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Structure and dynamics of 9-ethylfluorene-Ar  , van der Waals complexes

Jonathan D. Pitts and J. L. Knee®
Department of Chemistry, Wesleyan University, Middletown, Connecticut 06459

(Received 28 August 1998; accepted 27 October 1998

The neutralS; excited state and the ion ground state of 9-ethylfluorengyvem der Waals
complexes have been studied for=1-3. Resonance enhanced multiphoton ionization
spectroscopy of th8; state of the argon clusters reveals multiple isomeric structures for each of the
cluster sizes studies coupled with the two monomer conformationsn®e cluster shows three
isomers, one of the symmetric 9-ethylfluorene and two of the unsymmetricn Ft2clusters has

four possible isomers all of which are assigned 1d|a) conformation, although each represents a
unigque structure with different argon binding sites. Time 3 cluster collapses down to two
dominate isomers, one for each conformation of the parent. Mass analyzed threshold ionization
(MATI) spectroscopy was used to investigate the ion, as well as assisting in isomer assignment of
the S; spectrum. IVR and dissociation of the argon complexes have also been studied with MATI
spectroscopyAb initio calculations are used to determine the binding energy for all conformers and
isomers of then=1 complex. These values are in excellent agreement with the experimentally
bracketed values, and prove useful in isomer assignments. Redistribution of the 2bBam of

the n=2 symmetric conformation shows dynamics suggesting interconversion of all isomers to a
new unassigned structure. Preferential dissociation of the argon located on the ethyl chain side of the
sym-9-ethylfluorene-Ar complex is observed in both isomers. ®99 American Institute of
Physics[S0021-960609)01405-1

I. INTRODUCTION form van der Waals complexes with argon giving additional
possibilities to measure structure specific properties.
Perhaps one of the most fundamental properties of mo- Conformational studies of large organic molecules con-
lecular clusters is their geometry. A detailed understandingtitute a significant area of research both experimentally and
of cluster geometry is essential to the prediction of reactivitycomputationally. Nuclear magnetic resonaf#R),® x-ray
as well as dynamical processes. In an attempt to further owrystal structure3® microwave’?® infrared spectroscopés,
understanding of van der Waals cluster dynamics and rea@nd photoelectron spectroscpave all been used to char-
tivity, the 9-ethylfluorene-Ar (EF-Ar,) (n=1-3) system acterize the geometries and interactions of monorhérs,
has been studied. This study is motivated by previous workligomers! and complexes® of various molecules. Equally
on fluorené? and 9-phenylfluoreriein which we were able significant is the computational effort. Molecular dyna-
to observed multiple isomers for a single cluster size. Phemics;'® as well asab initio™* methods have provided a wealth
nylfluorene formed a rich variety of these isomers, presumof information on such systems. Still there is much to be
ably due to the asymmetry introduced with respect to thdearned about these systems, such as characterizing structure
“top” and “bottom” side of the ring system. The presence SPecific dynamical processes like dissociation and IVR.
of these multiple isomers then allows one to study isomer ~1he presence of multiple conformations in molecular

specific properties. We are particularly interested in measur2€ams is well characterized. Multiple co_n_formgations f0r4sys—
tems such as alkylbenzertésnd alkylanilines? styrenet

ing the differences in dynamics including energy redistribu--=""" , )
tion and cluster dissociation. 9—ethylfluorefiF) provides p-dimethoxybenzen® etc. have been studied previously. In
Il cases, each conformation has a uni@erigin and ion-

an asymmetry similar to phenylfluorene and was indeed® i tential. Similarl itile | ic struct f
found to form multiple isomers. One of the more interesting'za 'on potential. Simiiarly, multiple 1ISomeric structures for a

features of this molecule is the multiple conformations of thed'Ven cluster size have been obser?ed. Interestingly

: . . ) enough, little work has been done that combines these two
ethyl side chain. In the preceding artitié was shown that . ) .
. o features into a single molecular system. Kimetaal. show
two stable conformations of 9-ethylfluorene exist in thethe existence of theis and trans p-dimethoxybenze-Ay
beam which differ in the orientation of the ethyl side chain P y

ith t 1o the rina. Th ¢ abundant f %n=1,2) but due to the molecules planarity only a single
with respect o the ring. The most abundant CONformer Wag,, o is seen for each rotamérRecent studies by our

determined to have' the ethyl chain pointing back to the ringgroup have shown that multiple isomers may exist even for
forming a symmetric structurésym). The less stable con- small cluster size$ln the case of 9-phenylfluorene-Amul-

former has the ethyl chain rotatedl20° forming an unsym-  yn1e isomers exist for clusters as smallras 1. This would
metric structure(unsym. Each of these conformations can o5 gne to believe that a combination of isomers and con-
formers may exist in the jet.

