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Vibronic structure of the cyclopentadienyl radical and its nonrigid
van der Waals cluster with nitrogen

S. Sun and E. R. Bernstein
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523

(Received 18 April 1995; accepted 12 June 1995

Fluorescence excitation and two color mass resolved excitation spectroscopy are employed to study
the D,(?A%)«—Do(2E}) vibronic transitions of the cyclopentadienyl radi¢apd and its van der

Waals cluster with nitrogen. The radical is created by photolysis of the cyclopentadiene dimer and
cooled by expansion from a supersonic nozzle. ThgNpd cluster is generated in this cooling
process. Mass resolved excitation spectra of cpd are obtained for the first 1200fdme D, —D,
transition. The excitation spectrum of dp); shows a complicated structure for the origin
transition. With the application of hole burning spectroscopy, we are able to assign all the cluster
transitions to a single isomer. The features are assigned to a 55aurof-plane van der Waals

mode stretch and contortion@lotationa) motions of the N molecule with respect to the cpd
radical. Empirical potential energy calculations are used to predict the properties of this cluster and
yield the following results(1) the N, molecular axis is perpendicular to the cpd fivefold axis and
parallel to the plane of the cpd ring with the two molecular centers of mass lying on the fivefold ring
axis; (2) the binding energy of cifl,), is 434 cm®; and (3) the rotational motion of the N
molecule is essentially unhindered about the cpd fivefold axis. The molecular symmetry group
D5, (MS) is applied to the nonrigid cluster, and optical selection rules exclude-ewdd transitions
(An=0, =2, =4,... allowed between the different contortional levels. Tentative assignments are
given to the observed contortional features based on these considerations. The barrier to internal
rotation is also small in the excited state. The results for théNpdvan der Waals cluster are
compared to those for the benzefié,); and benzyl radicalN,); clusters. ©1995 American
Institute of Physics.

I. INTRODUCTION tional constants, Coriolis coupling constants, and the magni-
tude of the Jahn—Teller effect in the degenerate ground states

Supersonic jet laser spectroscopy has had a major impaef cpd have been determiné¥in addition this group has

on the study of three important and rich systems; reactiv@eported and analyzed spectra of van der Waals complexes of

intermediates, nonrigid moleculeg, and van der Waals cpd with different inert gas aton'(ﬁe,Ne_lz

molecules’ In essence, isolation and cooling have allowed Our laboratory is also engaged in the study of reactive

these species to be accessed under conditions that genergi@rmediates, and we have recently reported spectra of the

long lifetimes, sharp transitions, controlled dynamics, andoenzyl and CN-cpd radical.In particular, the benzyl radi-

ready detection. Studies of nonrigid molecules, reactive in'cal, and its van der Waals clusters, have been studied in

termediatedradicals, carbenes, nitreneand van der Waals . nsiqerable detail. The benzyl radical has two excited elec-

clusters of even complex and large species now become relﬁ"onic stateg1 2A, and 22B,) separated by-400 cn* near

tively straightforward. In fact we are just learning how to 22000 cmi* and an ionization energy of 7.24 &¥/Solva-

deal with these more complex systems as more subtle da{a . . .
on of the benzyl radical with various nonpolar small mol-
are generated for thefn.

Open-shell reactive intermediates play a fundamenta?c_mes and hydrocarbons shows a systematic red shift for the

role in many gas and condensed phase chemical reactiond. o of the van der Waals clustetSThe clusters’ binding

The cpd radical, ¢Hs-, is a simple, but reactive, cyclic poly- energies are roughly between 400 and 1000 tnExcited

ene with a degenerate ground St3, in Dy, point group state reactivity for the benzyl radical with unsaturated hydro-

symmetry. Cpd also serves as a ligand in organometalliEarbons(e'9" ethyleq)ehas been demonstrated both experi-
compounds. Engleman and Ranfseyd Nelsoret al ob- ~ mentally and theoreticaly? o

