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Electronic Spectroscopy of Nonalternant Hydrocarbons Inside Helium Nanodroplets
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We have recorded the electronic spectra of three polycyclic aromatic hydrocarbons (acenaphtylene, fluoranthene,
and benzo(k)fluoranthene) containing a five-member ring and their van der Waals complexes with argon and
oxygen with a molecular beam superfluid helium nanodroplet spectrometer. Although the molecules, which
differ by addition of one or two fused benzene rings to acenaphtylene, have the same point group symmetry,
the spectral lineshapes show distinct differences in the number of zero phonon lines and shapes of the phonon
wings. Whereas the smallest molecule (acenaphtylene) has the most complicated line shape, the largest molecule
(benzo(k)fluoranthene) shows different lineshapes for different vibronic transitions. The van der Waals
complexes of fluoranthene exhibit more peaks than the theoretically allowed number of isomeric complexes
with argon/oxygen. The current models of molecular solvation in liquid helium do not adequately explain
these discrepancies.

1. Introduction thought to give rise to different structural isomers of the
The electronic spectroscopy of quasi-one-dimensional fused solvation shell and to cause splitting of the ZPlEhe detailed

polycyclic aromatic molecules (i.e., benzérfenaphthalené, experiments and calculations performed on tetracene inside
anthracené, tetracené® and pentaceffé9 inside helium hell_um nanodroplets suggested th_aF both the ground and the
nanodroplets has demonstrated the different solvation charac-€Xcited states of tetracene are split into two ledels.
teristics of these molecules. The vibronic spectra of these The separation of the potential minima above these types of
molecules consist of one or multiple sharp transitions (maximum molecules is typically 2.5 A (distance between the centers of
full width at half maximum (fwhm)~1 cnv1), which are adjacent rings). This distance is smaller than the hetibsdium
occasionally accompanied by a broad2Q cnt?) and weak distance in the bulk liquid (3.5 A} or the equilibrium distance
(~10% of the main peak under unsaturated conditions) peak atof the helium dimer (2.96 A with @, of 7.7 cnr1).12 At
higher energy. The sharp transitions, which are the excitations2.5 A, the He-He potential is repulsive with an energy of 15
of the chromophore inside the droplets, are called the zerocm™, which is twice the well deptk Therefore, it was
phonon lines (ZPL). The broad structures, which are attributed suggested that the helium atoms may not be able to simulta-
to the simultaneous excitations of the compressional volume neously fill all of the minim&. The resulting combinations of
vibrations of the helium environment, are called the phonon the occupied sites give rise to isomers of the helium solvation
wings (PWs). The first observation of the PW of glyoxal shell and thus to the splitting of the spectrum of the chromophore
embedded in helium nanodroplets revealed that there is amolecule. There are a small number of isomers because the
~5 cmr! gap between the ZPL and the PNThis gap has localization is more effective for the first solvation layer. Path
been attributed to the roton energy in the bulk superfluid helium integral Monte Carlo (PIMC) calculations of benzene in aHe
in relation to the dispersion curve of elementary excitations and cluster predicted that the He atoms above and below the plane
has been proposed as proof of superfluidity of the helium of the molecule are completely localiz€dQuantum Monte
nanodropletd? Benzené? and naphthalerfehave single ZPLs  Carlo calculations of interaction of helium (up to 24 atoms)
without PWs. Anthracerfehas several unresolved ZPLs and a with planar polycyclic aromatic molecules also found strong
broad PW starting immediately after the ZPLs. Tetraéehe |ocalization of helium in the first solvent layer above and below
has two resolved ZPLs and a distinct PW with the characteristic the rings!4 Similarly, PIMC calculations of phythalocyanine
roton gap and maxim#.Pentacer® has a single ZPL and &  in a Hey (Nmax = 150) cluster indicate strong localization of
PW with an unusual fine structure. Because the interaction the first solvation layet These calculations confirm that helium
potential of helium with large polycyclic aromatic molecules  density in the first layer above the planar molecule is solid-like
is on the order of 80 Crﬁ', one eXpeCtS the localization of helium with a minimum Separation of the peaks of 3.0 A Furthermore,
atoms in the first solvation shéllThis localization has been i was proposed that splitting of the ZPL observed in emi$sion
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spectral shifts were comparable to the experimental reXults. 251
Therefore, the interaction of a single helium atom with a large
polycyclic molecule is regarded as descriptive of the environ-
ment of a molecule inside helium droplets. All the calculations
on doped helium droplets, we are aware of, have used the
pairwise addition approximatidh? 1315 The appearance of the
splitting pattern was reported to sensitively depend on the first
solvation layer. Addition of an Ar atom to the tetracene molecule
guenched the splitting completélyHowever, we have demon-
strated in our laboratory that biphenylene, with a separation of 054
3.85 A between the minima positions, still has split ZPLs,
although these positions can be occupied at the same time Wavenumber (em)
without yielding any structural isomers of the solvation skell. ) . - o
Furthermore, the splitting was retained upon complexation with Figure 1. The § =S electronic transition of acenaphtylene inside
. . . helium droplets.
an argon atom, unlike the tetracene case. Therefore, at this point,
our understanding of helium solvation of these molecules and spectrometer has two differentially pumped chambers, each
its relationship to the observed lineshapes is incomplete (i.e., €vacuated by oil diffusion pumps. A 10n nozzle in the source
even a qualitative prediction of the line shape observed in a chamber is cooled to 17 K by closed cycle refrigerators.
new molecule based on the previous experiments is still not Ultrapure (99.9999%) helium gas at 50 bar pressure is expanded
possible). into vacuum to form droplets with a mean size of 6500 atoms/
In this study, we present the helium nanodroplet isolation droplet?* A 390 um diameter skimmer is located about 1 cm
(HENDI) electronic spectroscopy of a new class of polycyclic from the nozzle, leading into the detection chamber. In that
aromatic hydrocarbons containing a five-member ring to broaden chamber, there are two ovens and one gas scattering box used
our experience and understanding of helium solvation. We haveas pickup cells to load the droplets with the dopant(s) under
studied the §— S electronic transition of acenaphtylene, study. The organic molecules-89%, Aldrich) are heated in
fluoranthene, and benzo(k)fluoranthene and their van der Waalsthe ovens to a vapor pressure of about*IDorr. The gas pickup
complexes inside helium nanodroplets using the beam depletioncell is used to create the van der Waals complexes of the
method. Acenaphtylene, fluoranthene, and benzo(k)fluorantheneorganics with argon or oxygen. The doped droplets interact with
constitute a series of nonalternant aromatic molecules that differthe laser in a multipass cell, which is composed of two flat,
by sequential addition of a fused benzene ring. Unlike the high reflector mirrors. The detector is an optothermal bolom-
polyacenes with delocalized electron density, these nonalternanteter?? which monitors the flux of the droplet beam. The
hydrocarbons with 4mr electrons can exhibit distinct single  bolometer has a specified noise equivalent power of 0.13 pW/
and double &C bond characteristics due to more localized vHz, which translates to about 100 nV of noise under