3E|ectronic mail: jknee@wesleyan.edu With this objective in mind, 9-ethylfluorene was selected
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due to its two conformatioffsand its reduced symmetry sym unsym

(with respect to the unsubstituted fluorenme both the sym-

metric and unsymmetric conformations. To date no work has >

been done on the argon clusters. Itoh and Mbfipablished

results on the exciplex formation of (EF) These results la

present fluorescence spectra and decay times of the monomer > e e
®

o

—

and dimer, as well as comparisons to fluorene dimer and the
heterocluster of fluorene and EF. Additionally, Itoh and
Hayasht® studied the complexation of EF with methyl- lIa b [Ix e
substituted dienes. Again they report excitation spectra and
lifetime measur.e.ments of the complgxes. Finally, Auty, > > o -
Jones, and Phillips report the excitation spectra of°EF
monomer. Here they assign the excitation spectra as consist- ® L [ ®
ing of only one conformation with the monomer lifetime
measured as 121 ns. Illa 1Tb

L N J o0
Il. EXPERIMENT _ —

A detailed description of the experimental apparatus has ® ®
been given E|SEWhelleso onIy a brief ab“dgment IS glvgn FIG. 1. Schematic representations of the EER-An=0-3) system. The
her(_:"- Two color 31 resonance_enhanced mU|tlph0t0n Ic.m'filled circles represent argon atoms. The assigned isomer nomenclature is
ization (REMPI) spectroscopy with mass resolved detectionindicated above each structure.
is used to study the spectroscopy of Byeelectronic state of

the jet-cooled clusters. Mass analyzed threshold ionization ) ) . . ) ]
(MATI) spectroscop$® the mass resolved equivalent of zero EF With Ar, @ mixture of 10% or 20% Ar in He or Ar in Ne
electron kinetic energ@ZEKE) spectroscopy, is used for the Was used in the expansion. The backing pressure was varied

photoelectron spectroscopy of the ion ground state. Refeffom 1.4 to 2.5 ba_r in o_rder to optimize the desired clusters.
ences 1-4 and 21 give a complete description of our app"'_l'he pulsed beam is skimmed and enters the second chamber

cation of ZEKE and MATI to the study of molecular clus- Where the spectroscopy takes place. .
ters. The REMPI spectra were obtained by fixing the probe
Nanosecond and picosecond laser systems were Sep%[i_ghtly higher than the ionization potential of _the cqmplex
rately used in this study. The nanosecond laser system er'd scanning the pump. Probe energy and intensity were
ployed in these experiments consists of two dye lageus adjusted to avoid any dissociation from higher clusters. The
monics HD-500 pumped by the second harmonics of aMATI spectra were obtained by fixing the pump to t8g
pulsed Nd:yttrium—aluminum—garmefYAG) (Continuum vibronic band of interest and scanning the probe through the
NY-61) operating at 20 Hz. The visible output of the eachionization potentiallP). To achieve clean separation of the

dye laser has a pulse width of 6 ns and a bandwidth of 0.0B0MPt and MATI signals we implemented a pulsed

. 2 . . .
cm™ L. Both dye lasers are frequency doubled and one funcWiley—McClarer? extraction scheme in which the upper

tions as the pump and the other as the probe. The pump astjid pulse width was varied to act as a mass filter. In this way
probe lasers were temporally overlapped by an appropriat@‘e contrlbl_mon from the cluste_zr _and fragments, other than
optical delay and spatially overlapped in the vacuum chamthe one of interest, could be eliminated. The MATI scheme
ber under slightly focused conditions. Care was taken td/S€d & delayed discrimination field ef3 V/cm and an ex-
minimize any signal from either laser alone. The second latraction pulse of 800 V/em which was delayed 0 us. The

