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The spectrum of thés; electronic state of jet-cooled 9-phenylfluorene;zAn=0-4, has been
measured by two color resonant enhanced multiphoton ionization spectroscopy. The cation ground
states of these complexes have also been studied by mass analyzed threshold ioihilzsfion
spectroscopy in a 41 excitation process with various intermediate statesSjn Ab initio
calculations in conjunction with the spectroscopy have determined that the phenyl ring at the 9
position is perpendicular to the plane of the fluorene moiety yielding an overall symmety. of

The Ar complexes fon=1-3 exhibit multiple isomers which are identified in tBespectrum and
confirmed by MATI spectroscopy. The structure of these isomers is determined by spectral analysis
and additivity rules as well as atom—atom calculations using a Lennard-Jones potential. Vibrational
dynamics from selecte8,; vibronic levels are observed by the appearance of the picosecond or
nanosecond time delayed MATI spectra. Vibrational redistribution and dissociation of the clusters
are measured with nanosecond and picosecond time resolution. It is found that different isomers of
the n=1 cluster show dramatically different rates of redistribution for several vibronic bands.
© 1998 American Institute of Physids50021-960808)00641-3

I. INTRODUCTION teria which determine these populations. Multiple conforma-
tional minima in covalently bound molecules, such as cis/
In the study of molecular clusters, structure is perhapsrans conformatiort$ in 1-naphthol and axial/equatorial in
the most fundamental property and is central to understandt-methylcyclhexanon® are often seen in jet cooled mol-
ing any reactivity and dynamics which may occur. A very ecules with the Boltzmanm ratios of the populations being
large effort using microwavéjnfrared? and high resolution nearer room temperature than the very low rotationall
electronic spectroscopyhas provided a great database of vibrational temperatures measured in the jet. In these cases
structures for all kinds of weakly bound complexes in boththe non-Boltzmanm populations of conformations are as-
ground and excited states. The vast majority of these clusteggibed to large barriers for interconversion which cannot be
are formed at very low temperatures in supersonic moleculagyercome in the jet cooling process.
beams. The beam conditions allow formation of the com-  On the other hand, the barriers between different isomers
plexes but the details of the kinetics of cluster formation argn weakly bound complexes can be quite small. Consider
not completely understood and the distribution of cluster isonaphthalene—Ar where there are two minima with the Ar
mers is not easily predicted. We will consider here clustergentered above one of the two rings in this symmetric sys-
of aromatic molecules with argon. tem. Simple calculatiort$ have shown that the barrier be-
Multiple cluster conformations have been identified intyeen these minima is less than 1 ¢nClearly the calcula-
aromatic—Ay, clusters, but almost exclusively when>1.  tons do not have this level of accuracy but it demonstrates
Examples of multiple conformations are anthraceng=At  the small barriers which may occur, making it very likely
tetrazene—Ay,° benzene—Ay’ and other™** Recently we  that clusters will be cooled to the lowest energy isomer in
have extensively studied two distinct conformational isomer%upersonic expansions.
of fluorene—Aj, where the distinct nature of th@[2) and Side crossing transitions represent a somewhat larger
(3[1) species was confirmed using pump-probe zero electroarrier to isomer interconversion. For instance, in
kinetic energy (ZEKE) photoelectron spectroscopy:°  fiyorene—AlS the side crossing barrier between the two
Nanosecond and picosecond experiments were applied {Qyivalent minima is 260 cit. This may lead to different
measure the dynamical interconversion of these species. jsomers, although most of the aromatic molecules studied to
While multiple isomers fom>1 species are common, gate have planar symmetry and thus distinction of isomers on
multiple isomers fon=1 species are raré particularly for  gjther side of the molecules is impossible. Similarly, the

aromatic—Ar species. In almost all cases simple atom—atorgynd vibrational state may be above the barrier, resulting
calculations show multiple minima for the Aspecies. The effectively one conformation.

reliability of these calculations has been confirmed repeat- \yith these factors in mind we have purposely chosen
edly so the existence of multiple minima is quite certain. TheQ-phenyIﬂuorene—A,r(PF—Arn) for study. Distinct isomers
question is then the population of these minima and the crigeemed more likely here for two reasons. First there is an
asymmetry with respect to the plane of the aromatic system
dElectronic mail: jknee@wesleyan.edu so that binding sites “above” and “below” the plane of the
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fluorene are distinct. Second, the phenyl substituent could A pulsed supersonic beam originates in the first of two
perhaps provide an additional binding site. In fact, our predifferentially pumped chambers. The nozzle has a sample
dictions were borne out and two distinct isomers are ob-<ontainer which holds the phenylfluore(feH sample(Ald-
served for the Ar complex which we have assigned to argonrich) and is heated to 130—-150 °C. The exact vapor pressure
being above and below the fluorene. We take advantage d@$ unknown but we estimate it as significantly below 1 Torr.
this situation to measure the isomer specific intramoleculaFor complexation of PF with Ar, a mixture of 10% Ar in He
vibrational redistributior{lVR) and dissociation dynamics of or Ar in Ne was used in the expansion. The backing pressure
the PF—Ag complex. was varied from 1.4 to 2.5 bar in order to optimize the de-
sired clusters. The pulsed beam is skimmed and enters the
second chamber where the spectroscopy takes place.