Although the three body forces were excluded, the calculated O
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electron density. experimental conditions. The droplet beam signat i3 mV,
The first impression of these molecules is that they are and is detected with a chopping frequency of 21 Hz. When an
composed of two-component subsystems: naphthaletisy!- electronically excited molecule relaxes radiatively (nonradia-

ene for acenaphtylene, naphthalebenzene for fluoranthene, tively) from the excited state, it deposits a fraction (all) of its
and naphthalenenaphthalene for benzo(k)fluoranthene. How- €xcitation energy to the droplet, causing evaporation and
ever, in a series of papers, Michl et al. demonstrated that lower shrinkage in size. (In the radiative case, the droplet deposited
excited states of acenaphtylene and fluoranthene do not correlat€nergy arises from the Stokes shift on emission). The bolometer
to the excited states of benzene or naphthaléne. detects the depletion in beam flux when the laser is on resonance
Although acenaphtylene, fluoranthene, and benzo(k)fluoran- with an electronic transition. The bolometer signal was amplified
thene are similar compounds, they exhibit different photophysi- first by a cold J230 JFE® then by a Stanford SR550
cal properties following §— S transitions. Acenaphtylene has ~ preamplifier, and finally demodulated by a Stanford SR510 lock-
low oscillator strengthfgx, ~ 0.005), and it is nonfluorescent.  in amplifier. Although this setup is ideal for non- or weakly-
Fluoranthene also has low oscillator strengghy¢~ 0.012), but  fluorescent species (i.e., acenaphtylene), we could also record
it has a moderate quantum fluorescence yiel®.8). Benzo- the spectra of fluorescent molecules (i.e., fluoranthene and
(k)fluoranthene has high oscillator strength, and it has a nearbenzo(k)fluoranthene) with optimized conditions.
unity fluorescence quantum. Low-temperature matrix isolation ~ The optical radiation source was a frequency doubled Ti:
spectra of all three compounds exhut only for fluoranthene ~ Al2Oz laser, which is a modified Indigé system running with
is there a published jet-cooled single vibronic level resolved the Littman cavity* design. The Indigo was pumped by an
spectrunt?® High-resolution spectra of acenaphtylene and benzo- Evolution-3023 a diode pumped, intracavity frequency doubled
(k)fluoranthene are reported in this study for the first ime. We Nd:YLF laser. The second harmonic of the Ti;@k laser was
point out that the combination of five- and six-membered rings generated by an angle tuned LBO crystal. The laser can scan
is the structural motif on which many important materials are about 2000 cm! in the second harmonic region with a line
based, such as the fullerenes and the termination of single wallwidth less than 0.2 crt. The average pulse energy was about
carbon nanotubes (SWCNTSs). Because SWCNTSs are being used 50uJ, and the pulse width was10 ns. The laser fundamental
or considered for countless applications in nanoelectronics andwavelength was monitored by a Burleigh WA-4500 waveme-
scanning probe stimulated spectroscopy, the present study mayer? The frequency calibration was achieved lwa 7 cnrt

provide information useful in these fields. free spectral range Etalon and a-NNe hollow cathode
. . optogalvanic lamp. Because of the limited frequency response
2. Experimental Section of the bolometer, the 1 kHz repetition rate of the laser was