tained UV spectra of cpd with reasonable resolution in a  Another focus of our efforts has been on nonrigid mol-
static cell, and a number of theoretical calculations at differ8cules and van der Waals clusters. In these studies we have
ent levels of sophistication have also been reported for thigetermined rotor potentials for different alkyl substituted
radical” Miller's group has conducted a series of high reso-benzenes and pyrazines and pyridifiesnd have investi-
lution spectroscopic studies of thg Bansition of cpd em- gated the lowest energy conformations of many other non-
ploying supersonic cooling and a ring dye laser. By photodigid systems.” Large amplitude motion in van der Waals
lyzing suitable molecular precursors and collecting laseclusters can be predicted on the basis of potential surface
induced fluorescence, they have obtained rotationally reealculations but it is often difficult to detect
solved electronic spectra of both protonated and deuteratespectroscopicallf’ Nevertheless, such motion becomes
cpd radical$® as well as some substituted cpds! Rota-  quite clear for systems with high symmetry and properly
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aligned internal rotor axe6.e., small hindering potentigls 698 (Exciton) is used to cover the wavelength region 682—
Such is the case for )\l CO, and CQ clustered to benzene 650 nm. This fundamental output of the dye laser is doubled
and N, clustered to the benzyl radicht!® Contortional tran-  to reach 341—325 nm. The excitation beam is mildly focused
sitions can be observed for these systems in the vibronit cm downstream of the nozzle for fluorescence studies and
spectrum of the clusters. Additionally, both microwave andat the ionization region of the time-of-flight mass spectrom-
rovibronic spectroscopy have shown affects of this internakter for mass resolved studies. For mass resolved spectra, the
cluster contortional freedom on the external rotational specionization dye laser has an active medium of R590, the out-
tra of the benzenéN,), cluster?® For the benzené\,), clus-  put of which is double and mixed with Nd:YAG fundamental
ters, the nitrogen molecule lies above the plane of the ben:064 nn) to generate-220 nm radiation. The cghl,); sig-

zene ring with its molecular bond axis perpendicular to thenal appears in the bare radical mass chaféelamy due to
out-of-planeCg axis of the benzene molecule. The center ofcluster ion fragmentation.

mass of the nitrogen molecule lies on thgaxis of benzene. Hole burning experiments are done with two lasers of
In the ground electronic state of the cluster, the nitrogersimilar wavelength output around th§ @ansition of cpd.
rotational motion is unhindered and in tBgelectronic state, The two lasers have a hole burning to probe intensity ratio of
the sixfold potential barrier is~20 cmi . For the benzyl roughly 5 to 1. The two laser beams propagate nearly collin-
radical(N,), cluster the barrier to Irotation is~15 cm tin  ear and are separated in time by roughly 600 ns. SincB the
both D, and D, electronic states. The out-of-plane motion bare radical excited state has a lifetime of about 60 ns, this
for the N, molecule is~60 cm * for the benzene cluster and time displacement ensures that fluorescence caused by the

~43 cm ! for the benzyl radical argon cluster. hole burning laser is not observed with the probe laser gen-
We report in this paper the continuation of these effortserated signal.
with the radical cpd and its cluster with,NBoth fluores- The detection system for the mass resolved spectra is the

cence excitation and mass resolved excitation spectra asame as presented for the benzyl radical study. The fluores-
presented for the unsolvated and solvated radical. The excecence signal is detected by an RCA C31034A02 phototube,
tation spectra for cpd are discussed and partially assigned upe output of which is amplified by a fast preamplifier. Both
to 1200 cm! above the P transition. The cptN,); cluster ion and fluorescence signals are sent to a digitizer or a box-
excitation spectrum about the origin transition region is in-car integrator and then to a computer for recording. Two
terpreted with the aid of model calculations and moleculadigital delay generators are used to control the timing of the
symmetry grougDs,(MS)] considerations. The fluorescence experiment.

signal intensity for the cpd radical is quite intense. TRe 0 Dicylopentadiene is obtained from Aldrich Chemicals
transition at 338.14 nn29 573 cm?) is the most intense and used without purification. The sample is maintained at
vibronic band probed in the wavelength region. The ioniza-approximately room temperature during the experiment.

tion threshold for the cpd radical is 8.41 &\but the cross

section for ionizatign appears to be small near thr_esholdl.”_ CALCULATIONAL PROCEDURES