ser system used for time resolved studies is a pulse amplifid@nS then traverse the time-of-fligiTOF) mass spectrom-
picosecond system. This consists of a continuous wavgter and are detected on dual stack microchannel pl&ias
mode-locked Nd:YAG (Coherent Antarés synchronously €0 Electro-Optic Corp
pumping two dye lasers. Each dye laser is amplified in sepa-
rate three stage dye amplifiers, pumped by the second hall- RESULTS
monic of a Nd:YAG regenerative amplifiefContinuum
RGA-67) operating at 22 Hz. The amplified output pulse
width is ~15 ps with a bandwidth of 5 cit and an energy
of 0.2—1 mJ/pulse in the visible. The overall cross correla- The spectroscopy of the monomer is discussed in the
tion is >20 ps due to jitter between the two dye lasers. Lasepreceding article so only a brief summary of the information
wavelengths were calibrated with a Na/K/Ne hollow cathodepertinent to our cluster discussion is given herein. The mono-
lamp. mer exhibits two conformations as seen in Fig. 1 and listed
A pulsed supersonic beam originates in the first of twoin Table | (a detailed view is shown in Fig. 1 of Ref).4
differentially pumped chambers. The nozzle has a sampl@hese have been assigfied the symmetriqsym) and un-
container which holds the EF samgldrich) and is heated symmetric(unsyn) conformations with their band origins at
to 110-150 °C. The exact vapor pressure is unknown but w83 543 and 33663 crit, respectively. The symmetric con-
estimate it as significantly below 1 Torr. For complexation offormation has the ethyl chain rotated back toward the five

A. S; spectroscopy
1. EF monomer
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TABLE |. Summary of EF-Ay (n=0-3) spectra data. All valuesin¢th  Then=1 complex of the sym conformer is red shifted by 46
cm ! and then=1 complex of the unsym conformers is red
shifted by 24 cm? from their respective monomer origins.
Additionally a thirdn=1 isomer is seen associated with the

S
Species Origin® AS;? S;—ion® A(S;—ion)® IP°  AIP?

n=0  sym 33543 - 29688 - 63231 - ynsymmetric conformation. This band, although weak, can
unsym ~ 33663+120 20488  —200 63151 —80 | O | ianed rate isomer due 1o it
n=1 symla 33497 —46 29652  —36 63149 —82 € unambiguously assigned as a separate Isomer due (o 1S
unsymix 33607 —56 29463 _25 3070 —81  Uunique ionization potentigisee text below as well as Table
unsymib 33639 —24 29446 -42 63085 —66 I). This band is red shifted from the corresponding monomer
n=2 symila 33477 -66 29637 -51 63114 -117  origin by 56 cm . According to standard additivity rules,
symdlb 33513 —-30 29563  -125 63076155  4ne would assign the sym-EF-Ar complex as having the ar-
unsymilx 33582 -—-81 th id ite th thvl chal Thi .
unsymiic 33606 —57 29419 69 63025126 90N on the side opposite the ethyl chdla). This assign-
n=3 symilla 33490 —-53 29555 ~133 63045 —186 ment comes from comparing th&; shift to that of
unsymillb 33549 —114 29395 -93 62944 -207  fluorene-Arl which is, 42 cm?! and by analogy to

9-phenylfluorene-A¥r. Similarly the two isomers of the un-
symmetric conformatiofjunsym-EF-Aj can be assigned as
one on the side opposite the ethyl chéix) and one on the
side with the ethyl chairflb). The first being the most red
membered ring of the fluorene. This formsCa symmetry  shifted (56 cmi'%) origin and the later being the less red
structure with the mirror plane containing the ethyl carbonsshifted (24 cm %) origin. Thelx nomenclature is chosen be-
and bisecting the fluorene through the five membered ringcause these isomers are only studied in the excited state, and
perpendicular to the fluorene plane. The unsymmetric conused for isomer assignment, their intensity limits the experi-
formation has the ethyl chain pointing away from the fluo-mental opportunities for MATI spectroscopy. These confor-

®Experimental accuracy of 1 cm .
PExperimental accuracy of- 3 cm ..

rene with a dihedral angle of 70°. mations are represented schematically in Fig. 1.
The EF-Ag, excitation spectrum is shown in Fig. 2. Here
2. EF-Ar,, (n=1-3) spectra and isomer assignment one clearly sees at least three peaks corresponding to three