The REMPI spectra were obtained by fixing the probe
slightly higher than the ionization potential of the complex
and scanning the pump. Probe energy and intensity were
adjusted to avoid any dissociation from higher clusters. The
MATI spectra were obtained by fixing the pump to tBe
vibronic band of interest and scanning the probe through the
ionization potentiallP). The MATI spectra were somewhat
difficult to obtain due to the challenge of separating the
prompt background ions from the Rydbergs of interest. To
achieve clean separation of the prompt and MATI signals,
we implemented a pulsed Wiley—McClafénextraction
Il. EXPERIMENT scheme in which the upper grid pulse width was varied to act
gs a mass filter. In this way the contribution from the cluster
and fragments, other than the one of interest, could be elimi-
nated. The MATI scheme used a delayed discrimination field
of —2 V/cm and an extraction pulse of 560 V/cm which was
delayed=15 us. The ions then traverse the time of flight
ﬁTOF) mass spectrometer and are detected on dual stack mi-
crochannel plate§Galileo Electro-Optic Corp

Time resolved data was obtained in two ways. A crude
jneasure of the dynamics was obtained by using the nanosec-

nd laser system and measuring MATI spectra at early and

application of ZEKE and MATI to the study of molecular ate time delays. The early time spectra were obtained with a
clusters probe optical delay such that the pump and probe pulses

Nanosecond and picosecond laser systems were sep‘é{_—ere temporally overlapped to withiz0.5 ns. The pulse

rately used in this study. The nanosecond laser system er]\?f'dthi_ are 6_ nj’ So_?rl]ealrlﬁ tTS ISa CothO|Ut'0n %fta ractjhgr
ployed in these experiments consists of two dye lafleus arge time window. The fate uime spectra wereé obtained by

monics HD-500 pumped by the second harmonic of a delayilrjg tze prot_)e t?[y 7t ns. Th;f] af\)/lp'gc_)r?ch we:s etf)fetctivel(ijn
pulsed Nd:yttrium—aluminum—-garnefYAG) (Continuum revealing ynam(ljc structure '1 € spectra bu cofu h
NY-61) operating at 20 Hz. The visible output of each dyenOt quantify any decay times. A more precise measure of the

laser has a pulse width of 6 ns and a bandwidth of O_Ozgynamics was obtained by using the picosecond laser system

cm™. Both dye lasers are frequency doubled and one funcr_;md a computer controlled optical dglay line. The.dynamlcs
re then recorded as a change in the MATI signal as a

tions as the pump and the other as the probe. The pump a ’ f the delav [i ition. While thi
probe lasers were temporally overlapped by an appropriat hction orthe detay fine position. lie this was more ac-

optical delay and spatially overlapped in the vacuum Chamgurat_e_, _the picosecond measurements suffered from lack of
ber under slightly focused conditions. Care was taken tFensitivity.

minimize any signal from either laser alone. The second la-

ser system, used for time resolved studies, is a pulse amplii, RESULTS

fied picosecond system. This consists of a continuous WaVE Calculations of PF monomer structure

mode-locked Nd:YAG (Coherent Antares synchronously '

pumping two dye lasers. Each dye laser is amplified in sepa- We report first the calculated structure of PF since the
rate three stage dye amplifiers, pumped by the second hastructure will be the basis for analyzing the spectroscopy. In
monic of a Nd:YAG regenerative amplifiefContinuum  considering the overall structure, it is clear that the fluorene
RGA-67) operating at 20 Hz. The amplified output pulse and phenyl moieties are likely to be very close to the respec-
width is ~15 ps with a bandwidth of 5 cit and an energy tive parent molecules with the major question then being the
of 0.2—1 mJ/pulse in the visible. The overall cross correlatelative orientation of the two ring systems. This orientation
tion is >20 ps due to jitter between the two dye lasers. Laseis critical for consideration of the structure of the Ar com-
wavelengths were calibrated with a Na/K/Ne hollow cathodeplexes since it should affect the ability of Ar to interact with
lamp. the various faces of the aromatic moieties.

A detailed description of the experimental apparatus ha
been given elsewherd® so only a brief synopsis is given
here. Two color #1 resonantly enhanced multiphoton ion-
ization (REMPI) spectroscopy with mass resolved detection
is used to study the spectroscopy of Byeelectronic state of
the jet cooled clusters. Mass analyzed threshold ionizatio
(MATI) spectroscopy’ the mass resolved equivalent of zero
electron kinetic energ{ZEKE) spectroscopy, is used for the
photoelectron spectroscopy of the ion ground state. Refe
ences 14, 15, 21, and 22 give a complete description of o
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To obtain the PF structure, twab initio calculations TABLE I. Summary of cluster minimum energies with a Lennard-Jones
were performed withsAUSSIAN 942* The first was a com- Potential.
plete optimization at the Hartree—Fo¢KF) level using a

Energy Energy
6—31 Qd) basis set. This simple calculation predicts that the  cjuster Isomer (kcal/mol)? (cm™2
phenyl moiety is perpendicular to the plane of the fluorene
(Cs symmetry. In order to gain confidence in this low level PF—Ar la ~1.66 —581
calculation, the PF was also optimized using the density Ib —-1.49 -521
functional method Beak—3—Lee-Yang—Parr (B3LYP).%® _ a 247 1914
The same 6-31 @) basis set was used. This higher level ? b 334 1168
calculation also predicts that the phenyl group is perpendicu- lic -3.16 -1105
lar to the fluorene plane. These calculations can be compared 20° —-3.11 —1088
to the published x-ray crystal structure of BFThis crystal PE-Ar, la 517 1808
structure has a 104° angle between the planes of the fluorene ) —4.98 —1742
and phenyl as compared to the calculated value of 90°. We llic -4.85 —1697
ascribe this modest difference to crystal packing interactions. Symmetric ko —5.38 —1882
The other bond angles and bond lengths are in close agree- 30" b —5:30 —1854
Asymmetric 21 —4.95 -1732
ment between the crystal structure and the calculated values. 0)3° 474 1658

The vibrational frequencies were also calculated with a
particular interest in calculating the phenyl torsion for com—ZRelative to the monomer energ§.00 kcal/mo). _
parison with several observed low frequency modes. Due tg\umbers to the left of represent argons on the same side as the pheny|
. | limitati h lculati | h moiety. Numbers to the right dfrepresent argons on the side opposite the
computational limitations, the calculation was only run at the phenyi moiety.
HF level with a 6—31 &) basis set. The four lowest calcu-
lated frequenciegscaled by 0.898were 79.5, 98, 98, and
128 cm L. The third mode at 98 ciit is identified as essen-
tially a pure torsion. These results will be discussed belo
with the analysis of the observed spectrum.