Mass resolved excitation spectra are therefore obtained for

both the cluster and the bare radicak8.3 eV total ioniza- A. Potential energy calculation: Cluster binding

tion energy. At this experimental ionization energy, the clus-€nergy and geometry

ter ion dissociates so the odh); spectra appear in the cpd Empirical potential energy calculations have been shown
mass channel. To compensate for the concomitant loss @b render quite reasonable estimates of cluster geometry and
mass resolution, fluorescence detected hole burningfinding energy for both closed-sh€lf? and open-shelf
population labeling data are collected for the cluster to dissystems. Even excited state estimates for Rydbemp 7* 4
tinguish and assign the complex features of the(Npd  states seem to give results that are consistent with observa-
cluster excitation spectrum. By saturating a specific vibronigjons. Using the empirical atom—atom Lennard-Jones 6-12-1

feature in the cluster spectrum with a pump laser and monipotential format, the binding energy of van der Waals clus-
toring the decrease of signal intensity arising from a probeers can be expressed as follows:

laser, hole burning spectroscopy can be used to identify spec- hom
tral features associated with different species. We are th 1 ij7p12_ ~ijjy 6 _

able to associate all features in the @gs),, cluster spectrum L\§BE_2 J-Zl .21 (AT = ClIrij +eiey /1)) =Ve.12+ Ve,
with a single cluster sizén=1) and geometry. (1)

in whichr; is the distance between atomand] of differ-
ent moleculesA' andC" are empirical parameters associ-
The experimental setup has been described fully previated with different types of atom€,H,..) ande; ,e; are the
ously for the spectroscopic study of the benzyl radical and itpartial charges of atomisand j, respectively?>?* Nitrogen
clusterst* Below we simply outline a few of the procedures atoms in N should have no partial charge; however, to re-
to give an overview of the experimental approach taken. produce the N quadrupole momenrt, a charge distribution
The cpd radical is generated by 193 nm laser photolysigs introduced such that the atomic sites have charges of
of dicyclopentadiene in a flow of He gas expanded through a+0.37 7 and two charges of-0.377e are placed on the
pulsed supersonic nozzle. The excimer laser output is mildlynolecular axis 0.25 A from each end of the molecil¥ .,
focused at the nozzle throat. The excitation laser is as the empirical term for the pure van der Waals interaction
Nd:YAG pumped dye laser; a 1:1 mixture of DCM and LDS and V. expresses the Coulomb component of the potential

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. Schematic diagram of the structure of @pg; van der Waals clus-
ter. The five hydrogen atoms are omitted for simplicity. The molecule fixed
coordinate system is also shown in the diagram.

EXCITATION ENERGY (cm-1)

FIG. 2. Two-color MRES of the cpd radical. The feature marked with an
asterisk is the radical origin band Bf;<— D transition.

energy associated with the interaction of the partial atomic
charges on different molecules. In the calculation each mol-

ecule is assumed to be rigid; cpd ha®g, geometry with  For the hindered Nrotor Hamiltonian[Eq. (2)], the eigen-

internuclear distances given in Ref. 27. The results indicat%nctions and eigenva|ues are found within a basis set of 31
that at the potential minimum the,Ninolecule lies horizon-  free rotor functiongk=0,*1,...+15) such that

tally on top of the cpd plan€N, bond axis parallel to cpd
plane, with its center of mass 3.36 A above the center of 15 _
mass of the cpd rin¢see Fig. 1 on the fivefold out-of-plane V(0)= > Cpdi(0)= o > Cpe .
ring axis. By rotating the nitrogen molecule about the five- k=15 2™ k=-15 6
fold axis perpendicular to the cpd ring, one obtains the po- ©

tential barrier to such internal rotational or contortional mo-1he potential barrieNy, is treated as a parameter and ad-
tion for the electronic ground state. justed to fit the experimental results.

Molecular symmetry group theof¥/is applied to this
B. N, contortional motion system to understand and develop the energy level structure
in each electronic state and to obtain optical transition selec-

carbon ring has been investigated in detail previoifs. tion rules. Assuming that the only feasible contortional mo-

Assuming that the nitrogen molecule rotates around the vefion for the cpdNy), cluster is the rotation of the nitrogen
tical axis passing through both centers of mass of the molMel€cule about th€s cpd ring axis, the molecular symmetry

ecules, the motion can be described by a simple onedroup contains 20 feasible permutation-inversion operations.

dimensional rotor with the Schdinger equation, These operations comprise tbg,(MS) group which is iso-
morphic to theDg,, point group. Detailed symmetry consid-

erations will be presented for this case in the following sec-
tions.