Mass resolved resonance enhanced multiphoton ioniz&lifferent origins. The reddest of these at 33 477 Croorre-
tion (REMPI) spectroscopy was used to study the first ex-SPONds to an isomer of the symmetric conformatitia ).
cited singlet state of the EF-A(n=0-3). Figure 2 shows The most intense peak at 33_513 chalso gorresponds to an
the excitation spectrum near the origin region of all clusterd)=2 isomer of th? symmetric cpnformat_lcﬁ_nb )3 a'though
studied and Table | summarizes tBe resonances. For the different than the first one, as will be revisited in the discus-
n=1 complex, both the symmetric and unsymmetric con-Sion section. Additionally there is an origin band assigned to
formers continue to be present in the molecular beam. Th&hen:.2 unsymmetric conformefiic). It is k_”OW” from IP
ratio of the unsymmetric to symmetric for the=1 is similar ~ Selective REMPI that a second conformation of the unsym-
to the ratio for the monomer, 0.17 and 0.18, respectivelyEF-Ar, complex exists with itsS; origin at 33582 cm'
(I1x ) but its small intensity limits the experimental possibili-
ties. Using the additivity rules as above, one would expect
any additional red shift, relative to thee=1 cluster, to imply
that the new argon is binding to a side opposite the first
Monomer argon. In the case of thBa isomer this would suggest a

tnsym (1]1) conformation. The other symmetric isom#h , is blue
shifted from then=1 symmetric isomer origin. This implies
a breakdown of the additivity rules. For reasons to be dis-
cussed below, this isomer has been assigned(dd)astruc-
ture, but having the second argon in a significantly different
place than the second argon b&. The unsymmetridix
isomer is red shifted from thix isomer by 25 cr' and thus
bears a striking resemblance to the isomer shift of —24
cm L. This lix origin value (Table |) is determined from
probe selective REMPI spectra that enhanceltkesignal
level over the background. Here the additivity rules apply
n=3 and thellx is assigned to thél|1) configuration (b +Ix) of
the unsymmetric conformation. Finally thiékc isomer is
again red shifted from thié isomer, but only by 33 cit. In
33400 33500 33600 33700 accordance with the additivity rules, this isomer is also as-
o A signed to a(1|1) structure. Here though, the second argon is
Excitation Energy (cm™) in a place that causes only a small perturbation to $he
FIG. 2. EF-Af, (n=0-3) mass gated resonance enhanced MPI spectra oprgin. Again this seemg similar .tO th@ structure Whe,re
the S, state. The respective isom8s origins are labeled. In all cases the the second argon occupies the side with the ethyl chain, but
probe energy was fixed just above the IP so as to avoid ion fragmentatiorin a less favorable spot than thia or lIx. See Fig. 1 for a

sym

Ia

n=1

Intensity (arb. units)
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schematic representation of all the=2 complexes. An im- sym
portant observation to make is that thee2 REMPI spec- unsym
trum has somewhat broad peaks and an underlying back- Monomer A_,_.’_A—
ground. This is taken to suggest that other conformations
exist in the molecular beam that are not resolvable in these
experiments.

The n=3 REMPI spectrum also show features due to
the symmetridllla ) and unsymmetri¢lllb ) conformations
of EF. This is confirmed by the determination of the ioniza-
tion potential using MATI spectroscopigee Table )l The
llla isomer is red shifted by 23 cr from thellb . This shift
is similar to the unsym-EF-A¢lb) isomer. Although we do
not know the shift for the sym-EF-Ar where the argon is on
the ethyl chain side, the similarity to the unsymmetric case
leads this isomer to be assigned a/d) structure with the
argon dimer on the side with the ethyl chain. Tihé iso- n=3 ._...—.JL«—
mer is red shifted from théic isomer by 57 cr. This shift
is identical to thelx shift, again suggesting that the third

S )

MATI Intensity (arb. units)

argon is on the side with the ethyl chain. As in the case of 29206 ;. 2'9"‘06 - 2'9306 - 29800 3'0000
n=2, then=3 REMPI exhibits a large background indica- -1
tive of a continuum of unresolved structures. This is consis- Probe Energy (cm’)

tent with an increase in cluster S&é' FIG. 3. MATI spectra of EF-Ay clusters froom=0 to 3. The spectra were

obtained by pumping the respecti8e origin labeled next to each peak and
B. lon spectroscopy scanning the probe through the ionization potential. The MATI spectra are
plotted as a function of probe energy.
1. Monomer MATI spectroscopy

In an attempt to understand the dynamics and geometry

OT the EF 'A.‘F‘ sy;te_m, the M.ATl spectra at t_he origin anq at would suggest the addition of the argon to the fluorene like
higher S; vibronic intermediates were obtained. A detailed . . o . )

. . . side of EF, and indeed this is the assignment given above.
analysis of the monomer MATI is undertaken in Ref. 1, so_. . . . 1 o

. : : . Finally the IP shift for thelb isomer is—66 cm ~. This is
again only a brief summary of the information relevant to the . " . . )
: P significantly different than théa or Ix, implying that the

cluster discussion is given here.

