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Fluorescence Excitation Spectroscopy of Octatetraene-Xe van der Waals Clusters

Taek-Soo Kim, Kyo-Won Choi, Sang Kyu Kim, Young S. Choi,Sung-Woo Park!
Doo-Sik Ahn," Sungyul Lee! and Keitaro Yoshihara*

Department of Chemistry, Inha University, Incheon 402-751, Korea
'School of Environmental Science and Applied Chemistry, Kyunghee University, Yongin-kun, Kyungki-do 449-701, Korea
*Institute for Molecular Science, Myodaiji, Okazaki 444, Japan
Received December 29, 2001

Fluorescence excitation spectrum of tinens,transl,3,5,7-octatetraene(OT)-Xe van der Waals clusters
formed in supersonic jet expansions has been obtained. The transition lines corresponding to the van der Waals
clusters of OT with Xe are observed in the lower frequency side of the OT band origin. Based on the spectral
shifts, fluorescence lifetimes, and concentration dependence of the peak intensities, most of the transition lines
are assigned to the OT-xX@ =1, 2, 3, 4) clusters. Long progressions of a van der Waals vibrational mode are
observed fon = 1, 2, 3 and 4 clusters and assigned to rocking of the OT moiety with respect to the Xe atom
with the help ofab initio quantum mechanical calculation.
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Introduction the conversion process, the polyene chromophores are sup-
posedly first excited to the electronically excited potential
Studies on various van der Waals clusters have provideenergy surface and undergis-transisomerization on the
interaction potentials of the collision pairs of atom-atom,excited potential energy surfatélhe solvent molecules
atom-molecule, or molecule-molecule, which have improvechear the polyene chromophore may affect the isomerization
the understanding for the molecular interactions among then the excited potential surface via collisional relaxation
collision pairs and the solvation dynamiésSince the rare  and/or solvent reorganization. Therefore, the van der Waals
gas atoms are the simplest molecules of all and thus irelusters of the polyenes with rare gas atoms will be an
terpretation of the experimental observations and theoreticaxcellent system to elucidate the interactions of the polyene
calculations are less demanding, van der Waals clusters ohromophore with the solvent molecules, which are in-
the rare gas atoms with other molecules have been botolved in the photochemical conversion of light in biolog-
intensively and extensively studied. High-resolution spectroical systems.
scopic studies on the relatively small clusters like the atom- Some years ago, this group has reported the role of the rare
rare gas atom or diatomic molecule-rare gas atom(s) clustegas atoms in the electronic relaxation of the electronically
have focused onto the spectral shifts, the changes of thexcited OT-rare gas clustérsThe heavy rare gas atoms
lifetimes of the excited states, and geometries of the clusterattached to the OT molecule were found to enhance the
For the clusters of relatively large polyatomic moleculeselectronic relaxation of OT through the external heavy atom
with rare gas atoms, the weak interactions between theffect. That is, the fluorescence lifetimes of the van der Waals
chromophores in the polyatomic molecules and the rare gadusters of OT with Xe atom(s) were measured to be signifi-
atoms have been main topics of investigation. cantly shorter than that of the bare OT molecule, while those
Trans,transl,3,5,7-Octatetraene (OT) is a model mole-with Ar atoms show no quenching of the excited OT. Kr
cule of linear polyenes which have a conjugated doublelusters were located in between the Ar and Xe clusters.
bond structure, playing important roles in photobiological As a continuing work, we report a spectroscopic investigation
systems. for the van der Waals clusters of the OT and one of the rare
gases, Xe in this article. The spectral shifts, cluster size
W assignments, and frequencies of a van der Waals mode, re-
/ = sulting from the interaction between the polyene chromo-
phore and rare gas atoms, are measured. Although the
clusters with other rare gas atoms, Ar and Kr, had also been
Conversion of light into chemical energy in plants andinvestigated, the spectra for these clusters are much more
animals involves the photochemical transformation of thecomplicated and their interpretation requires extensive theo-
polyene chromophores such as carotenoids and retitrals. retical works, and thus the scope of this paper is limited only
to the clusters with Xe.
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basically the same as reported previotiskhe van der 80 i B S S . EE——
Waals clusters ofrans,transl,3,5,7-octatetraene with the 3 OT-Xe
Xe atoms were synthesized by expanding the gas mixturs ’
containing the OT molecules and Xe gas seeded in Hg
carrier gas into vacuum through a nozzle with a small orifice = 2
A mixture of the He carrier gas and Xe gas was prepared ing w0 Cu
stainless steel reservoir by mixing the pure He and th«E
premixtures of Xe in He with the Xe concentration of about g | 1‘
5%. Solid octatetraene placed inside the nozzle malntame8 204 “ mz H
at 35°C left sublimed into the mixture of the rare-gas and He g H 1\‘ \J l‘ %
u‘ ‘ H bl
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carrier gas kept at a stagnation pressure of 2.5 atm, and ti s o Aww il Wiy IR Ti N
mixture was expanded through a pulsed valve (Newpor ool @~ S ,T ,,,,,,,,, i o
BV100) with a 0.5 mm nozzle diameter. The output bean 0 0 40 oo® 100