k=+15

The internal rotation of Blon top of an aromatic hydro-

&2

- +

B 202 V(0)
in which 0 is the torsional angle for the Notor, B is the N,
rotational constanth/8?cl~2 cm 1), and! is the reduced
moment of inertia. Since Nies on top of the cpd ring at the V. RESULTS AND DISCUSSION
high symmetry position, the potential barrier for rotation hasA_ Excitation spectrum of cpd
a tenfold symmetry and can be approximately represented as

Vn(0)=E ¥n(0), )

The two-color mass resolved excitation spectrum of the
V(0)= l Vi 1-cog100)] 3) supersonic expansion cooled cpd radical for the first 1200
2 10 ' cm ! of the D,(2A%) —Do(E}) (point group symmetry no-
in which V., is the tenfold potential barrier height for this tation) .transition is presen.ted i_n Fig..2. A number of vilb.ronic
motion. WhenV=0 (a free rotof the solution to Eq.(2) trar)smo.ns are .observed in this region and j[he transition en-
takes the form ergies, intensities, and some tentative assignments are pre-
sented in Table I. The strongest transition is tfjeband
J(0)= i otik® 4) which appears at029 573 _c‘rh The cpd rad_icgl has a lifetime
2 (measured by theg@ransition) of 65 ns. This is in agreement
with the result of Ref. 29. The fluorescence excitation spec-
trum in this region is identicalwith the exception of some
EW®)=k’B (k=0,%£1,+2,..). (5) intensity variation to that shown in Fig. 2.

and
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TABLE |I. Vibronic bands for the cpd radic&),— D, transition. TABLE II. Transition energies and relative spectral shifts of @bg, vdwW
cluster in the origin band region.

Peak position Spectral shift

(cm™ (cm™b Relative intensity Assignmeht Peak number Transition enefgy Relative spectral shift
29 537 -36 7 la -167.3 0
29573 0 100 @ 1b —164.1 3.2
29 644 71 7 1c —158.7 8.6
29 904 331 16 V14

29912 339 5 2a —110.8 0
30135 562 6 2b -107.6 3.2
30372 799 32 v, 2c -102.1 8.7
30413 840 5

30593 1020 46 Bavin 3a -57.0 0
30603 1034 4 Vigt vy 3b -54.1 2.9
30631 1058 28 V1o 3c —-47.5 9.5
30698 1125 4 g

30722 1149 8 3Relative to the origin band of the cpd radical at 29 573 &m

®References 6, 29, 30.

(1,2,3 are associated with the cpd/Mut-of-plane totally
symmetric mode and that the three closely spaced features
(a,b,0 are associated with internal rotation of theg &bout
Figure 3 shows the fluorescence excitation spectrum othe out-of-planeCs cpd ring axis. The closely spaced mul-
the cpdN,); van der Waals cluster in the origin region. In- tiple peak structure is due to the electronic-contortional tran-
tensity of the cluster features is less than 10% of that of thesitions from levels oD, to those ofD;.
cpd bare radical signal. The structure of each main feature in  Two-color MRES of cpN,), did not yield any signal in
this spectrum is complex as can be seen in the enlargemetite cluster mass chann@5+28=93 amy due to fragmen-
section of Fig. 3. The cluster spectrum consists of three maitation of the cluster ion with~7000 cm of energy above
groups of features separated by roughly 55 &n©On closer  the ionization threshold. The cluster spectra are, however,
inspection each of these three groups is composed of thrasserved in the bare cpd mass channel. They are identical to
additional peaks; one relatively intense baag at the low those observed by fluorescence excitation. These data are
energy side of this structure; a closely spa¢ed cm ')  insufficient to prove that all features observed are associated
band(b) of medium intensity; and a higher energy feat(@e  with the one to one cpd/Ncluster even though we can be
~9 cm ! from the first component of the triplet. These are certain that at least some of them are due to(Npd.
referred to as la, b, c, 2a, b, ¢, and 3a, b, ¢ in Fig. 3 and
Table II.
By comparison with GHg(N,); and GHsCH,(N,); clus-

ter spectra, one can suggest that the three main features One way to compensate for loss of mass resolution due
to fragmentation of the cluster ion is to do a hole burning

experiment. Since at least one of these main feat{ir@s3

in the cluster spectrum is surely due to @gg),, this tech-
nique will show if the other features arise from the same
ground state species. We can expect that perhaps some of the
contortional fine structuréa,b,0 would not arise from the
same ground state level due to selection rules and/or hot
bands>® With this technique one cannot only distinguish be-
tween clusters of different masses and states, but also be-
tween clusters of different conformation. Our implementa-
tion of the usual hole-burning experiment is possible because
the clusters are isolated in the molecular beam, and vibra-
tional relaxation on the ground electronic state surface of
CsHs(N,), is quite slow. The separation in time between the
pump pulse and the probe pulse is long compared to fluores-
cence times, but short compared to ground state vibrational
relaxation times at low total cluster vibrational excitation