The experiments were carried out on the Princeton droplet reduced to 250 Hz by modulation with a reflective chopper.
spectrometer, which was previously described in détaihe The reflected pulses from the chopper wheel were used to
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TABLE 1: Calculated and Experimental S, Term Values
and Oscillator Strengths ) of Acenaphtylene

S —'B; S—1A; S—1B2

(cm™) f (em?bd f  (cm?) f
experimentdl 21390 0.005 29310 0.1 30950 0.2
SCP 22110 0.003 29980 0.07 30320 0.06
SECH1°¢ 23990 0.03 29890 0.15 30350 0.10
TD—DFT/SVWN! 22745 0.004 29036 0.075 31698 0.078
TD—DFT/BLYPY 22664 0.005 28875 0.077 31456 0.078
TD—DFT/B3LYP! 24842 0.006 31053 0.105 33553 0.098
experimentél 21454 0.004 29520 0.165 31053
TD—-DFT/B3LYP 24858 0.006 31022 0.096 33540 0.091

aFrom ref 29, spectrum recorded in a 3-methylpentane matrix at 77
K. P From ref 29, all singly excited configurationsFrom ref 29,
selected singly and doubly excited configuratidghSrom ref 31.¢ From
ref 31, spectrum recorded in Argon matrix at 12'Rhis work.

monitor the laser power. The control of the laser system and
data acquisition were performed with a PC running a custom
program written in Labvievi®

Normal modes were calculated at the density functional theory
(DFT) using the B3LYP functional and restricted Hartréeck
(RHF) levels in the ground electronic state and the latter's
(almost) equivalent RCIS level in the first excited st&tasing
the 6-311#G(d,p) basis set. The energy and oscillator strength
of the low lying electronic transitions were calculated at the
time dependent DFT (TBDFT), also using the B3LYP
functional. The Gaussian03 package was used for these calcula
tions28

3. Results

3.1. Electronic Spectroscopy of Acenaphtylene In Helium
Nanodroplets. Acenaphtylene (see Figure 1 for structure) is a
planar molecule with 127 electrons. It has extremely low
guantum fluorescence yield-(L0~%), which makes it suitable
for a HENDI depletion experiment. The electronic states of
acenaphtylene have been studied both experimentally and
theoretically?9-31

The § — S transition is weak but is symmetry allowed with
a low molar extinction coefficiente(~ 100 M~1 cm™1) and is
polarized along the long axis of the molecétePrevious

Birer et al.

summarized in Table 2. The presence of distinct single and
double C-C bonds in the ground electronic state demonstrates
the molecule’s localized electron distribution. Upon electronic
excitation, naphthalene and ethylene moieties approach each
other because the symmetric arms of the five-member ring
shorten. An elongation of the ethylene double bond is also
predicted. The large geometrical change is thought to disturb
the helium solvation shell around the molecule and to give rise
to a strong and broad PW.

The § — S electronic transition of acenaphtylene inside
helium nanodroplets is presented in Figure 1. Unfortunately,
only a couple of vibronic transitions are in the spectral region
accessible to us. If we use our estimation for the electronic origin
(22 000 cntY), then the vibronic transitions in the HENDI
spectrum should include modes of-@ stretches and overtones
and combinations of lower frequency modes. However, it is
difficult to assign the lines with the current amount of
information, especially without the exact position of th%z 0
transition.

The expanded view of the strongest acenaphtylene vibronic
transition is presented in Figure 2. The peak is composed of
four sharp (fwhm~1 cn1?) peaks riding on a broad background,
which is interpreted as the PW. The peak shape is similar to
the peak shape of perylene for S S transition inside helium
droplets recorded under high resolution. However, the similarity
is only qualitative, because the pattern in this case is on a larger
Scale. For perylene, the lines are as narrow as 0.25,camd
the PW extends about 15 chto the blue. In the acenaphtylene
case, the sharpest line is about 0.75 ¢wide, and the PW
extends to about 30 cmh. It is noted that the spectra in ref 9
were recorded using a narrow line width continuous wave (CW)
laser and laser-induced fluorescence (LIF) detection. The
spectrum presented here was recorded with a pulsed laser and
depletion detection. Despite the use of a pulsed laser source,
the spectra were unsaturated.

3.2. Fluoranthene.3.2.1. Electronic Spectroscopy of Fluo-
ranthene In Helium NanodropletSluoranthene is a nonalternant
hydrocarbon with 167 electrons. The molecule is composed
of two aromatic moieties: benzene and naphthalene fractions
joined by a five-member ring. Although the molecule is larger

calculations, summarized in Table 1, have been performed usingthan acenaphtylene by a benzene ring, ts-SS, transition

semiempirical r-electron self-consistent field configuration
interaction (SCFCI) Pariset-Par—Popl&® and, recently, using
TD—DFT 231 All previous spectroscopy has been in some form
of matrix; thus, the reported experimental transition wavenum-
bers are expected to be red-shifted by a couple hundred cm

from those of an isolated molecule. On the basis of prior data, f

we estimated the electronic origin of the isolated molecule to
be around 22 000 cni.
We have calculated the bond lengths in the ground and first

lies higher in energy as compared to that of acenaphtylene. The
transition is symmetry allowed, but it carries low oscillator
strength. The observed moderate intensity transitior (10
M~1cm™2) is due to vibronic coupling to higher excited statés.
Fluoranthene has a fluorescence quantum yield of 0.3 and a
luorescence lifetime of 58 ns (in rigid glass at 77 X)This
molecule has been studied experimentally and theoretically by
several group$?36-39 Electronic states have been determined
by low-temperature matrix isolation and magnetic circular

excited states to deduce the geometry change upon electronidlichroism spectroscopy and SEEI PPP calculation® Dantus

excitation. Our ground state calculations agree with previous
reported calculations and the experim&m®3 The results are

and Chan recorded thg S- S transition with single vibronic
level resolution for jet-cooled samplé&sinfrared (IR) spectra

