaxed emission from IObS (34379 cm 1) at 100 psi backing pressure
(see Figure 9).
g
b
% Position (X) Relative -1 Assignm nt (@) )
i Position (cm ) 10b3 i
2
, 2945.9 433 10b, K
N 2.0
N 2982.8 853 10b51,
2992.8 965 10b26a)
’ 20
, 3019.3 1259 10bo1,
N 20 0
:Q 3030.8 1384 10b212681
» 2 0
- 3035.6 1437 10b,12,
. 200
S 3057.8 1676 10b,I,1g
'1
1 2 -1
\ b. Unrelaxed emission from 16a0 (34385 cm ") at 70 psi backing pressure
(see Figure 9).
;: Positi (X) Relative -1 Assignmgnt(a)
4 ositlion Position (cm ) 16a§
2
! 2978.1 807 16a,
) 20
X 3016.4 1233 16a,1,
3 2 0
3025.8 1336 16a56a,
20 .
‘Q 3053.1 1631 16a51, Ny
- 20 0 ' b
f; 3064.9 1758 168212681 ']
4 200 4
d 3093.4 2058 16a,7,1, u

P-4 P4 ST RSE]

»



TABLE 1V (cont.)

c. Unrelaxed emission from Ii (34326 cu-l) at 150 psi backing pressure
(see Figure 9).

oveion b folitive ) destemens
2958.5 525 Iiﬁa‘;
2970.1 657 1;
2984.7 822 1112
3000.4 997 1,12]
3003.5 1031 111882
3005.7 1056 ' I }632

(a) Families are assigned together in a column and labeled with the highest

energy transition of the family.
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TABLE VIII
{ﬁ Dispersed emission spectrum of lé (34892 cm-l) at 600 psi backing pressure (see
204 Figure 13).
[

(a)
o Relative Assignment
Position (A) Position (cm 1) 1! 1! 10b216al
0 1 pl6ay
1.0
2906.6 425 1019
2913.7 509 Ii
1. 0
2915.6 531 13620
2938.3 796
2940.7 824 1}
1.0, 0
2951.8 951 14126a]
1..0
2956.5 1005 1312
2958.7 1030 léISag
2959.5 1040 Ii6a?
1. 0
2961.3 1060 15649
2966.6 1120 10b§16ai
2970.9 1169 Ig
2975.5 1221
1.0
2977.9 1248 1119
2980.9 1282 lé9a?
2985.2 1330 1}12
1. 0
2987.0 1351 116a]
1.0..0
2993.7 1426 151912}
1.0.. 0
2996.3 1455 1510180
1.0, 0
2998. 5 1479 1519627
3001.7 1514 1{12?
1.. 0 2.. 1.0
3004. 2 1542 1)18a) 106216217
1,.0, 0 .10
3006. 2 1564 1g18a6a) 1 6a)

3011.2 1620
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a? TABLE VIII (cont.)
o
"\;
I
o (a)
4 Assignment
: N Relative
b2 Position (A) Position (cm—l) 11 Il 10b216a1
. 0 1 2%
1 2.,1,0
: 3013.9 1649 1, 10b,16a6a,
1, 0.0 1, 0
- 3019.1 1706 15921, I,6a,
<
AY 3022.8 1747
Ayl
b 1, 0.0 1, 0
\T 3026.3 1785 1,6a,I, 1I,9a
. 3027.7 1801
X 1, 0,0
8 3028.8 1813 1,6a,9a,
o 3030.1 1827
-~ 1,,.0
» 3032.7 1855 1;18a;
% 3033.5 1864 171949
?é 3040.9 1944 106216217 I
" 1,,.0, 0,0 .1.0
- 3045.0 1988 1,18a,6a I, I,1)
o 1,,.0..0
K | 3049.6 2035 1518a,12;
v 3050.3 2045 116a%12°
. : 17714
1,,0,,1.0
% 3052.1 2065 1518a,(1,1,)
N
X
o
(a) Families are assigned together in a column and labeled with the highest
A energy transition of the family.
)
4
A
s
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: FIGURE CAPTIONS

"
)

X FIGURE 1: Supersonic Molecular Jet Apparatus

3

‘¢ I - Chamber I containing FE and DE experiments
N II -  Chamber II containing TOFMS experiment
. TS - Translation stage for positioning the nozzle
N OVBP - 0il vapor booster pump backed by a mechanical pump
“i G1 - Cold cathode gauge attached by compression fitting
L N - Continuous nozzle
;j M - Spherical reflector