The next is a symmetric structure with both argons located
over the two aromatic rings in the fluorene segme@sdmer

V\flb) on the phenyl side of the molecule. The third is thg)
isomer(lic), and the fourth th&€0|2) isomer with both being
located on the side opposite the phenyl substituent. It is un-
likely that this highest energy isomer exists in our supersonic
expansion since we did not see it in the case of fluorene—

In order to determine the possible structures, and relativér,.'* For the cluster containing three argons, again three

energies, of the various isomers of 9-phenylfluoreng~Ar low energy isomers are calculated. They are seen in Fig. 1

series of calculations were performed. The details of these

types of calculations have been described elsewhiese,

only a short summary is given here.

TheHYPERCHEM package was used to perform a series \@
of annealing and geometry optimizations for various cluster Y ®
sizes. A simple pairwise Lennard-Jones potential was used to n=1 @'@
describe all interactions between the argons and the chro- L
mophore. The values of these parameters are given in Ref.

B. Calculation of PF—Ar , structure

14. To confidently predict all local minima, the 9- A
phenylfluorene is held static at its calculated conformation, ‘@ o
while the argons are heated in a range of 50-150 K. The  _, .
temperature is chosen to provide adequate sampling of the @ @

phase space. After each annealing process the perturbed lla
structure is geometry optimized. Each cluster undergoes hun-
dreds of annealing processes, with varied starting conditions, \@ o
so that we can confidently find all local minimum structures. °

The numerical results of these calculations are given in "3 @'@
Table | and the resulting structures are shown in Fig. 1. In
the case oh=1, two isomers are found. The lowest energy
conformation(isomer I3 has the argon localized near one of
the aromatic rings in the fluorene segment and on the same @ Aveons above the plane
side as the phenyl ring. The second isorfisomer 1b is
similar to the fluorene—Ar casé, with the argon situated
over the center ring of the fluorene, and on the side oppositelG. 1. Schematic representations of the ethylfluoreng-igemeric struc-
the phenyl moiety. For the=2 complex, four isomers are tures calculated with simple Lennard-Jones atom—atom calculations. The
predicted. In order of increasing energy they are, both al’gon%aCk disks represent the argon position above the flaméhe same side as

. . . the phenyl substituenand the gray disk represents argon below the fluorene

on the phenyl side of PF with one localized near a benzenﬁane. The isomer labels are used throughout the text. Energetic details of
ring, and one closer to the phenyl substituGabmer 113.  these structures are given in Table I.

IIla=la+Ila 1IIb=Ib+Ila Hlc=la+lc

@ Argons below the plane
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Absolute Excitation Energy (cm™) number of stronger bands which can be associated with simi-
33400 33600 33800 34000 34200 34400 34600 34800 lar struct.ure in the fluorene mo_IecuIe. .Several other new
< ‘ ! | ‘ : ‘ bands arise and these are associated with the addition of the
phenyl substituent.

The symmetry of PF, based on the above calculations, is
9-Phenylfluorene S, REMPI Cs. In fluorene theS, state hasB, symmetry inC,, point
group. Assuming the electronic excitation is only slightly
changed in PF, this would yield” for the excited electronic
state symmetry. Most of the vibrations observed in fluorene

*”é’ havea,; symmetry which would ba’ in PF and these are the

g bands we expect to observe. The major bands of interest in

= PF are at 184, 209, 392 400, and 738 ¢nirhe 184 cm?

E band correlates with the 208 crhband in fluorene which is

£ assigned as aa’ fundamental consisting of motions involv-

= ing in-plane CCC bends and the scissor motion of the ali-
phatic CH group. This mode has a calculated scaled fre-
quency of 200 cm’® in the ground state. The decrease in

,JJ frequency of this mode with phenyl substitution is expected
BT due to the mass effect. The band at 209 ¢rhas approxi-

mately half the intensity of the 184 ¢rh band but has no
direct counterpart in the observed fluorene spectrum. The

0 200 400 600 800 1000 1200 1400 calculations do not reveal a band in this region to assign as a

fundamental, so a possible assignment is the overtone of the

phenyl torsion which is calculated to be at 195 ¢mThe

FIG. 2. Two color, mass gated, resonant enhanced multiphoton ionizatiotrong band observed at 392 chcorrelates with the 398

(REMPI) spectrum of 9-phenylfluorene. The spectrum is not normalized anct;m_1 band in fluorene and has a calculated ground state fre-

consists of several different scans. The weaker pump laser is scanned 8fiency in PF of 398 citt. This band is primarily a CCC

indicated, while the more intense probe is fixed above the ionization thresh- _ .

old at 29 700 criil. The lower axis is relative to the origin at 33 410 ¢n in-plane stretch. The observed 738 chband in PF corre-
lates with the 722 cmt band in fluorene and is assigned as
an in-plane CCC and CH bend motion. The calculatggl

and are comprised of combinations of the=1 andn=2  mode has a similar motion and a ground state scaled fre-

calculated structures. As one would expect, the lowest erquency of 735 crm™.

ergy n=3 isomer is a combination of the lowest=1 and Many MATI spectra of the monomer were recorded with

n=2 isomers(i.e., llla=la+lla). It is important to note that numerous S, intermediate states in the+Ill excitation

the calculations predict sever@0) isomers as seen in Table scheme. Due to the very strodg =0 propensity rule, the

. It is convenient to think of the lowest energy structure asspectra were only scanned in a narrow frequency range with

static, but it is more likely that some sampling of structuresthe intent to measure the vibrational frequencies in the cat-

similar in energy does occur. The next lowésbmer lllb) is ion.