. . - argon is on the side of the ethyl chain. This is in direct
The MATI spectra obtained by pumping ti$ origins agreement with the assignment from the excitation spectra.

of the monomer are shown in Fig. 3 and summarized in Several other MATI spectra for the—1 cluster were

Table I. As alluded to above, pumping the band at 33543, . . o
cm* produces a sharp peak at 29 688 dnThis is assigned obtained by pumping higher energy excitation bands and re-

T o . cording the MATI signal in the region of th&v =0 transi-
to the symmetric isomer and an ionization potential of ; : o
T . " ; tion. The behavior of EF-Ar seems to be similar to that of
63230.7 cm* is determined. Similarly by pumping the ex-

citation band at 33663 cit a strikingly different MATI ‘;'i‘riorz?i;x'elzf‘téa’;’ae;fﬁ)"t;'ﬁeo]firrs‘fggg??:‘)?‘iv“ﬁighoc\;vc:r'
spectrum is obtained. The main featuta,=0, in this spec- 9 9 '

i s centre o 2048 b T measures a sgnf. £°% S0TIEAN B IOn oclrig o 21250 Scese
cantly different IP of 63151 cim. This band is assigned to 9y y 9

the origin of the unsymmetric conformatidsee Fig. 3 of the MATI spectrum in theAv =0 region with an associ-
9 y 9: ated red shift, presumably due to lowering of the van der

Waals mode frequencies in the cation. This MATI signature

2. Cluster MATI of cluster redistribution is well characterized in fluorene-

n=1: The MATI spectra obtained by pumping tme  Ar,,%2 phenylfluorene-Af® and other systents. The next
=1 symmetric and unsymmetric conformations are seen itnighest band in the&s; spectrum of the EF-Ar complex is
Fig. 3. The position of these bands are listed in Table I. Byassigned to the sym-EF-Ar 514 ctband. This band again
pumping the three excitation bands previously assigned tshows significant redistribution on the nanosecond time
the different isomerda, Ix, and Ib, one obtains different scale. Both of these bands are seen in Fig. 4. While the exact
MATI spectra and hence different ionization potentials, con-temporal evolution of the IVR of these band was not mea-
firming the existence of the three isomers. In addition, thesured, the nanosecond evolution at fixed de[agsly (1 n9
MATI spectra show a red shift in théa IP of 82 cmi!  and late time(7 n9] was recorded. All MATI bands mea-
(Table )) which is similar to the fluorene-Ar IP shifof —93  sured above this, when gating on the=1 mass, are as-
cm ! as well as the 9-phenylfluorene-Ar IP shifif —79  signed to dissociation products in the excited state ofrthe
cm L. This helps in confirming the structural assignment=2 complex. This allows us to place a lower limit of 514
above since addition to the ethyl chain side would presumem™! on the S, binding energy of the Ar. This is in good
ably have a different effect on the IP. Similarly, an IP shift agreement with fluorene-Ar, which is bracketed between
for the Ix isomer of 81 cm? is recorded(Table ). This 410 and 593 cm'.
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Ia 398 cm™ band
Early Ti
arly Time ’@ Pump IIb Isomer

—_ =
< g
£ | Late Time 8
<
bt 2
=2 8z
E T T T T 8
2 =
= Ia 514 cm™ band —

[
3 =
N < Pump Ila Isomer
"g Early Time =
Q
Z

. T T T T T
Late Time 29400 29450 29500 29550 29600 29650 29700
-1
Probe Energy (cm™)
J T ! ! FIG. 5. The nanosecond MATI spectra of the EF-&luster pumping the
29550 29600 29650 29700 S, 208 cm* band. Both isomerd)b (top) andlla (bottom show redistri-
Probe Energy (cm’l) bution upon excitation.

FIG. 4. The nanosecond MATI spectra of EF-Ar pumping the @6f) and
514 cmi* (bottom) S; bands. The spectra are scanned inAle=0 region.
Early time corresponds to an optical delay<of ns, late time corresponds
to a delay of 7 ns. The broad structure to the red is indicative of IVR
occurring at the expense of the sharp reactant structure.

tion than in the symmetric. This is an example of conformer
specific redistribution rates.