TABLE 2: Calculated and Experimental Bond Lengths (A) of Acenaphtylene

bond exp BPWOP B3LYP® RHF CIS*(S)
1z(A,) C1-C2 1.441 1.420 1.415 1.409 1.437
c2-C3 1.381 1.388 1.379 1.360 1.410
122=11 C3-C4 1.424 1.427 1.424 1.427 1.383
/ C4-C5 1.382 1.391 1.383 1.366 1.405
AN C5-C6 1.433 1.429 1.425 1.425 1.406
| |llv(_ 2) C1-C6 1.386 1.402 1.394 1.377 1.407
A P c2-C12 1.466 1.472 1.473 1.480 1.389
D Cl11-C12 1.395 1.372 1.362 1.341 1.441

aFrom ref 33, neutron diffraction at 80 K.From ref 32.5¢ This work.



Nonalternant Hydrocarbons Inside Helium Nanodroplets J. Phys. Chem. A, Vol. 111, No. 49, 20012203

paper o 00N Wavenumbers (em™) 253012 higher vibronic transitions. This is_an unusua_l diffgrence; fo_r
L : — : — perylene, the observed droplet shift for the vibronic bands is
1-6 cnr! less than the shift of the electronic orid#For
benzené,pentacen&f and tetracene®the droplet induced shifts
for the vibronic transitions are within 10 crhof the shift of
the electronic origin. In IR spectra in droplets, vibrational
wavenumber shifts of only a few crhare typicalk®
Because the oscillator strength of fluoranthene is very small,
the observed strong peaks in the spectrum steal intensity by
Herzberg-Teller coupling from the higher excited states.
Although Chan and Dantus established that the coupling modes
should havés, symmetry, because of their poor signal-to-noise
-100 00 10.0 200 30.0 400 in the higher frequency part of the spectrum, they could only
Relative Wavenumbers (cm”) identify one such mode. Although it is not possible to make
Figure 2. Typical single vibronic level line shape foi-8% transition definite peak assignments without emission spectra, the peaks
of acenaphtylene in helium droplets. marked with an asterisk in Figure 3 are tentatively assigned to
b, normal modes using the calculated frequencies in the ground
and excited states, which are listed in Table 6. The unscaled
8 ¢ RHF and CIS results are used for the purpose of showing the
Nujol mulls) have been reported and compared to force field expected change in the frequency of the mode. B3LYP results

e .
calculations®® ) ] are scaled by a factor of 0.9656 to match the experimental
The experimental and calculated energies of the first three o141 spectrum.

singlet excited states together with their oscillator strengths are
presented in Table 3. The experimental values are taken from
Shi'polskii matrix spectra that are red-shifted from the actual
values. The weak;S— S transition cannot be observed at room
temperature, and it is only a shoulder of the stronget-SS,
transition at 77 K. The jet spectrum of Chan and Dantus places
the electronic origin of the S— S transition at 25 210 cmi.
Calculations using TBDFT perform no better than the
semiempirical PPP calculations, and they both overestimate the
S, term value by about 1800 crh Although the experimental
S1—S; gap is around 3000 cm, theoretical calculations predict
a gap of about half as much. The configuration interaction
singles (CIS) method overestimated the-S, spacing by about
10 000 cntt. The relatively small $-S, gap couples these
states, and fluoranthene is known to exhibit fluorescence from
the S to the $ state in condensed phaSayhich is an exception
to Kasha's rule.

The bond lengths of fluoranthene have been calculated for

of fluoranthene in a low-temperatunepentane matri¥ and at
room temperatuf® (as KBr and polyethylene pellets and as

The lineshapes for all the fluoranthene vibronic bands are
similar. A typical peak is expanded in Figure 4. A narrow ZPL
(fwhm ~ 0.40 cnt?) is followed by a weak peak about
2.3 cnt on the high-energy side. The weak PW following the
ZPL extends about 20 cm with a maximum at 6.4 cmt
relative to the ZPL. This maxima of the phonon wing coincides
with the estimate for roton excitations in the drogfet.