a combination of Ib and lla. The highest energy conforma-

tion pertinent here is the symmetnic=3. It again follows

from the combination ofn=1 and n=2 conformations, D. PF—Ar, spectra and isomer assignments

noted here as llic which equals+dic. As is the case in the

Ar,, then=3 isomer with all argons on the side opposite the

Relative Excitation Energy (cm'l)

The S; and MATI spectra have been recorded for the
: . . o . n=1-4 complexes. These will be discussed in some detail
phenyl is not likely since it is not observed in the fluorene—_. . . .
since they are central to the dynamics studies. The spectra in

Arz complext* ) . B .
These calculations alone cannot necessarily predict thtehe S, origin region are shown in Fig. 3 and the origin loca-

. tions are listed in Table Il. These spectra were obtained by
correct observed structures but are extremely useful, in coq- : .
. . . : . - wo color mass resolved REMPI experiments with mass gat-
junction with the spectroscopic observables, in guiding the . :
. . ing on the respective peaks. The laser powers were adjusted
interpretation of the data. S .
to minimize signal from each laser alone and the probe laser
was tuned just above the IP to limit fragmentation. It is im-
mediately obvious that the interpretation has some subtlety
To the best of our knowledge, detailed gas phase elecsince the strongest peak in each cluster spectrum does not
tronic spectroscopy of PF has not been reported. We repodppear as the reddest feature. Also one can see that the red-
here the jet-cooled spectra of tBeg electronic state obtained dest peak of thex=1 is nearly coincident with the second
via two color REMPI experiments outlined above. Thereddest of then=2 and the third reddest of thee=3. This is
monomer spectrum from the origi83410 cm?) to 1330  very suggestive of cluster fragmentation but this was rigor-
cm ™! excess energy is shown in Fig. 2. A complete analysisusly eliminated, as mentioned above, and also checked with
of the spectrum has not been undertaken, but some keMATI spectroscopy as discussed below. The two reddest
points will be noted. In the energy region scanned there are bands of then=1 cluster, located at-25 and—47 cm ?,

C. PF monomer spectroscopy
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’ volved, we have little confidence that the populations are
equilibrated and so do not include peak intensities in our
Monomer analysis.
= 1. n=1
Having established that the spectral peaks represent dis-
n=1 tinct isomers, the assignment of particular structures to the
;@ 1o spectral features can be attempted. Forrtkel system the
5 T calculations show two distinct minima with the argon on
£ either side of the fluorene ring. As discussed above, these are
i_(/ M isomers la and Ib. For the complex with argon anti to the
o phenyl substituent, the position is identical to that in fluorene
-52)’ g and one would expect a similar shift in tisg to S; absorp-
5 IIb tion from the monomer of-42 cm L. In fact, the shift of the
- n=3 red most spectral feature for=1 is —47 cm ! and, based
e on this similarity, we assign this to isomer la. The other,
) bluer peak, has a shift of 25 cmi ! and is assigned as iso-
mer Ib. Further support for these assignments will be added
n=d in the discussion of the MATI results and dynamics experi-
ments presented below.
Assignment of the structure of the=2 and 3 com-
———— plexes is then based on additivity rules. These rules are based
33250 33300 33350 33400 33450 33500 on the fact that each argon binding site on the chromophore

Excitation Energy (cm™") has associated with it a shift of the electronic absorption and
that the overall shift for multiple argons can be obtained by
FIG. 3. Two color, mass gated, resonant enhanced multiphoton ionizatiogumming the individual shifts. For instance, fluorene,Ar
(REMP)) spectra of 9-phenylfluorene—Acomplexesn=0-4, in the 1e-  pag an argon on each side, centered on the five membered
gion of the electronic origin. The peaks are labeled with the isomer assign-. A ' . .
ments; see Fig. 1. ring. The shift is then expected to be just twice that of the
Ar; (—45 cm ) which yields a predicted shift of 90 cni t
which compares closely with the experimental observation of
. ) ) ~ —83cm L If the second Ar goes on the same side as the first
with respect to the monomer are in fact two different iso- (ot actually observed in fluorene—Arthe additivity is ex-
mers. Then=2 a.m'dnzg comple'xes gach exhibit three ISO- pected to break down because calculations show that the sec-
mers and the origin values are listed in Table II. The assigngng Ar displaces the original Ar from the five membered

ment of the bands to separate isomers was unambiguous,%g to accommodate binding of the second Ar.
determined by the MATI spectroscopy which showed that

each isomer has a unique ionization potential and distinct, ~_

photoelectron spectrum. The ionization potential data are” o

also summarized in Table I1. For n=2, three distinct isomers are observed. The red-
. _l .

It is tempting to use the isomer peak intensities with adest peak has a shift 673 cm - with respect to the mono-
Boltzmanm population analysis to assign relative isomer stal€r- Using the additivity, we can add the shifts oftla,
bilities. However, given the uncertainty in the isomer cooling_43l+_25:_6& which compares reasonably with73
process and the kinetic considerations which may be incm7 and thus we assign this reddest feature to structure llc,

Fig. 1. The middle feature is redshifte¢d5 cm * which can

be approximated by the additivity of 4da, —25+—25
=—50 cm 1. This isomer is noted as Ilb. The bluest feature
for n=2, —22 cm %, cannot be assigned by additivity and
Species S, origi®  AS® S,—ion AS,—ion®  IP s thus we ascribe it to structure lla based on the calculations.
This is the asymmetri€2|0) structure and the nonadditivity

TABLE Il. Phenyl fluorene—Ay spectral data.