from a pulsed dye laser (Lambda Physik FL 3002) pumpe. Red Shift from OT (cm )

with a XeCl excimer laser (Lambda Physik EMG 104MSC) Figure 1. The fluorescence excitation (FE) spectrum of the OJ-Xe
crossed the supersonic jet of the clusters at 15 mm from th#usters. The PMT signal was decreased by a factor of 70-80 by
nozzle. Fluorescence from the excited OT and its van de¥ecreasing the voltage applied to the PMT near the bare OT
Waals clusters was collected with a 2" diameter quartz |en3%ran3|tlon to avoid saturation. The numbers on top of each peak are
filtered with a color filter and an aperture, and then detectec!1 @ number of the Xe atoms in the clusters (see the text.).
with a fast-response PMT (Hamamastu H3284) with about
300 ps risetime. Fluorescence excitation spectrum of thexcitation (FE) spectrum of the van der Waals clusters,
clusters was recorded from 344 to 347 nm, which correspond tehich was taken at the 2.5 atm stagnation pressure and the
the frequency region where the vibronic origingi®and of the  1.0% Xe concentration in He, is shown in Figure 1. Since the
S~ S (2'Ag ~ 1'Ay) transition appeafsThe vibronic origin - fluorescence signal from the bare OT excited to the vibronic
was observed at 29,024.9 ¢thThe energy of the excitation origin (Qug) at 29,024.9 cim was too strong compared to the
pulse was kept less than 5@Dand the laser beam was weak- weak transition lines of the clusters, the PMT voltage was
ly collimated to= 2 mm diameter at the interaction region to decreased near the origin by 500 V to reduce the intensity
avoid saturation of transitions. The optogalvanic spectrum ofo the appropriate level. No other wavelength region was
a Ne hollow cathode lamp provided a frequency calibratiorscanned in search of van der Waals transitions because the
for the dye laser with an accuracy of + 0.5tm OT molecule shows many weak peaks due to many low
Fluorescence lifetimes were recorded with a 500 MHzfrequency vibrational modes except the region near the
digital oscilloscope (LeCroy 7200) by averaging 500-1000vibronic origin (Qg).®
decay traces and stored in a floppy diskette in the built-in By comparing the spectrum in Figure 1 with the FE spec-
disk driver. The traces were then transfered to a personédum of the bare OT, the transition lines corresponding to the
computer and fit with a commercial least squares regressiovan der Waals clusters were identified. Since no transition
routine. The time resolution of the fluorescence lifetime measline of the bare OT molecule is expected at the lower
urements was limited by the 15 ns pulse duration of thdrequency side to the vibronic origin 44 the van der Waals
excitation laser. Fitting the fluorescence decay profiles taclusters of OT and Xe, OT-Xén represents the number of
single exponential gave the reported lifetimes. the Xe atoms attached to OT.), are responsible for the all
Thetrans,transl,3,5,7-octatetraene sample was synthesizegheaks observed in Figure 1 except the vibronic origig) (O
by dehydration of 2,4,8-octatrien-6-ol using pyridiniggh  of OT. The transition lines observed in Figure 1 are listed in
toluenesulfonate as a catalyst following the procedure describ&ble 1 with the peak positions and intensities.
previously! The alcohol was purchased from Sorl Laboratory The first step in the analyses of the van der Waals clusters
in Japan and had a measured purity of 99.7% by HPLC. Thepectrum is to identify the number of the Xe atoms in the
crystalline sample of OT was stored in the nitrogen atomovan der Waals clusters responsible for each peak. The best
sphere at -88C before use in order to avoid polymerization.  experimental method to assign the cluster size is the mass-
The ab initio calculations were executed in a personalselective multiphoton ionization spectroscopy. Since the
computer and an IBM RS 6000 workstation with the standionization of the OT excited to the'&; excited state
ard methods included in the Gaussian 98 for Windows andequires an additional photon near 200° mmd the second