3.2.2. Fluoranthenevan der Waals Complexes with Argon
and OxygenThe § — S transition of van der Waals complexes
of fluoranthene with argon and oxygen inside helium droplets
near the electronic origin are shown in Figures 5 and 6,
respectively. In both cases, four peaks can be patrtially resolved
that are red-shifted about 40 cf The gas pick-up pressure
dependence of these peaks is the same, which means they are
all 1:1 complexes. Please note that there are only three
inequivalent helium ring binding sites on top of the fluoranthene
molecule, and thus there is not a simple association between
the ground state and for the first singlet excited state using € humber of ZPLs and the number of inequivalent local deep
different levels of theory (see Table 4). The ground state Minima in the He-molecule potential energy function.
calculations performed with PPP, B3LYP, and RHF levels agree ~ 3.3. Benzo(K)fluoranthene.3.3.1. Electronic Spectroscopy
with the experimental values obtained by X-ray diffractfén. ~ of Benzo(k)fluoranthene In Helium NanodropleBenzo(k)-
Overall, DFT with B3LYP functional estimates the bond lengths fluoranthene has been studied by Michl with low-resolution
more accurately than the other two methods. The naphthaleneJV—Vis spectroscopie¥:** The glass matrix spectrum was
part of the molecule exhibits the expected bond alternation, but recorded and PPP calculations were compared to experimental
the benzene moiety has almost uniform bond lengths exceptfesults. The §<— S transition is allowed and is strong ¢~
for the bond that is part of the five-member ring. Following 10* M~ cm™). It has almost unity quantum yield for fluores-
the electronic excitation, much like in acenaphty|ene' the cence in solution with a lifetime of 7.8 ﬁéThe S_ transition
symmetric arms of the five-member ring shrink, bringing the IS polarized in the long axis direction, contrary to acenaphtylene
benzene and naphthalene moieties closer. Consequently, th@nd fluoranthene, which are polarized along the long axis of
benzene ring expands along the short axis of the molecule. the naphthalene moiety. The high-resolution spectrum of this

We have recorded they S- S spectrum of fluoranthene and ~ Molecule has not been reported until now.
its van der Waals complexes with argon and oxygen inside The experimental and calculated term values of the first three
helium droplets using depletion detection. The HENDI spectrum singlet excited states together with oscillator strengths are
is similar to the reported jet spectrum with a better signal-to- presented in Table 7. The experimental value is taken from
noise ratio, especially for the higher vibronic bands as presentedsolution-phase spectra, which are red-shifted from the isolated
in Figure 3. The HENDI spectrum has about 100 peaks spanningmolecule value. Transitions to the second and third singlet
more than 2000 cr. excited states carry extremely low oscillator strengths, and they

A comparison of the positions of four major lines (explicitly —are not observed by low-resolution methods. TheoBthis
labeled a-d in ref 19) in the HENDI and jet spectra is presented molecule has the same electronic character as that of the S
in Table 5. The red-shift inside the droplets is relatively large state in the above-discussed molecules.
and is not the same for all modes. The smallest shiftis for purely  There are no reports on the experimental or calculated bond
electronic @ transition, which has almost half the shift of the lengths of this molecule. Table 8 summarizes our calculations
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TABLE 3: Term Values and Oscillator Strengths (f) of Fluoranthene S, — & Transitions
experimental PPP CIs TD-DFT®
state Tn (cm™) f To(cm™) f Tn (cm™) f Tn(cm™) f
Si—'B; 24750 0.012 27 000 0.014 36 623 0.0092 26 996 0.0041
S,—1A; 27 750 0.17 28 000 0.52 38171 0.3781 28 689 0.1654
S—1B; 30950 0.05 32000 0.08 42 479 0.0589 33333 0.0266
aFrom ref 36, spectra taken in a 3-Methylpentane matrix at 77 f¢om ref 36, SCFCI PPP calculation® This work.
TABLE 4: Calculated and Experimental Bond Lengths (A) of Fluoranthene
bond expt PPP B3LYPe RHF PPP (S) CIS (S)
Cl1-Cc2 1.414 1.428 1.416 1.412 1.444 1.436
z(A) C2-C3 1.374 1.390 1.378 1.360 1.414 1.403
14415 C3-C4 1.415 1.416 1.422 1.425 1.405 1.390
/T C4—C5 1.372 1.384 1.383 1.366 1.400 1.399
N/ C5-C6 1.426 1.425 1.423 1.423 1.425 1.411
12411 C1-Cé6 1.404 1.415 1.400 1.382 1.415 1.406
C2—-C12 1.480 1.464 1.476 1.482 1.431 1.407
7\ C11-C12 1.415 1.410 1.425 1.409 1.451 1.481
L | BN Cl12-C13 1.392 1.404 1.390 1.380 1.418 1.415
P C13-C14 1.388 1.398 1.398 1.391 1.389 1.361
s 7 C14-C15 1.384 1.402 1.396 1.386 1.427 1.440

aFrom ref 41, X-ray diffraction result$.From ref 36, SCFCI PPP approximation for the,State.c This work. ¢ From ref 36, SCFCI PPP

approximation for the Sstate.