n=0 33410 29 580 62990 - of the shift is consistent because addition of the second Ar
n=1 la 33385 —25 29579 -1 62964 —26 . ) . ",
b 33363 _47 29548 _3 62911 —79 displaces the first Ar from its preferred position and there are
n=2 lla 33389 —21 29540 —40 62929 —61 then non=1 structures for reference. The proximity of one
Ib 33361 —49 29540 —40 62901 —89  Ar near the phenyl ring is consistent with a small shift since
lic 33337 —73 20548 —32 62885 —105 interaction with the chromophore is then minimized.
n=31lla 33365 —45 29506 —-74 62871 —119
lib 33340 -70 29510 -70 62850 —140
e 33315 —-95 29507 -73 62822 -168 3. nh=3
n=4 33315 -95 29477 —-103 62792 —198

Calculations show that the number of possible isomers
aAll values reported in the table are in cf increases fon= 23, yet only three spectral bands are observed
PNumbers are reported relative to the corresponding values in the monomewhich appear to be separate isomer origins. Starting with the
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reddest peak;-95.5 cm'}, we can use the additivity of Ilc
+la, —73+—25=-98 cm 1, to assign this feature to struc- Monomer A 28410

ture lllc. The spectral feature at70.5 cm ! is assigned as
lla+1b, —22+—43=-65 cm *, and labeled as lllb. Tha
=3 feature at—45 cmi ' can be assigned to Haa, —22 =1 n_ N s
+—25=—47 cm ¢, which is shown as llla. b N 33363
4. n=4

Iia /L, N 33389

Unlike the smaller clusters)=4 exhibits only a single w360
peak at theS, origin, suggesting only a single isomer, al- n= T .
Ile ______,_,J\/\,\A_,‘_ 33336

though there is a broad background which may be unre-

solved contributions from other isomers. TBg origin is

shifted by 95 cm? with respect to the monomer and this can IIa ____,/"“»\\.______ 33365
be assigned as an additivity of IHdb, —45+—47=-92 n=3 mb_____’_"/\”\_\&_ 33339
cm™ L. Thus then=4 structure has €|1) geometry which is e AN, 53315
consistent with a low energy isomer in the calculations.

Intensity (Arb Units)

E. Cluster spectra above the S; origin
n=4 IVﬂwM% 33315

Two color, mass resolved, REMPI spectra of the
PF—Ar, clusters were obtained above tBgorigin. This was M T T T
done for two reasons. First, the spectra are used to determine 29300 29400 29500 29600 29700
the binding energies by measuring the vibronic onset of clus- Probe Energy (cm™)
ter dissociation. Second, they are used to measure the vi-

bronic bands which are candidates for dynamic studies using®: 4 Mass analyzed threshold ionizatidATI) spectra of 9-
enylfluorene—Ay complexesn=0-4, in the region of the cation origin.

nanosecond and piCOSGCOhd pump-probe MATI spectro he data are plotted relative to the probe laser energy. The pump energy for
copy. each spectrum is indicated on the right and the cluster size and isomer
The threshold for Ar dissociation iB, is usually deter- assignment are indicated on the left.
mined by scanning the spectrum through the higher energy
vibronic bands and gating on the PF—Ar. When the threshold
is reached, the PF_ArsignaJ does not usua”y disappear but The ionization pOtentials are then obtained as the sum of the
begins to have the Spectral Signature of the PE_VﬂTlch is Sl and cation threshold and are summarized in Table II.
fragmenting into the PF—Archannel. In this particular case If one looks at the ionization potentials there is a steady
there is a Subt|ety since the PF-=Ar la isomer is 0n|y Severdﬂecrease in IP with cluster size W|th, hOWeVer, a Signiﬁcant
wave numbers to the red of the PF-,Ala isomer. However, Variation among the different isomers. In particular the IPs of
this shift was enough to identify the dissociation thresholdisomers la and Ib differ by 53 cr.
and was confirmed by MATI spectroscopy where the prod- ~ AS to the appearance of the MATI spectra, some exhibit
ucts of the dissociation were directly identified. The highestow frequency intermolecular bands associated with Ar vi-
boundsS; level for PF—Ar la was 417 ciit and the lowest brational motion. For instance=1, isomer la, has a pro-
unboundsS, level was 669.3 cm'. This rather wide range is hounced 21 cm' vibrational progression consistent with an
consistent with the binding energy in FI-Ar and with the Ar bending motion. The appearance of these modes, and
calculatedS; value of 493 cm’ for PF—Ar. The threshold their absence in fluorene—At,again supports the assign-
for dissociation of PF—Ar isomer Ib was not bracketed ex-ment of this isomer as having the Ar on the same side as the

perimentally due to the weakness of Bgtransitions, but it ~Phenyl as shown in Fig. 1. The other observation to make is
is expected to be similar to la. the broad nature of the=3 and 4 MATI peaks. This can be

For n=2 isomer lla the dissociation was bracketed in aascribed to low frequency hot bands supported in the larger
similar manor as described above with the result that loss dflusters or perhaps additional, unresolved, isomeric struc-
one Ar inS; was bracketed between the same ranga as tures.
=1. The othern=2 isomers were too weak to apply this

analysis. G. Cluster dynamics

The S; dynamics of the PF—Arclusters were measured
by pump-probe techniques in which an excited vibronic band

Many MATI spectra of the complexes were obtained byis excited and a time delayed probe laser is used to monitor
using different intermediate vibronic resonances in thell the dynamics by measuring the MATI spectrum. Two gen-
excitation process. Here we will focus on the spectra fromeral types of dynamic processes are expected, namely IVR
the S; origins while the excited vibronic bands will be dis- and unimolecular dissociation. By using a MATI probe, the
cussed in the context of the dynamics studies. Figure 4lissociation channels are easily identified by the mass of the
shows the MATI spectra of each cluster size and isomeproduct but can be further refined by also spectrally identi-
obtained by pumping the respecti®g origins as indicated. fying the state of the reaction product. IVR is identified by

F. Cluster MATI spectra
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FIG'.S' Nanosecond pump-probe MATI spectra of the 1843cha_nd of the FIG. 6. Picosecond time resolved pump-probe MATI spectrum pumping the
two isomers of PF-Arat early(~0 ng and late(~7 ng delay time. The 184 cmi! band of PF—Ay, isomer la. The inset shows the time decay
spectra are scanned in the region of the=0 transition. Isomer la clearly behavior when probing the'sharp structure in the spectrum.

shows spectral broadening to the red at late time which is ascribed to vibra-

tional redistribution. Isomer Ib exhibits no spectral changes.