B. Excitation spectrum of cpd(N ,);

C. Hole burning spectrum of cpd(N ),

INTENSITY

294'100 29500 59600 energy. Thus, the' hole-bulrnlng process transfers populgtlon
from the electronic and vibrational ground state to excited
EXCITATION ENERGY (cm-1) ‘ vibrations of the ground electronic state for the duration of

f oty g d A y the experiment.
FIG. 3. FE spectrum of cgtl,), van der Waals cluster. The strongest peal ; ; :
is the § band of the cpd radical. The cluster features-af&’0 to—50 crm t The top panel(a) of Fig. 4 displays the hole burning

red shifted from the radical origin band. The insert shows the eightfolgSPectrum of t_he .CF(‘NZ)l cluster. As a compa}rison, the ﬂulo'
expanded cluster transition features. rescence excitation spectrum of the cluster is presented in the
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FIG. 4. (a) Hole burning,(b) FE spectrum of cpdN,), van der Waals cluster 0 . . L . . .
in the radical origin band region. In the hole burning spectr(@n the 0 50 100 150 200 250 300
fluorescence signal depletion ratio is about 30%. The probe laser wavelength

is fixed at the cluster transition band 2a, which-i411 cmi® red shifted

from the @ band of the cpd radical. V10 (cm-1)

FIG. 5. Diagram of the energy level structure of theifternal rotation on

P - _top of the cpd ring(B~2.0 cm'Y). The horizontal variable is the potential
bottom panel(b) of this flgure. By monitoring the fluores barrier paramete¥,,. Note the loss of double degeneracy of the every fifth

cence induced by the probe laser, a series of spectral hol@g.
are burnt as the pump/hole burning laser excites the cluster
species at the same ground state vibrational level as excited
by the probe laser. These spectral hdlEfy. 4(a)] corre-
spond exactly to the features 1,2,3a,c in the excitation spedands a and c originate from the same contortional level of
trum. Clearly the features, 1,2,3a,c all derive from the saméhe ground state while bands b arise from another ground
energy level of the one-to-one cluster which has only onestate contortional level. Transitions 1,2,3b are too weak and
conformation. The 1,2,3b features probably arise from antoo poorly resolved to observe the hole burning spectrum
other independent level of this single cluster species. Thaith any of them as a probe transition.
lowest energy broad features-a29 390 cnmi* may well be A hole burning experiment has also been performed for
due to a higher order cluster. In the hole burning experimentthe bare cpd radical at its original band. When the probe laser
the probe laser is fixed at feature fal1l cmi® from the is fixed at the cpd g)transition and the hole burning pump
cpd @), the most intense feature in the ¢Ng); spectrum, laser is scanned, only a single sharp feature at Jposition
and the pump laser is tuned through the transitidmasto 3. is observed. This implies that the bare cpd features 26
The signal depletion can be as high as 30%. Since at thesan ' and +71 cmi* in the spectrum belong to hot band
laser power levels little or no saturation exists for these trantransitions originating from populated cpd vibrational levels
sitions, about 1/3 of the ground state population has beeff the ground electronic state. The depletion change of the
depleted by the pump laser. radical @ transition is again roughly 30%.