TABLE 5: Comparison of Selected Peak Positions for Jet
and HENDI S; — S Spectra of Fluoranthene

TABLE 6: Absolute and Relative Wavenumbers of Possible
Fluoranthene Transitions with b, Symmetry

jett® HENDI positiort  exces®  B3LYP®(S) RHF (Sy) CIs (S)
—1 — 1 —1 —1 — L
absolute relative absolute relative shift em™) em™) (em™) (em™) em™)
(cmY) (cmy) (cmy) (cmY) (cmy) 25381.2 195.4 203 222 219
25200.8 00 251857 00 241 255958 4101 art 508 433
. 25943.2 757.5 766 826 797
25637.1 427.3 25595.8 410.1 41.3
26243.3 1057.6 1090 1172 1153
25960.6 750.8 259154 729.7 —452
265544 13446 265141 13287 —40.3 263123 1126.6 1150 1209 1173
: : ’ ’ ’ 26 374.8 1189.1 1236 1344 1335
26514.2 1328.5 1375 1470 1443
| 1 . OO 26647.0 14616 1478 1623 1583
6.0 1 1 ' a Experimental values from the HENDI spectrutrCalculated with
1 respect to the electronic origin at 25 185.7 ¢nf Scaled to the
’>; 5.0+ Q experimental Raman spectrufrinscaled.
_ 404 Absolute Wavenumbers cm™
g 1 H 25595.79 25601.79 25607.79 25613.79
k=] 3.0 1 1 1 L 1
« 4 *]
3 2.0
1S j
IS .
3 1.0
0.0 Y g

T T T T T T T T T T T T T T
25200 25500 25800 26100 26400 26700 27000 27300
Wavenumbers (cm™)

Figure 3. S —— S spectrum of fluoranthene inside helium nanodroplets.
The * indicates modes with,lsymmetry (see text for details).

T T T T T 1

at TD—DFT/B3LYP and RHF levels for the ground and CIS T T T T A A e
level for the first excited electronic states. Contrary to acenaph- Relative Wavenumbers cm'”
tylene and fluoranthene, the shortening of the symmetric bondsFigure 4. Expanded view of a typical line shape for the fluoranthene
of the five-member ring is not significant. S, — S transition.
The § — S spectrum of benzo(k)fluoranthene in helium
nanodroplets is presented in Figure 7. The spectrum spanstheory and basis set, is almost half the experimental value.
~2000 cntt above the @transition. Single vibronic lines are  Because the ground and excited states Haveymmetry, the
resolved up te~1000 cnt! excess energy. Around 27 000 thn observed spectrum can be explained by the allowed vibronic
a broad structure with multiple sharp lines emerges. transitions ofa; symmetry. Table 9 presents the list of the
This broad structure cannot be attributed to the<S & strongest peaks and ground state energies of the possible
transition because theoretically it carries extremely small modes (in-plane bending and ring-breathing) corresponding to
oscillator strength. In addition, the calculateg—S, gap of that transition. The calculated frequencies are scaled by a factor
2250 cnt is probably a severe underestimation, because the of 0.9427 to match the experimental Raman spectrum. Around
calculated $-S, gap for fluoranthene, with the same level of 27 000 cnm?!, or about 1400 cm' excess energy above the

g
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Figure 5. Spectrum of the fluoranther@rgon complex inside helium
nanodroplets near the electronic origin.
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Figure 6. Spectrum of the fluoranther®xygen complex inside helium
nanodroplets near the electronic origin.

TABLE 7: Term Values and Oscillator Strengths of §, — &
Transitions of Benzo(k)fluoranthene

experimentdl PPP TD—DFT/B3LYP®
state To(cm™) f  Th(cm™?) f Ta(cm™) f
S—1A; 24900 0.21 25700 0.23 25891 0.22
S—1B, 28300 0.00009 28131 0.0007
S;—1B; 30700 0.00041 29 899 0.0069

aFrom ref 43 spectra taken at room temperature in cyclohexane.
b From ref 43 SCFCI PPP calculationt This work.

TABLE 8: Calculated Bond Lengths (A) of
Benzo(k)fluoranthene in § and S, States

bond  B3LYP(3) RHF(S) CIS(S)

Cc1-C2 1.412 1.412 1.423

2(A,) C2-C3 1.379 1.360 1.384

ol 1 Cc3-Cc4 1.421 1.423 1.426
VaRe C4-C5 1.383 1.366 1.389
\ i C5-C6 1.423 1.422 1.427
14=15 C1-C6 1.403 1.385 1.407
4\, C2-C12 1.474 1.481 1.478
/4 C11-C12 1.447 1.440 1.455
211 Cl2-C13 1.370 1.353 1.374

,j/ \1,, C13-C14 1.424 1.425 1.429
3 N~ xo y(B,) Cl4-Cl5 1.435 1.411 1.441
| [}-f-—= C15-C17 1.418 1.417 1.422
‘*;}5 P C17-C18 1.376 1.361 1.383
: C18-C19 1.413 1.413 1.417

electronic origin, there are eight closely spaagthodes, which

J. Phys. Chem. A, Vol. 111, No. 49, 2001”2205
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Figure 7. S — & transition of benzo(k)fluoranthene in helium
nanodroplets.

TABLE 9: Positions of Strongest Benzo(k)fluoranthene
Vibronic Peaks and Calculated (scaledjp; Normal Modes

position (cnT1)

excess energy (cm)  scaled $frequency (cm?)