Another point of interest in the=2 complex involves
the dissociation of an argon from the complex. A number of
bands were studied at various energies above the conformers

n=2: Of significantly more interest is the EF-Ar respective origins and the MATI spectra recorded in the

MATI. Figure 3 shows the MATI spectra pumping the ori-
gins of the two conformations, and the isomers of each con-
formation. As was the case above, the differences in the
MATI spectra allows us to unambiguously assign the con-
formers origin resonances.

Figure 5 shows the nanosecond MATI spectra recorded
by pumping the 208 cit bands of the two isomer$la and
lIb) of the sym conformation. In each case IVR is seen as a
broad peak shifted from the sharp structure. In the case of the
lla isomer, the redistribution occurs to the red of the sharp

Pump IIb Isomer

tau = 530 ps

reactant peak. This is a standard shift for the redistributed
product as described above for the 1 complexes. Théb
isomer on the other hand shows a dramatic blue shift of the
redistributed product. This is very uncharacteristic of these
systems. In an attempt to better understand this phenomenon
picosecond MATI spectra were recorded for both of these
bands. These are shown in Fig. 6. As one can see there is
only sharp structure occurring at early tingero p$, and
significant redistribution as the probe laser is delayed relative
to the excitation. The temporal evolution of the reactant de-
cay was monitored for both isomers. They show a similar
rate of redistribution of~475 ps(see insets of Fig.)6 The

208 cm ! band of the unsymmetric conformation shows only
broad structure on the nanosecond time scale even at early
time. This suggests a very fast rate of redistribution. Due to
lack of signal intensity this band could not be measured Wiﬂg

MATI Intensity (arb. units)

O"w\
E I 500 1000 1500

Probe Delay (ps)

Pump Ila Isomer

tau = 450ps.

0 500 1000 1500
Probe Delay (ps)

L A T B B B
29520 29600 29680 29760 29840

Probe Energy (cm'l)

IG. 6. The picosecond MATI spectra of the EF,Afuster pumping th&,
. . . 08 cm'* band. Both isomer#ib (top) andlla (bottom show dynamical
the time resolved picosecond system. Still one can concludggistribution. The initial state decay is shown in the insets, which are ob-

that the redistribution is faster in the unsymmetric conforma-tained by monitoring the sharp structure in the MATI spectra.
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TABLE Il. EF-AR,, calculated isomers and binding energies.
L-J Ab-initio
energy energy
- Cluster Isomer (cm™Yac (cm™hbe
@ unsym-EF-Ar IX —518 —573
/2] sym-EF-Ar la —-511 —-567
E: unsym-EF-Ar Ib —542 —498
< Pump IIb 513 cm™ band unsym-EF-Ar 1/0) —563 —497
2 unsym-EF-Ar (1o) —539 —486
sym-EF-Ar (10 —584 —467
3 unsym-EF-Ag @y ~1060
N unsym-EF-Ag lic —-1063
= unsym-EF-Ag 02) —1063
g sym-EF-Ap o2 ~1067
Q unsym-EF-Ag 1Ix —-1084
Z sym-EF-Ap, lla or llb —1098
sym-EF-Ag, (2|0) —1130
unsym-EF-Ag (20) —1203
Pump Ila 743 cm’! band - = -
®Relative to the monomer enerd® cm ), for the appropriate conformer.

‘ ' ‘ The EF is optimized with B3LYR6-31G).
29600 29650 29700 PB3LYP (6-31G") optimized EF. 6-3% G** basis centered on the EF and
Probe Energy (Cm'l) 6-311++G(2df,2dp) basis centered on argon. BSSE counterpoise correc-

tion included, see the text.

FIG. 7. Dissociation product MATI of the=2 complex. The pump is  Neglecting zero point energy.
resonant with an=2 S, band above the dissociation threshold and the
product MATI is monitored in thex=1 mass channel.