H ~1 H — —
the MATI spectrum in the parent mass channel. The cleat?h'fte_(tj_ by fggrgmrelggv?rgo thz f]).(ff?ded_.t ?jvt_ Od
signature of IVR is broad MATI peaks centered near the'ransition a cr. The redshitt 1S ascribed to de-
Av=0 transition to the catioff"'52128n cases of multiple creases in frequency of the intermolecular modes in the cat-
isomers it is possible that we can identify isomer intercon-ON- Similar behavior has been documented for numerous

4,15,21,28 H
version by noting spectral features from different isomers.Other systems’ By contrast, isomer Ib shows no

This was reporteld for fluorene—Ag, in a recent publication C'ange in time at all with only a sharp peak indicating no
and appears to occur upon excitation of the Ilb species at thy  9CCurs- This is a striking example of isomer specific
399 cm ! band. ynamics.

MATI spectra of the PF—Arclusters were measured at a _Th_e la isomer (_)f th's_ band was studied W'th. p|cosecor_1d
excitation and probing. Figure 6 shows the transient behavior

number of vibronic bands to explore the dynamics. The vi- db : h The d
bronic intensity is bunched in three regions around 200, gogheasured by gating on the reactéstarp peak The decay

and 700 cr’. The 700 cm® region is above the bracketed time constant was fit to~1300 ps, while the rise of the
dissociation tﬁreshold as discussed above product was fit to~700 ps. Based on our understanding of

the system and the model dynamfcS;*® these time con-
stants should be equivalent, but repeated scans and fitting
showed a significant, persistent discrepancy. Analysis based
This region was the most extensively studied and nanoen integrated spectral areas at different time delay agrees
second and picosecond results are reported forieth and  with the longer 1300 ps value. Isomer Ib was not scanned
2. The monomer exhibits prominent bands at 184 and 20%ith picosecond excitation due to the lack of even nanosec-
cm™L. Figure 5 shows the nanosecond MATI spectra of theond time scale decay. It should be noted that the overall
184 cmi! band for both isomers, la and Ib, of the=1 fluorescence lifetime of this molecule is not known but is
complex at early and late time. The la isomer spectra clearlgxpected to be similar to fluorene which is 18%hs.
show a change in time with significant broad, redshifted = Two smaller bands in this region appeared in thel
structure coming in at the expense of the sharp, blueshifte8, spectrum and are assigned as 205 and 215" drands for
resonance. The sharp band is assigned aatheO transi- isomer la. Nanosecond MATI spectra were obtained for each
tion to the cation 184 cmt band(shifted to 181 ctin the  of these bands pumping at early and late time and are shown
cation based on monomer studieShe broad structure is a in Fig. 7. The 205 cm® band shows sharp structure at early
result of IVR which populates the low frequency intermo- time (the position of which confirms the assignment to iso-
lecular modes. It should be noted for future reference that thener 13 but is almost completely redistributed at later time.
broad structure is centered at 29 555 ¢nwhich is red- By contrast, the 215 cit band shows no sharp structure at

1. 200 cm™1 region
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FIG. 7. Nanosecond pump-probe MATI spectra comparing the 205 and 215 Probe Energy (cm'l)

cm™! bands of the la isomer at early and late time. The residual sharp

structure of the 205 cit band indicates a slower rate for vibrational redis- FIG. 8. Nanosecond pump-probe MATI spectra comparing the 367.3 cm

tribution. band of isomer la with the 399 ¢t band of isomer Ib, at early and late
time. The dotted line is the center of the redistributed structure for la, while
the arrow indicates where the redistributed structure would be expected for

any delay, indicating very rapid IVR. Thus, for isomer la Ib. The 'similarity.of the late time spectra suggests that conformer intercon-
there is a significant change in redistribution rates betweet®>°" 'S °¢¢UMNng:

184 and 205 cm! and even between 205 and 215 ¢miThe
particular identity of these two bands is somewhat of
puzzle. They are symmetrically disposed about an expecte
band position of 209 cm based on the monomer spectros-
copy. Also, they have equal intensity of about half of what
would be expected for the 209 ¢thband. It would appear

significantn=1 peaks for which MATI spectra were ob-
ined are assigned to the la isomer and appear at 367.5, 381,
8.5, 399, and 416.5 cm. Careful REMPI spectra re-
vealed that the complexes are bound for all vibrations in this
region. The MATI spectra of all of these bands, except one,

o o are essentially identical and show broad peaks centered at
that this is a splitting due to the presence of the Ar and ma 1 . .
. . : . 9 555 cm ~ even when probed at early time. The exception
be consistent with the assignment of this band as the ovel=

tone of the phenyl torsion. No definitive determination of theIs the.367.5 cm band which is shown in '.:'g' 8. aqd c!early
exhibits sharp structure at early and late time, indicating sig-
nature of these bands has yet been made.

The n=2 species are considerably weaker but MATI nificantly slower IVR for this band. Thus we see again the

spectra were scanned for the 184 ¢rband at early time for mode specific redistribution rates.

each of the thre@=2 isomers. The results showed that re- The MATI spectrum of the 399 et band of the Ib

R .ilsomer was also obtained at early and late time and is shown
distribution had occurred, to some extent, but there was still_ ~_. :
in, Fig. 8. The early time spectrum shows sharp structure

residual sharp structure. Picosecond spectra were obtained L — .
for the 184 cm® band of isomer lla and revealed that the Exactly where itis expected for the 399 chband of isomer

ST L Ib and the lack of intermolecular modes to the blue further
redistribution was complete within 600 ps. No further analy- : . .