If all the main feature$1,2,3 in the cpdN,); spectrum
are from the same cluster, they can be assigned as a Franck—
Condon progression in a totally symmetric out-of-pleie
stretch of the N---cpd van der Waals bond. As a comparison
with CgHg(N,);, (CO);, and(CO,), clusters, thes, stretch is The empirical potential energy calculations show that the
given as 60, 68, and 70 crh respectively® The 55 cmi?  energy minimum equilibrium structure for the ¢pg); clus-
assignment for this mode in cfid,), is certainly consistent ter has the Bimolecule 3.36 A above the cpd plane with the
with the benzene cluster assignments. N—N bond axis parallel to the plane; the two molecular cen-

Careful inspection of the hole burning spectrum suggestsers of mass lie on the fivefold ring axis in this geometry. The
that the center band$) in each group of th&, mode pro- van der Waals and Coulomb interaction energies -a#@9
gression is missing. Although this is not completely unam-and —5 cm %, respectively, so that the total binding energy
biguous in Fig. 4 due to noise, several repeats of this spedor the cluster with cpd in its ground state is 434 ¢m
trum do not reveal any hole burning at the b positions. Sinc&kotation of the N moiety about the out-of-plane-axis (Cg
each group of peaks is believed to correspond to the excitasymmetry axis of cpd generates potential energy variations
tion of internal N contortional motion, we suggest that of ~0.01 cm%, so that N is a one-dimensional free rotor in

D. Calculation results and symmetry considerations

J. Chem. Phys., Vol. 103, No. 11, 15 September 1995
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TABLE IIl. Symmetry representations of the free rotor wave functions in In the D5,,(MS) group, the ground state, and the first
groupD,(MS). excited stateD; of the cpdN,), cluster transform according
Free rotor wave functiom® Symmetry representatiof’) o the irredl.JCi.ble representatim@l anda, respectiyely.
Note that this is equivalent to the bare cpd electronic states
k=0 Al (for the Dg, point group D, andD, transforming according
k=10m" AL+ A to E; and A}, respectively. The Dtransition in the cluster
k=10m=1 By (and the bare cpds thus allowed by thexy) component of
t:gmig EZ f[he dipole transition operator.in each inste_mce and is quite
K=10m-4 Ei !ntense. To analyze t_he comphcated excna}t!on featmet;c
K=10m=5 A+ A in Figs. 3 and 4 which derive from transitions associated
with the N, rotational excitation or contortional levels, the
24 (0) = (1/\2m)e ko, symmetry of such contortional levels must be considered.
m is an integer. The optical selection rules derived for the overall transition
depend on the matrix element
the cpdN,); cluster ground electronic state. Similar results (Wb ¥eonttal M| ¥ithn b dobd) # 0. (7)
are reported for gHg(N,),, (CO);, and (CO,);, and
CeHsCH,(Ny); clusters!? Sincel'y = e} andI'é, = a; for the D, D, transition, we

The Schrdinger equation2) for a hindered rotor has have, ignoring the external overall rotational levels of the
been solved for gHs(N,); in a basis set of 31 free rotor cluster, which remain unresolved in these studies,
statedk=0,+1,*+2,...~15) [Eq. (6)] with the tenfold barrier
V1, [EQ. (3)] as a parameter. Figure 5 shows such an energy
level structure for the internal Nmolecule rotation as a a0l ®
function of the barrier height 4. At V,,=0 all the rotational
levels are doubly degenerate except the lowest (&reD).
With increasing V.o, the levels with index value
n=5,10,15,... split. This latter loss of degeneracy is due t
the symmetry of these levelA(+A,) in Dg,(MS). Such
behavior is common in hindered rotor problems and has be
demonstrated in the past.

Table Il gives the transformation properties of the free
rotor basis eigenvectors in tiy;,(MS) molecular symmetry

group. Note that the levels=10m and 1dn+5 have sym- h | . ¢ : for the five hvd
metry A; + A, and thus split folV,,#0. Therefore the actual ‘ el ngci/ezar.spm vaar\]/e urtlﬁnons or tt € five y6 r9gen
hindered rotor wave functions have the irreducible represengal oms,( H™ ) in cpd have the symme ydg o €1
tations as follows: @),1e},2e},3€),4e],5.a),5,a%, ® 6e,, whlle the nitrogen moleculél =1) nuclear spin
6e],7€},8e},9€¢] ,10,a5,10,a,, 11!, 12¢},13¢),.... If wave functions have the symmetryipea 3a;j. The nuclear
the molecule fixed axes are as given in Fig. 1, the symmetr pin wave function folrzthe five carbon atoms isadf sym- )
representatives for the dipole moment components ar et_ry.sn:cel ('::ho for *“C. Therefore the total nuclear spin
I'v, = a; andI'(uxmy) = €;. The antisymmetric repre- statistical weights are

sentations, according to which the entire cluster eigenfunc- ) ) ) . Yo
tions must transform, arg, = aj oraj,, for + or — parity,  I'nspin | a, a € € a a € €
freasb;?gcl%vely. TheDg,(MS) character table is presented in statistical weight| 8 0 6 6 5 0 3 3