Gaussian 98 packages, respectifely. tunable laser system for the 200 nm photon generation was
not available in this laboratory, a less straightforward but
Results and Discussion quite frequently adopted method was employed in this work;

the peak intensities are measured as a function of the Xe
When the Xe gas was added to the gas mixture for jetoncentration in the carrier gas mixtd?d&he intensities of
expansion, some weak peaks that may be attributed to thibe transition lines of the clusters with the larger number of
van der Waals clusters of the OT and Xe appeared at thbe Xe atoms should show stronger dependences on the Xe
lower frequencies of the ©band of O The fluorescence concentrations than the clusters with the smaller number of Xe.



Octatetraene-Xe van der Waals Clusters Bull. Korean Chem268@2.Vol. 23, No. 2 197

Table 1 Positions of the observed peaks corresponding to the ol T T Lo T Lo
octatetraene-Xgvan der Waals clusters |
Peak positioh Relative Lifetime Number of 7 \ r
(e} intensity’ (ns) Xe atoms 11 I
0.00 (O of OT) NA 320 0 1 ﬂ N _
165 15.7 5.2 1 N V| VWA TN e TS |
18.7 19.2 63.2 1 | |
21.0 21.2 62.2 1 g 4| ‘;\‘ 4 043% |
22.7 17.3 64.4 1 < (S 1] (R ENE NI SN SR |
25.3 43.2 62.4 1 3 | N j L
29.4 38.2 58.4 1 8 | ‘\ |
30.6 92.7 60.0 1 E Tl bt J “ML it
g 71 Ho B
32.3 29.3 49.3 2 (2+0) % | ‘ [
36.7 37.9 50.7 2 (2+0) R LY M ‘M 1L e i
41.9 68.1 48.2 2 (2+0) g ] A W G LR S|
44.0 14.0 38.3 3 E | “ f |
456 11.7 407 3 I \‘ N i | ‘ ; I
47.6 71.4 487 2 (2+0) 1 wwm MM g 2% ]
49.7 42.2 37.6 3 ‘ |
5.8 100 39.0 3 1 by H I | i
57.0 15.0 40.4 3 | " “'\n L I oo |
69.0 43 45.1 4 At M Jw Ll
75.9 8.7 36.7 4 3444 3446 3448 3450 3452 3454 3456 3458
82.9 22.7 35.6 4 Wavelength (nm)
86.2 45 -
88.5 5.7 35.9 Figure 2. Concentration dependence of the FE spectrum of the OT-
89.9 585 298 4 Xen clusters. As the concentration of Xe decreases, the intensities
93.3 15.7 44.4 of the peaks corresponding to larger clusters fade out more rapidly
975 16.3 313 than the smaller ones.
98.2 5.0 36.7
103.5 8.7 56.8 labeled peak in Figure 1 are listed in Table 1 and shown in

#The red shift from the g band of therans,trans1,3,5,7-octatetreaene. Figure 3. o
®The relative intensity for the 55.8 chpeak as 100. The measured fluorescence lifetimes strongly support the

cluster size assignment given above (see Figure 3). All the
Figure 2 shows the spectra measured at various Xe cofines assigned to the OT-Xe clusters demonstrate the longest
centrations ranging from 1.0% to 0.08%. As the Xe conifetimes grouped with a narrow dispersion and well separated
centration decreases, the peaks at larger spectral shiffspm others. The lifetimes of the OT-Xelusters are located
which are thought to be those of the larger clusters, fade ol between those of the OT-Xe and OTsXegure 3 shows
more rapidly. From the concentration dependence shown i~
Figure 2, all transition lines corresponding to OT:Xe
clusters in Figure 1 can be classified into 4 groups. The line
marked 1 on top of the peaks in Figure 1 persist even at tt
lowest concentration (0.08%) of Xe, which suggests thag 60 -
these correspond to the cluster of OT with a single Xe atorr g
i.e., OT-Xe. The second group, which labeled with 2, shows 2
the stronger dependence than the OT-Xe clusters but weaks 50 8 7
than the others, must be the OT:Xdusters. The third
group marked with 3 follows the second group and thus cac 4 | % 4
30 \V/ —