25657.8 0.0

25940.1 282.3 2775
26 103.3 4455 441.2
26196.4 538.6 541.2
26 313.8 656.0 652.9
26 392.9 735.1 736.0
26 453.1 795.3 782.8
26 735.2 1077.4 1056.3
26 930.4 1272.6 1240.0
26 996.8 1339.0 1330.2
27 040.8 1383.0 1380.4
27129.7 1471.9 1469.5
27 201.8 1544.0 1537.7

Contrary to all other molecules studied inside helium nano-
droplets, there are several different types of peak shapes in the
spectral window. The electronic origin located at 25 658 €m
has a broader peak shape compared to the rest of the spectra.
Until the broad structure around 27 000 cththe intense peaks
have split ZPL with an approximately 3:2 intensity ratio
followed by a PW. On the other hand, for some of the weak
lines the splitting is not resolved. The lineshapes for vibronic
bands above 27 000 crhare much broader, and a ZPL splitting
is not observed.

The expanded view of the80ransition of benzo(k)fluoran-
thene is presented in Figure 8. The peak is composed of two
partially resolved narrow ZPLs separated by 2.3 &rithe ZPL
with higher energy is more intense than the other. An intense
and broad PW extends about 150 ¢nto the blue side. The
PW has a distinct maxima at 6.1 chywhich agrees with the
location of roton excitations. However, unlike other spectra,
there is no gap between the ZPL and the roton maxima of the
PW.

An expanded view of the vibronic transition around
26 400 cm! is presented in Figure 9. This intense band has
two ZPLs separated by 2.6 cthand a maxima at 6.0 cri is
observed on the PW. Contrary to thé tPansition, the ZPL
with lower energy is more intense with an intensity ratio around
3:2. There is no apparent gap between the PW and ZPLs but
the PW is much narrower than that df @ansition. There are
three other vibronic transitions, shifted by 19, 32, and 42%tm

are responsible for the observed structure. These are the highedtrom the strongest feature. These all have different peak shapes

&, normal mode fundamentals before the & stretching region.
Following this group, there are only threg modes before the
C—H stretching region, which are responsible for the weak
absorptions in the last part of the spectrum.

although they have comparable intensities.

A blow-up of the broad peak region around 27 000 ¢ris
presented in Figure 10. In addition to the previously mentioned
eighta; normal modes, the modes and combination transitions
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Figure 8. The peak shape for theg @ransition of benzo(k)fluoran-
thene inside helium nanodroplets.
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Figure 9. Expanded view of a typical vibronic band below

27 000 cmi? for S; — S transition of benzo(k)fluoranthene in helium
nanodroplets.
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Figure 10. Expanded view of the broad structure around 27 000'cm
for S; — S transition of benzo(k)fluoranthene in helium nanodroplets.

yielding total symmetry oy, b;, andb, are also allowed. It is
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Figure 11. S, — S spectra of the benzo(k)fluoranthenexygen
complex inside helium nanodroplets near the electronic origin.
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Figure 12. S, — S spectra of the benzo(k)fluoranthenexygen
complex inside helium nanodroplets neas.

complex peak does not show ZPL splitting. The peak is
asymmetric with a PW extending about 25 ¢m Further
increase of the pick-up pressure yields 1:2 complexes, which
are rather broad with a fwhms 12 cnt and are red-shifted by
about 80.5 cm’. The amount of shift is about twice the 1:1
complex, and this situation agrees well with the additive property
of polarizability shifts as demonstrated on perylenare gas
complexes® The larger width of the 2:1 complex probably
arises from different structural isomers, including the cases when
both oxygen molecules are on the same surface of benzo(k)-
fluoranthene and on different surfaces. In the case of the
perylene-argon complex, energies of such isomers differ only
by 8 cnT1, and it is not possible to resolve such isomers in this
case inside helium droplets. The weak peak shifted about
117.8 cm! to the red can be assigned to a 1:3 complex because
it is shifted almost by three times that of the 1:1 complex. The
energy differences between structural isomers of the 1:3 complex
should be larger; however, it not observed because of low signal
intensity. For the 1:3 perylereargon complex, the isomers of
(1—2) and (0-3) argon distribution are separated by 22¢ém

The benzo(k)fluoranthereoxygen van der Waals complex

unfortunate that the spectrum cannot be compared to the jet-SPectrum near the }geak is shown in Figure 12. Although

cooled spectrum of the molecule for detailed comparison.
3.3.2. Benzo(Kk)fluoranthen&an der Waals Complexes with
Argon and OxygenThe spectrum of the benzo(k)fluoranthene

the 19 peak has a different shape than th§ eectronic
transition, the oxygen complex has very similar shape. The 1:1
complex is observed at about 40.5 chwith a width compa-

oxygen van der Waals complex formed inside the helium rable to the main peak. There is no ZPL splitting, and the peak

droplets is shown in the vicinity of pure electronic transition in

is more symmetric as compared to the complex observed near

Figure 11. The 1:1 complex is observed as a relatively sharp the electronic origin. The 1:2 complex shows up-&1.3 cn?

line at about 40.2 cmi red-shifted from the monomer line. The

to the red, and a weak 1:3 complex is observed at 119:2.cm
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TABLE 10: Equilibrium Positions and Energy Minima for match the latest CCSD(T) ground state benzeargon interac-
Fluoranthene—Rare Gas Interactions tion calculatiort® areec_a = 60.59 cnT, epy_ar = 76.05 cnl,
position He Ar oc-ar = 3.81 A, andoyar = 2.86 A.