;ﬂ L1 - 100mm plano - convex lens

# L2 - 300mm plano - convex lens

3 A - Aperture

L3 - Lens

i PMT - Photomultiplier tube

;5 S - Skimmer

gﬁ e - 2" gate valve

N gV2 - 10" gate valve

;ﬁ WB - Water baffle

:f DP - 10" diffusion pump

”2 IR - Tonization region of the mass spectrometer
- T - Flight tube of the mass spectrometer

,g D - Multichannel plate detector

WX T - Liquid nitrogen trap

,: G2 - Ionization gauge

- W - Alignment window

Oy
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FIGURE 2

FE spectra of the 08 region of aniline expanded with helium at various backing
pressures. The monomer peask is at 34031 em™! (see Table I). The decrease in
aniline monomer intensity is largely due to the decrease in concentration of
aniline as the backing pressure is increased. These spectra show how the van

der Waals absorption peaks grow in with increasing backing pressure.

N FIGURE 3

ﬂ; Plots of the natural log of the intensity of various peaks near the 08
feature realtive to the intensity of the monomer vs. the natural log of the
backing pressure. The curves are labeled with the peak numbers found in

) Table I. All the curves have already begun to deviate from linearity at the

lowest pressures.

FIGURE 4

FE spectra in the region of various vibronic transitions of aniline. The
monomer peaks are aligned and an approximate relative energy scale is given
at the bottom (see Table II). No correction has been made for difference in
dispersion between the spectra. All show similar patterns of van der Waals

peaks to higher energy.
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FIGURE 5

TOF mass spectra taken at various backing pressures while pumping the monomer Og

absorption feature. The main peak is the aniline monomer peak at 93 AMU. One
013 peak is visible to the right of the monomer and peaks associated with
AnHe1, An}{e2 and AnHe_, grow in as the backing pressure is increased. This

3
clearly indicates that as An is pumped AnHex clusters are also pumped.

FIGURE 6

TOF mass spectra obtained by pumping various van der Waals peaks near og.
The peaks being pumped are labeled by the numbers from Table I. Preliminary
assignments of the absorption dands being pumped can be made from these

spectra (see text).

FIGURE 7

TOF mass spectra obtained by pumping various features near 10bg at 900 psi.
The peaks being pumped are labeled by the numbers given in Figure 4, top
spectrum. It is clear from these spectra that the van der Waals species
dissociate before being detected and that recombination does not occur in any

of these experiments.

44
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FIGURE 8

X DF spectrum ohtained bv pumping the Og monomer feature and part of the DE

i)
..

spectrum obtained by pumping the van der Waals peak labeled 3 in Figure 2. The

_' '.

nalculated peak vositions of the Og family are indicated below the monomer

A spectrum. Fmiasion from the van der Waals feature is essentially identical to
xﬂ emission from the monomer feature (see Table III).

E

E, FIGURF 9

; DE spectra obtained by pumping I:, 16&3 and 10bg monomer vibronic

g transitions at low backing pressures. The calculated positions of unrelaxed

4 family members are indicated below each spectrum. These spectra show minimal
;k relaxation and clearly show fluorescence from three different vibronic levels
in *he excited state (see Table IV).

i

3 PIGURE 10

ﬂ PF spectra obtained by pumping the 10bg monomer peak and the van der Waals

A peak labeled ? in the top spectrum of Figure 4. ™his peak is undoubtedly

- a composite of a 10b2 and 16&2 van der Waals molecule related feature, thus

% explaining the large 168: intensity. Fmission from fhe van der Waals peak

5 is totally relaxed (see Mable V). The calculated positions of various families
;’ 4dare indicated below esch spectrum.
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FTIGURFE 11

TF spectra ohtained by pumping the 638 monomer peek at low and high pressures,
and the van der Waals pesk labeled 3 in the second spectrum of Pigure 4. These
spectra show more relaxation for higher hacking vpressure and for pumping van
der Wasls peaks (see Table VI). ™he calculated positions of various families

are indicated below *the high pressure monomer spectrum.

FIGURE 12

DF spectrum obtained by pumping the Tg monomer absorption peak. Fven at
moderate pressures this spectrum shows relaxation to a large number of vibronic
1evels (see Table VII). Most of this relaxed emission is attributed *o
vibrational predissociation of van der Waals complexes {see text). The
calculated positions of several relaxation families are given below the

spectrum.

FTIGIURE 13

DF spectra obtained hv pumping the 1; monomer absorption band at two backing
pressures. Severa) relaxation families grow in at high pressure (see Table VIII)
sgain indiceating t¥at the relsxation is due to vibrational predissociation of
van der Waals clusters. Their calculated positions are indicated below the

high pressure spectrum.
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