OT-Xe

OT-Xe,
OT-Xe,
OT-Xe,

CLCT

4 oo

be assigned to the OT-Xelusters. The last group, which

shows the largest spectral shifts and labeled with 4, shoul

be the OT-X& The unlabeled peaks located above 9% cm

are hardly assignable only from the concentration-dependel

spectral changes, and thus the assignment for these peaks 20

reserved. 1 ' 2 ' 3 ' .
As reported previousRthe heavy Xe atoms residing near Number of the Xe Atoms

the OT _molecule_ enhance the electronic relaxation Qf th%igure 3. Fluorescence lifetimes of the OT@usters. Except the
electronically excited OT ($ Thus the fluorescence life- = 4 ciysters, the lifetimes of the clusters with the same number of

times of the OT-Xgclusters are much shorter than that of the Xe atoms are grouped with a narrow dispersion, confirming the
the bare OT molecule. The lifetimes measured at eackize assignments.

Fluorescence Lifet
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that the lifetimes of the OT-Xelusters are less discernable Cp, point group'! As in the clusters of the planar molecules
from those of the OT-Xgthan others, but the peak positions with fused benzene rings such as naphthalene, phenanthrene,
that are far shifted red from the OT-Xeonfirm the as- tetracene, perylené*and pentacene with rare gas atoms, it
signment. As can be seen in Table 1, the lifetimes of the uns expected that the Xe atom is located on top of the mole-
assigned lines located red from the OT,4ee comparable cular plane of OT in OT-Xe. In contrast to our expectation,
to the OT-Xe and also quite scattered, and thus do not helfnowever,ab initio calculation shows that the geometries
our assignment of these peaks. with the Xe atom on top of the OT plane are the transition
It can be easily noticed in Figure 1 that the four transitiorstates and that the geometry, in which the Xe atom is located
lines corresponding to the OT-Xelusters are almost equally in the same plane as the OT molecule as in Figure 4, is most
spaced. Such series of equally spaced lines are also noticeablable.
for the OT-Xe, OT-Xg and OT-Xe clusters. These series  In Figure 1, it can be noticed that there exist two band
of transition lines must be the progressions of a van deorigins (29.4 and 30.6 cibands) for the OT-Xe clusters.
Waals vibrational mode of the clusters. The different con-The ab initio calculation at the HF/3-21G level provides a
formers of a van der Waals cluster can give similar multipleclue to understanding the observations. It predicts that the
transition lines, but the positions of the transition linesgeometries with the Xe atom at the bays of th€£C; and
should not be so regular as observed in Figure 1. Th€s-Cs-C; correspond to the metastable local minima of which
vibrational level spacings measured from Figure 1 are sumenergies are very close. Hence there exist three isomers for
marized in Table 2 for the OT-Xén = 1, 2, 3, 4) clusters. the OT-Xe clusters, one of which is the one in Figure 4,
Table 2 demonstrates that the vibrational spacing steadiljaving the lowest energy and the largest population. The
increases with the increase of the number of Xe atomsther two are the metastable geometries mentioned above.
surrounding the OT molecule. These have nearly the same energies and thus render a single
Ab initio calculation has demonstrated thetns,trans peak (a little broad one at 29.4 dnin the FE spectrum.
1,3,5,7-Octatetraene is a planar molecule belonging to th€hey have higher energies than that of Figure 4 and lower
populations as observed in the FE spectrum. A doublet
structure at 18.7 and 21.0 ¢nseems to originate from

Table 2 Vibrational spacings of OT-Xelusters tunneling splitting of a vibrationally excited level. As shown

OT-Xe8 OT-Xez OT-Xes  OT-Xey in ab initio calculation, the OT-Xe cluster has a potential
(cm™) (cm™) (cm™) (cm™) with multiple minima and such a doublet splitting can be
v=1o v=0 53 5.7 6.1 7.0 anticipated. Since the exact potential is not known at this
v=2 o v=l 43 (5.4)° 5.2 5.8 7.0 point, however, further discussion for the splitting is deferred.
6.6 For the OT-Xe clusters, two isomeric structurés,, two
V=3 & v=2 - 4.4 41,57 6.9 Xe atoms on one side (represented as (2 + 0)) and one Xe