3.21A-81.4cm? 3.59 A—364 cn1t
@ Ec_pe(T) = 4ec_pe COSO

(aC_He c030)14 B

Q 3.40 A-70.1 cm? 3.75 A—326 cn1t il
Oc_pe COSO\8
@ 3.20 A—83.4 cmt 3.59 A—369 cnrt T (1)
TABLE 11: Equilibrium Positions and Energy Minima for o H-te|?  [Oh-re)®
Benzo(k)fluoranthene—Helium Interaction Er-he(T) = 46 pe 7| - 7| (2)
position He
O@ 3.21 A-81.4cm? EbenzeneHe(r) = Z ECfHe(r - ri) + z EH,He(I' - rj)
T ]
3
° 3.39A-70.2cm? ®)
where@ is defined as the angle between the vecior ) and
@ 3.21A-80.1cnt the vector perpendicular to the molecular surface. A detailed
) comparison of the results this fit and the CCSD(T) calculations
@ 3.19A-85.4cm was reported previoushf.We have not performed any calcula-

tions for the oxygen-containing complexes because the model
Lennard-Jones potential for benzerexygen pair% is not
suitable for extension to larger systems.

These atomiehelium interactions were used to predict
fluoranthene-helium and fluorantheneAr interaction potentials
(see Table 10). For the fluorantherieelium interaction, the
absolute minima are over the benzene moiety and the secondary
minima is over either ring of the naphthalene moiety. The

To explain the peak shapes of these molecules and their vaninteraction over the five-member ring is around 10% less
der Waals complexes, it is desirable to have potential energy attractive as compared to six-member rings. These differences
surfaces describing the interactions. Because we know of noarise from the stronger HeH than He-C attractions in the
ab inito potential for the molecules under consideration, we model. As has been discussed by Hartmann étthk, minima
chose to approximate the interaction by extending results of above adjacent benzene rings(5 A, considerably less than
benzenerare gas pairs. We have used the angle dependentthe He—He equilibrium distance of 2.96 &) are too close to
Lennard-Jones potential (612 for H—He; 8-14- for C—He), allow helium atoms to simultaneously occupy them without
which was used by the Whaley grddgo fit Hobza et al.’s strong repulsive interactions. Thus, we expect that the ground
second-order MgllerPlesset perturbation theory (MP2) level state will have, on each side of the molecule, a helium atom
benzene-helium potential calculatioff. The original potential localized over the benzene moiety and only one of the rings of
predicts a global minima of-66.0 cnT! above the center of  the naphthalene moiety. This would give rise to two different
the benzene ring at an equilibrium distance of 3.27 A. We have possible isomers (depending upon whether the helium atoms
scaled the parameters of this potential to match the most recenbn the naphthalene moiety are above the same or different rings),
coupled-cluster with single and double and perturbative triple yet splitting of the ZPL is not observed. Localization of a helium
excitations (CCSD(T)) calculation, which places the global atom over the five-member ring would displace helium atoms
minima of D, = —89.6 cnt! at 3.16 A above the center of the  from above the six-member rings, and thus is expected to be a
ring.*8 The form of the analytical fit is given in eqs-B. The high-energy configuration of the liquid. Furthermore, argon and
new parameters akg—pe = 14.54 cnm?, epy_pe = 18.25 cn, oxygen can localize over three different sites, over each type
0c-ne = 3.51 A, andoy—pe = 2.63 A. The same analytical form  of ring.
was also used to calculate the interactions of the molecules with  Application of the same model calculations to the benzo(k)-
a single argon atom. The parameters, which were scaled tofluoranthene-helium system predicts that the global minima are

The weak peak around 26 069 chis the 1:1 oxygen complex
peak for the vibronic transition at 26 103 cin

The argon complex of benzo(k)fluoranthene, on the other
hand, surprisingly did not yield any sharp structures.

4. Discussions
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Figure 13. Electron density difference maps at 0.005 e/Bohr
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over the last ring on th€;, axis (see Table 11). The other three der Waals complex for thegoand the vibronic transitions,

six-member rings are almost equivalent. As expected, the however, are similar with almost the same amount of spectral

interaction with the five-member ring is not as attractive as the shifts.

other rings. Possible permutations of helium atom localizations  The presented spectra of these three molecules and their van

give rise to six different scenarios. These permutations can beder Waals complexes are unique cases despite the similarities

grouped into three energetically close groups using the six- among them. The observations cannot be accounted for with

member rings on th&,, axis. Most of the peaks have two the current level of understanding of the helium solvation.

apparent ZPLs (i.e.,J and the reason why the peak shapes Obviously, more work, both experimental and theoretical, needs

change with excess vibrational energy is not clear. to be done before one can predict the outcome of such
Electron density difference maps fof S S transitions of experiments.

the studied molecules are plotted in Figure 13 at the isosurface

of 0.005 electrons/bofrRed and green signify decrease and ~ Acknowledgment. This work was funded by National

increase in electron density, respectively. These maps areScience Foundation and by the University of Virginia.
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