: : 2 confirms the Ib assignment. At late time, broader structure to

sis of then=2 dynamics has been made except for the dis-

o . : L the red appears as the sharp peak is diminished. Surprisingly
ls;;/:latlon behavior at higher energy which is enumerated bethe broad structure is not where it would be expected for the

Ib isomer which would be at 29 525 c¢rh(indicated by an
arrow in Fig. 8. Instead, it is consistent with the redistrib-

. _ uted structure of isomer léndicated by the dotted line in
This region shows a number of closely spaced bandgig. 8). This will be discussed further below.

which were somewhat difficult to sort out for tine=1 com-

plex due to the two conformers present. Careful analysis i8- 700 cm ™ region

fact revealed only one band which was clearly identified as  In this region the vibrational energy is sufficient to dis-
due to isomer Ib, and that is the 399 chband. The other sociate one Ar from each complex as was shown above in

2. 400 cm~1! region
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presence of a large monomer background signal which could
Ia (pump 717 cm™ band) not be effectively eliminated. Surprisingly time=2 complex

Early Time of the same bands could be measured with the picosecond
system since anyn=1 background was eliminated at the
energy by dissociation to the monomer.

Dissociation of then=2 species is more interesting due
to the possibility of either of the two Ar atoms dissociating to
a number oh=1 isomer products. Thg; REMPI spectrum
for then=2 complex in this region can only be observed by
monitoring then=1 product mass channel. A total of five
bands in this region have been further investigated with
MATI spectroscopy. These include the lla isomer bands at
668, 717, and 738 cnt and the Ilb isomer 717 and 738
cm ! bands. The MATI spectra obtained when pumping
each of these bandat early and late timewas identical and
led to a broad peak in the=1 mass channel centered at
29550 cm®. The possible dissociation pathways are dis-
cussed below.

Ia (pump 738 cm’' band)
Early Time

MATI Intensity (Arb Units)

IV. DISCUSSION

A. Geometry of phenyl fluorene

29500 29550 29600 29650 29700 .
The most important structural element for the purposes

of this study is the torsional angle of the phenyl with respect
FIG. 9. Nanosecond MATI spectra obtained by pumping the la complexto the fluorene plane. As mentioned, thb initio calcula-
isomer 717 and 738 cfil bands. In this case the MATI signal is obtained by tions determined the phenyl group to be perpendicular to the
gating on the monomer mass which is the product of the dissociation. N‘Tluorene plane resulting iC5 symmetry. This is critical in
reactants were observed, indicating rapid dissociation. The spectra width '7'1 fth SI b ’ it d . h
due to rotational excitation in the monomer reaction product. the struptqre 0. the Ar comp e?(es ec_ause it _Eterm'nesl ow
many distinct isomers can exist, particularly if we consider
binding on the same side as the phenyl group. We cannot

the mass resolved REMPI spectra. Here we focus on thgetermlne the structure experimentally with our data set but

dynamics of the dissociation i8; as measured by MATI Clues can b? c0n3|dered. F@[? geometry several O_f the low
spectroscopy. Measuring dissociation of the 1 cluster is frequency vibrational m(_)des involving phenyl motlpn are ex-
often more difficult than the=2 cluster because the prod- pected to be asymmetric and so may be absent in the spec-

uct of the dissociation is the monomer which is present i frum. Two of the three lowest frequency modes calculated

o : nfor the ground state are asymmetric, namely the phenyl wag
such abundance that background excitation can sometlm%?ong the long axis at 80 ¢, and the phenyl torsion at 98

compete with the measured product. Also, when measuringm,l The third symmetric mode is a phenyl out of plane
the dissociation of the=2 cluster ton=1 there is virtually ' _ .
wag, also at 98 cm'. Experimentally, one low frequency
no background due to the fact that the1 complex at the mode is observed at 47 cihin S. and 42 cmil in the
: ; .
same energy also dissociates to the monomer. cation. However, since the mode cannot be unambiguously

Dissociation of then=1 la complex was measured by assigned, no inference on the molecular symmetry can be
nanosecond MATI probing at the 717 and 738 ¢rbands. gnec, Y y :
made. Measurement of the ground state frequency of this

Figure 9 shows the MATI spectra of the monomer reaction ; .
: Lo ; mode and comparison to the calculated values could help in
products. No MATI[or multiphonon ionizatior(MPI)] sig- . . .
) the assignment. As mentioned above, the 209 chand in
nal assigned to the=1 complex could be detected at the

n=1 mass channel, even at early time. The lack of observaSl may correlate with the overtone of the phenyl torsion,

tion of MATI signal in then=1 channel does not necessarily Wh'.Ch V\{ou_ld support th€ assignment, since the fundamen
o . ) : . .7 tal is missing from the spectrum.
give information about thé&s; dynamics since dissociation . } . .
. ; . . C, symmetry is consistent with the assignment of the Ar
may also take place in the idor more appropriately the ion cluster structures. In particular there is only el struc
core of the highn Rydberg$ during the MATI waiting pe- - NP y

! . oo ture which has an argon on the phenyl side. Atom—atom
riod. However, the monomer MATI signal can give informa- . ; : o

X X o ; calculations with the phenyl twisted indicated two stable, but
tion about whether dissociation occurs $ or the ion by

analysis of the spectral signature. The spectra reveal r]lcr)lequwalent, binding sites on the phenyl side of the fluorene.

structure due to tha=1 complex confirming that dissocia-
tion occurred rapidly inS;. The product monomer MATI
spectra are broad due to the rotational excitation from the The observation of multiple isomers in PFAreven

reaction. These broad spectra are the signature of produfdr n=1, presents interesting opportunities for studying site
monomers as opposed to background bands. Picosecosgecific properties of these types of clusters. Although there
transients could not be obtained for these bands due to thlie a great amount of data now on vdW molecules, it is still