!

oTd, ®e;Da;. (8)

1
e

Electronic-contortional transition selection rules for the
cpdN,); cluster about the Ptransition derive from Eq(8).
%or example, the & level has allowed transition to
ep]ai ,2e;,4e; ,6e;,8e,,10,a5,10,a;,... in the excited
stateD; while the level 7 has allowed transitions to levels
1e],3€5,5,a7 ,50a5,7¢€5,9¢€],11€],... in the excited state
D,. In general, even— odd level transitions are forbidden
because the selection rule excludes” transitions.

TABLE IV. The character table of the groups;,(MS).

Dg,(MS) E (12345 (13529 (13)(45* (67) (12345(67) (13524(67) (13)(45(67)*
1 2 2 5 1 2 2 5
Equiv. rot. RO R27/5 R4S RT,, RO R27/5 R27/5 RT,.
AL 1 1 1 1 1 1 1 1 T,
A 1 1 1 -1 1 1 1 -1
E; 2 2cos72° 2 cos 144° 0 2 2cos72° 2 cos 144° 0 T, Ty)
E; 2 2 cos 144° 2 cos 72° 0 2 2 cos 144° 2 cos 72° 0
Al 1 1 1 1 -1 -1 -1 -1
A 1 1 1 -1 -1 -1 -1 1
EY 2 2cos72° 2 cos 144° 0 -2 —2cos 72° —2 cos 144° 0
=4 2 2 cos 144° 2cos72° 0 -2 —2 cos 144° —2c0s72° 0
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Since cpdN,), is a near-prolate asymmetric rotor, the rota- out-of-plane van der Waals symmetric stretch for these N
tional wave functions of this cluster transform as follows: clusters is 60, 43, and 55 crhfor benzene, benzyl, and cpd,
respectively. In the cfiN,); cluster the three member

KoK | ee eo oe oo Franck—Condon progression observed in this mode suggests
that the geometry changes somewhat in the transition. A
Lot ! a, ap az aj fourth member of this progression may be obscured by $he 0
) ) transition of the bare cpd.
The complete internal wave functio;, of the cluster These ostensibly similar clusters, benzene, benzyl, cpd
should transform as either; or a; and thus with N, also evidence some important differences. First, the

03 of C4Hg(N,); is blue shifted from that of benzene by 36
cm™ % the cluster § transition is red shifted by 6 cnt. This

This leads to the conclusion that, in the ground electroniéj'fference in |tse_lf IS quite unusual and is no_t fully L_Jn_der-
state, all contortional levels can be populated. stood. One possible suggestion for tijeblue shifted origin

The experimental resultéFigs. 3 and # show three of the GHg(N,); cluster is that the observed feature §t 0

71 . . . .
groups of transition features which are quite similar to eacHCsHe)+36 cm ~ is actually a vibronic feature associated
other. These groupd,2,3 are assigned as a Franck—CondonW'th a n.on.tot.ally s_ymmetnc van _der .\Naals. mode. This mode
progression in the symmetric stretch van der Waals mode ifould @id in inducing the transition intensity as thptan-
which the N, molecule moves along the out-of-plaza@xis sition of GHg is forbidden. The radical cluster shifts are to

maintaining the symmetry of the cluster. Each group of trann€ red at 17 and 167 cm for benzyl and cpd, respectively.
sitions shows three main featurésb,c in the figures the These two shifts are so different that one is not readily able

center band b of these groups is missing from the 2a-detectd €xPlain them in terms of the electronic structure differ-

hole burning spectrum of Fig. 4. This supports the concly£nces in the cluster. Future, very accurate, high labeini-

sion that bands a and ¢ originate from a common contorti0 calculations on these clusters might be able to shed some

tional level in the ground electronic state, probably thelight on these cluster shifts. Second, the contortional barriers

0a; level, while band b originates from a different contor- in the 9“’“”0' state C,’f benzene and cpd nitroge_n cIu;ters are
tional level, possibly the &/ level, in the ground electronic essentially zero while that for the benzyl radical-nitrogen
state. Bands a and ¢ of each symmetric stretch feafted clusters is~12 cmi . The excited state barriers for benzene

. —1 - —1
are thereby assigned as contortional transitiaf-0 0a; and and c?d.clusters_ are-20 cm * and ~0 cm " and that for
2e,—0ay, respectively. The calculated separation betweer?€NZYl-nitrogen is—~

23 cm L. These ground and excited
these two transitions is 8.3 crhat V4,=0 in both electronic state barriers would seem to have more to do with electronic
states, which is consistent with the experimental result?’truc'{ure than the ring substitution of the £group.