3For the dominant structural isom&Fhe average value for the doublet. atom on each side (represented as (1 + 1)) are possible.
Because the spectrum in Figure 1 and the size assignment
given above demonstrate that there exists only one isomer of
OT-Xe,, it should be found out which isomer is responsible

'f for the spectrum. If two Xe atoms in OT-Xa&re located on
the other side of the molecule plane, the spectral shift should
) be nearly twice of that of OT-Xe as observed in many
- aromatic molecule-rare gas clust&r3he spectral shift of
the origin band of the OT-%és 47.6 cmt, which is much

smaller than twice of that of OT-Xe, 30.6 ¢nsuggesting
» that two Xe atoms are in the same side of the molecular
> . plane. In terms of energetics, the structure with two Xe
atoms on one side is also more favorable than the counter
part since the Xe-Xe attraction further stabilizes the cluster.
J ‘ For the OT-Xe and OT-Xae clusters, many more possible
- - isomeric structures, which cannot be distinguished with only
the spectral shifts, exist. An ultra high-resolution spectroscopy
that resolves the rotational structure of the bands will con-
firm the structure assignments.

. J In the electronic spectroscopic studies on the polyatomic
molecule-rare gas atom(s) van der Waals clusters, it is not
common to observe long progressions involving the van der

4 Waals vibrational mode. In the OT-Xeusters, exceptionally

Figure 4. The ab initio structure of the OT-Xe van der Waals 10Ng progrgssions are observed as summarized in T_able 2,
cluster. especially in the OT-Xecluster. Such long progressions
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Table 3. Low-frequency vibrational modes of OT-Xe obtained in e L B B a—
ab initio calculatiort

Modes Harmonic frequencies (h  Approximate motion

Va9 19.8
Vs0 16.5 _
Vs1 6.2 Rocking of the OT moiety
with respect to the Xe atom <
HF/3-21G. 3 1
C
8
o
. @)
appear when a large structural change takes place whi 2 i

excitation. In Table 3, the low-frequency vibrational modes
that are obtained ib initio calculation are summarized
with their atomic motions. Since the frequency of the lowes 4]
frequency modevg,) is very close to that observed in this
work and all others are quite far from it, we assigned the L A L A
. ; -4 -2 0 2 4
observed low-frequency progressionsvia The vectorial Distance (A)
representation in Figure 5 shows that themode is the
rocking of the OT moiety with respect to the Xe atom. Figure 6. Change of the structures of octatetraene uponihe S
Now it is requird to answer to the question why the o (2’A4 — 1'Ay) electronic excitation. The two central_ c-C bOﬂdS
mode is active in the;S- S, (21Ag - llAg) transition. It is are overlapped to show the structural change. For S|mpllp|ty, oply
well known that the t_)on_d ?lrders in the OT molecule in\./erttgfaf:;k;ﬁg \?Vtﬁgl‘: ;ﬁggﬁ?’g%;&%gig}tﬁ%ﬁh bond-order inversion
upon the § - S excitation.” That is, the double bonds in
the S (1'Ay) state become almost single bonds aiug
versa Due to the so-called bond order inversion, the OT Table 2 shows that the larger clusters have higher fre-
molecule rotates in the molecular plane around the center @fuencies than the smaller ones. It can be understood from
mass during the electronic excitation fromt8 S. The  the fact that an additional Xe atom will exert an attraction or
structural change is graphically represented in Figure 6. Theepulsion to the existing Xe atom depending upon the re-
rotation of OT taking place during the electronic excitationlative positions, which makes the potential along the short
is nearly the same motion as themode. Therefore, the; axis narrower. The narrower potential will give the higher
mode is excited in the;S» S transition and therefore long values of the force constant and vibrational frequencies, as
progressions of thess; mode should appear in the FE observed in this work.
spectrum as observed in this work. In this paper, mostly qualitative interpretations are provided
for the experimental observations in the FE spectrum and
the fluorescence lifetimes. More quantitative understanding
requires higher-level quantum mechanical calculations that give
more accurate interaction potentials, vibrational frequencies,
and the most stable structures for the OFvn der Waals
clusters.
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