Probe Energy (cm™)

B. Occurrence of multiple isomers
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difficult to determine when, and under what conditions, mul-able sharp structure still observed at early probe delay. The

tiple isomers may exist. The kinetics of the cooling proces215 cmi 't band is completely redistributed, even at the ear-

and the barrier heights to isomer converstoficlearly play  liest nanosecond probe delay. However, the band at 367.5

an important role which limits the applicability of thermody- cm™* again shows slow redistribution. All other bands in the

namic arguments. 400 cm ! region exhibit rapid redistribution. Mode specific-
Presumably what is required for the observation of mul-ity is well documented in other systems such as

tiple isomers are relatively deep potential minima separateg-difluorobenzene—Af and tetrazine—Af? and this is an-

by significant potential barriers. In this study we have showrother clear example.

that one can “design” a system such as PF which offers

multiple, asymmetric binding sites. Furthermore, once they |vRr and interconversion of isomers la and Ib

individual isomers are identified the larger cluster structures

can be “constructed” from the different isomers of the One of the interesting questions is at what excess energy,

smaller species. Thus in this case the additivity rules workf any, do the isomer structures begin to interconvert? As

particularly well. shown above in the 200 cm region, the isomer la shows
extensive redistribution but there is no evidence of MATI
C. Isomer and band specific IVR intensity which would be associated with population of the

) ) ) ) . Ib structure, which would be expected to appear-28 525
An important measurement in this work is the dramati-cy-1 The position of the expected Ib structure must be es-

cally different rates for redistribution of the la and b iS0- {imated since redistribution of Ib at the 200 chievel is not
mers. For the 184 cit band, la exhibits redistribution with observed. Interconversion of the two isomers at the 200
a rate of 1300 ps, while the Ib isomer shows no signs ofy-1 |eyel is not expected since it involves surface crossing,

redistribution at all. The difference between the two isomersyhich for the related fluorene—Ar was calculated to require
continues for the 399 cit band where Ib does undergo 260 cni'l

redistribution but measurably slower than the la isofidi0 In the 400 cm* region interconversion of la and Ib is

ps for the same band. _ _expected to be energetically possible, particularly since this
One example of similar behavior has been reported infg ¢jose 1o the dissociation limit. The MATI spectra of the

the literature which we are aware of. This is the perylene—sg7 5 331 388.5 and 399 chbands of Ia all show redis-
. 10 . 1 L) - )
Ar, system studied by Toppt al,™ where they observed yintion with a pattern similar to that of the 200 chla

different degrees of spectral broadening for the 353°Cm pand but somewhat broader. The only feature in this region
band for each of the two isomers assigned2@) and (1/1). assigned to isomer Ib is shown in Fig. 8 at early and late

As perhaps one might expect t_@o) isomer, with both  {ime Broad redistributed structure is clearly observed but the
argons on the same side, exhibited faster IVR dynamicgang shape and position are somewhat skewed by residual
probably due to the additional low frequency modes assoCighar structure. By carefully fitting this band the sharp struc-
ated with the Ar—Ar interaction. ture was removed, leaving a clearer indication of the struc-
_ Inthe PF-Af case the different rates must be due t0 theyre of only the redistributed produgthe fitting results are
different coupling of the vdW modes of the system 10 thepqt shown in Fig. & The resulting band is identical to the
chromophore vibrations rather than a density of states argygistributed structure measured for the la isomer and shifted
ment. For this particular system the two isomers differ in_o5 <11 to the blue of where the redistributed structure of
being on the saméa) or opposite(Ib) sides of the fluorene |, \ouid be expected. The conclusion here is that upon re-
plane with respect to the phenyl group. As determined by th@jistribution the Ib structure rapidly undergoes an Ar surface
ab initio calculations, the three lowest frequency V'brat'onscrossing to isometrize to the la structure. The dominance of
(in the gr(zllmd stageare two phenyl wagging modes at 80 (e registributed structure by the la isomer is then ascribed to
and 98 cm and the phenyl torsion at 98 cth These large ¢ greater stability of this isomer and its significantly larger
amplitude motions undoubtedly couple more directly to thegensity of states compared to Ib. The added stability of the la

: —1 _1
Ar motions (~20 cm * bends,~40 cm * stretch when the s consistent with the fact that the la structure is more promi-
Ar is on the same side of the fluorene plane. The atom—atomant in theS, excitation spectrum by a factor of 4.

calculations show that there is a large interaction between the
Ar and the phenyl ring in the la isomer, whereas this inter- . L
action is almost zero in isomer Ib. This enhanced coupling idi'szg?:(ijaltjt%n(:hannel identificationinthe  n=2
responsible for the accelerated redistribution of the la iso-
mer. Conversely, this observation can be used to support the The dissociation of the=2 complex, isomers lla, lIb,
assigned structures of the isomers. and lic, from bands in the 700 crregion raises some very

In addition to isomer specificity, the redistribution of the interesting issues. First, each reactant may have two distinct
la isomer is shown to depend on the particular vibrationAr atoms providing two possible reaction channels. Second,
excited in the chromophore and not just the total energythe n=1 product has two isomeric forms which may be ac-
This is evidenced by the closely spaced bands at 184, 208gssible from one or both of the reaction channels. In a re-
and 215 cm?. Within this group the 184 cit band is ob-  cent publicatio®® we have demonstrated how fluorene=Ar
served to redistribute, but relatively slowly, with a time con- dissociated to two distinab=4 isomer products. Unfortu-
stant of 1300 ps. Nanosecond MATI spectra clearly show th@ately, only lla and Ilb had sufficient intensity to study at
205 cmi ! band redistributing more quickly but with discern- higher excess energy and these isomers have both been as-
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