A,e~9 cm L As Vq increases in this model, the energy
Iev_els become less separateq in tiﬁerég!qn and the sepa- V. CONCLUSIONS AND SUMMARY
ration between these contortional transitions decreases. The
similarity between the/,;=0 calculated a and c separation Mass resolved and fluorescence techniques are employed
and that observed suggests that the barriertodstortion in  to study the vibronic structure of the cpd radical and its one-
the excited state is also quite smatf,~VS,~0 cm ). The  to-one van der Waals cluster with nitrogen. Empirical poten-
most plausible assignment for the b bands istial energy calculations are used to enhance understanding of
1e] D;—1€] Do but theA,,~3 cm tis not clearly assign- the cluster excitation features. Since the @pgl, cluster
able as the expected value for this transition~i6 cml.  fragments under the present experimental ionization condi-
Since the number of observed transitions is small, one canndibns, hole burning experiments compensate for the associ-
give a definitive assignment to all the contortional transitionated loss of mass information. These latter studies demon-
features. One can be certain, nonetheless, that the a,b,c festrate that all features observed for the cpdéNister belong
tures in Figs. 3 and 4 do indeed arise from dbntortional to a single cluster with the same mass and geometry.
motion in both ground and excited electronic states and that The mass resolved excitation spectrum for the cpd radi-
the barriers to this contortion are quite small in both elec<al is presented up to 1200 chabove the P transition at
tronic states. 29 573 cmL. A number of vibronic features of this spectrum

A comparison between these results for @pg; and are assigned. The excitation spectrum of (&g exhibits
those reported for gHg(N,); (Ref. 19 and GHsCHx(N,);  complicated features around the cluster origin band. With the
(Ref. 19 proves to be both useful and interesting. The threeaaid of hole burning spectroscopy, three groups of transitions
clusters all have Nin roughly the same geometry with the can be assigned to a Franck—Condon progression in the
N, bond axis lying parallel to the plane of the aromatic ringcpd-N, van der Waals stretch mode of a single geometry
with an intermolecular center of mass to center of mass disepdN,); cluster. The closely spaced structure comprising
tance of 3.3-3.5 A. The ground state binding energies arthese main bands is assigned to contortional transitions of the
calculated to be 501, 520, and 434 ¢hfor the benzene, N, about the cpd out-of-plane-axis.
benzyl, and cpd/pl clusters, respectively. Experimental re- Calculations give the cluster geometry as presented in
sults for GHsCH,(N,); suggest that the calculated binding Fig. 1 (nitrogen band axis parallel to and above the plane of
energy for this cluster is roughly 10% too high but the vi- the cpd with the N center of mass on th&; axis of the ring
bronic structure for this system is somewhat complex. Thend a cluster binding energy of 434 cin The contortional

I‘rot®Fvib®Fcont®relec®Fnspin:) (ai ,aé)- (9)
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barrier in the ground state isO cm 1. Experiments suggest °L.Yu, D. W. Cullin, J. M. Williamson, and T. A. Miller, J. Chem. Phygs,
that the excited state barrier is also nearly zero. The 804(1993. N _

Ds,(MS) group is applied to analyze the contortional motion gé\(’g'g(;;”'n' L. Yu, J. M. Williamson, and T. A. Miller, J. Phys. Che8#,
and derive spectroscopic selection rules; evedd transi- 21y, J. M Williamson, S. C. Foster, and T. A. Miller, J. Chem. PIy3.
tions(An==*1, +3,..) are forbidden for the contortions. 5273(1992.

The cpdN,);, CeHg(N,);, and GHsCH,(N,), results are iiH. S.Im and E. R. Bernstein, J. Chem. PhgS, 6326(1991).
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