recorded. Each conformation of each cluster size undergoes
Av=0 region. To record dissociation using MATI spectros-hundreqsl of annealing/optimization processes to ensure all
copy the pump is tuned to am=2 S, resonance above the 10cal minima are found. . _
dissociation threshold, and the product is monitored in the  The calculations predict four minimum energy isomers
n=1 mass channel. TH8, bands include the 513, 669, 713, for the unsym-EF-Ar cluster and two for the sym-EF-Ar
and 742 cmil. The MATI of these bands were recorded for cluster. Additionally five unsym-EF-Arclusters and three
both thella andllb isomers, i.e., both isomers of the sym SYM-EF-Ap clusters are predicted from these calculations.
conformer. Due to lack of signal, high-energy MATI spectraTab|e Il gives a summary of the calculated conformations
of the unsymmetric conformer were difficult to obtain. The @nd there energy.
onset of dissociation for the sym-EF-Atomplex occurs at While these calculations are useful, it was realized that
513 cni’! in both isomers. This allows us to bracket the the binding energy results of these simple calculations did
dissociation of a single argon in the sym-EF,Alomplex ot agree with experiment. It would be advantageous to have
between 398 and 513 ¢th As an example of the nanosec- & much higher level of theory to make quantitative state-
ond MATI spectra of dissociation products, see Fig. 7. All of ments about relative energies and binding energies. Several
the product MATI for the various dissociating intermediate fyP€s of calculations and experimental techniques have been

states of both symmetric isomers occurs at 29647cas ~ Used to bracket binding energies in numerous systems. Here
shown in the figure. we use quantum MP2 calculatiofBAUSSIAN 94?4 to predict

the binding energy of the sym and unsym-EF-Ar complex.
The total geometry optimization of the EF-Ar complex with
basis sets capable of describing such a system is computa-
To predict the geometry of the EF-Asystem a series of tionally beyond our means at present. To circumvent this
molecular dynamics and structure minimization calculationdimitation, we chose to use the B3LYP optimized parent with
using the HyperChefi package were undertaken. Similar the argon placement predicted by the above Lennard-Jones
calculations have been performed in the past by oucalculations. To test the accuracy of this method, we chose
group~3 Briefly, a 6-12 Lennard-Jones potential is used tobenzene-Ar as a test system. This system is particularly use-
describe the nonbonded interactions between the argon aridl because both experimertaland MP2 calculatéd?6%’
the chromophore, as well as between the argons themselvdsnding energies are available.
The parameters describing these interactions are given in The first calculation was our own full optimization of the
Ref. 1. To calculate the geometry of various clusters, a simubenzene-Ar system. This was performed at the MP2 level of
lated annealing process was performed on each clustetheory using a 6-3% G(d,p) basis set on the benzene and a
Leaving the EF fixed in its geometry as determinedaty 6-311++G(2df,2dp) basis set centered on the argon atom.
initio method$ the argons are heated to between 50 and 100 hese large basis sets have been shown to accurately de-
K and allowed to sample the phase space freely. After adscribe the interactions present in these van der Waals
equate sampling, the cluster is quenched back to zero Kelvimomplexe<® Additionally one must account for the error in
It is then geometry optimized, and the structure and energthe calculated binding energy caused by basis set superposi-

IV. CALCULATIONS
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tion error(BSSB. This is described by Boys and Bernaftli, of the binding energie$498—467 cm?). In this case, one
and their method of correcting this error is implemented herenust assumes that the argon dissociates from the ethyl chain
and in all other cluster calculations presented. In these cakide (see beloy, and that the argon—argon interactions are
culations, the chromophore is fixed in its optimized geom-negligible if the argons are on opposite sides of the parent
etry. In the case of benzene, this is at the MP2 level. Addimolecule.

tionally a frozen core approximation is used. Our

calculations predict a binding energy of the fully optimized V. DISCUSSION

(MP2) benzene-Ar of 413 ci. This is in excellent agree-

: 11
mep;[ with the value calculated by Schlagal™ of 429 jomers of the sym-EF-Arshow redistribution upon excita-
cm . Now the MP2 optimized benzene chromophor is fixedijon, tg 208 cmit. As seen in Figs. 5 and 6, the redistribution

and the argon placement is determined by the simples e 1h isomer uncharacteristically redistributes to the
Lennard-Jones type calculations described above. Using thﬁue, while thella shows a “normal” redistribution to the
new cluster(whose geometry is very similar to the full MP2 o The characteristic red shifted IVR is a result of popula-
calculated geometjya single-point energy calculation of the i of hath states, after excitation, associated with the 208
energy is performed at the same level of theory used in thgy-1 yipration. The anomalous blue shift of thk isomer
MP2 fully optimized benzene-Ar. The total energy of the full js taken to suggest that the redistributed product starts to
MP2 structure and the molecular mechanics placed argogample one or more different isomeric structures. In fact, the
have nearly identical valugse., the Lennard-Jones structure \qaT) spectrum resulting from this “new” isomer is quite
is only 2.6 cm * lower). These results are promising in that similar to the normal, red shifted structure present in the
we will be able to accurately predict binding energies ofiegistribution of thela isomer excited to the san® band,
large van der Waals systentspecifically the EF-Ar com-  Fig 5 |tis concluded thdtb is starting to sample the same,
plex) using this computationally simpler method. or similar, isomer structures d&. Remember thala and

To that end, the calculation of the binding energy of || are proposed to differ only in the position of an Ar on the
EF-Ar was undertaken. As was noted before, it was compustgp " ethyl side of the ring. It is reasonable to expect that at
tationally infeasible for us to perform a full MP2 optimiza- 208 cmi ! the Ar is able to overcome barriers for moving on
tion on this system. Similarly, it was infeasible to optimize the surface of the molecule, although the surface crossing
just the EF parent at the MP2 level. However, due to theparrier is likely to be higher, as was the case in fluoreng-Ar
approximations used in density functional calculations accurather than considering the redistributed Ar to be a specific
rate geometries of both the sym and unsym-EF wergsomer structure it is more likely that botta andIlb are

obtained’ We will use these optimized parents as the fixedsampling many possible structures on the surface of the fluo-
choromophor in the method described for the benzene-ArFene, which on the average give the broad MATI Signa|

Unfortunately density functional theoryDFT) has not shown in Figs. 5 and 6.
proven useful in predicting the binding energy of van der  |n a converse argument this phenomenon helps in the
Waals systems consistenfly. The same 6-3%G(d,p)/  assignment of the isomeric geometry. Siiize andllb ap-
6-311++G(2df,2dp) basis set combination was used. In pear to be able to interconvert at 208 cinyet surface cross-
the case of the unsym-EF-Ar there were four conformationsng is not possible, it requires thia andllb both be either
predicted in the simulated annealing/optimization procedureg2|0) or (1/1) structures. In accordance with the additivity
described above. The binding energy of all four of theseules (see isomer assignments abptee lla andllb com-
conformations were calculated and the results are shown iplexes are most likely1|1).
Table Il. Additionally there were two conformations of the Dissociation of then=2 complex also helps to assign
sym-EF-Ar. These calculated binding energies are alsatructures to the different isomers. As seen in Fig. 7, disso-
shown in Table II. ciation from either thdla or Ilb isomer result in identical
The calculations predict, in both the sym and unsym-product MATI spectra. These spectra are coincident with the
EF-Ar that the argon located on the side opposite the ethyMATI spectra of thela isomer excited above tH§ origin as
chain has the highest binding energy, 567 and 573'%m shown in Fig. 4. In other words the products of the 2
respectively. The zero point energy of the EF-Ar system waslissociation, bothla andllb, are essentially identical to the
not calculated, and is neglected in these reported values, bradistributedla isomer. Again assuming that upon dissocia-
can be estimated as similar to the benzene-Ar value of 5€on, surface crossing is unlikely, at the excess energy inves-
cm L The particular value of the zero point energy is nottigated, thella andllb isomers must represent similar initial
critical since it is expected to be similar for each isomer andstructures. If one, according to the additivity rules, is to as-
thus does not effect the relative binding energies of the difsign thella to the(1/1) conformation one must conclude that
ferent isomers. As was noted above, the experimeBtal thellb is also a(1|1) conformation. This is in direct agree-
binding energy for thenx=1 complex is>514 cm'®. The  ment with the results of the 208 ¢rhband. In addition to
calculated values of the ground state binding energy of dhe starting conformation one knows which argon is favored
single argon are consistent with this lower limit. Similarly in the dissociation since the final structurelas a structure
the dissociation of a single argon from the=2 complex is  with the argon on the side opposite the ethyl chain. That is,
experimentally bracketed between 398 and 513 tnin  the argon on the same side as the ethyl chain must be re-
fact, the value for dissociation of a single argon from the moved. Dissociation of the argon from the ethyl chain side of
=2 complex can also be predicted by the-1 calculation the molecule is also supported by thie initio calculation of

As was seen in the ion spectroscopy section, the two
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the binding energy. It is predicted that the argon on the ethybe the most tightly bound. This is consistent with the experi-
chain side always has a lower binding enekg$6 cni?) mental dissociation results that show the andllb isomers
than the argon on the side without the ethyl gra®67  always yielding thda conformer upon dissociation.

cm1). This adds support to the above isomer assignments. It

is noted that thdla andllb isomers must be similafl|1)
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