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Structure of the Naphthalene Dimer from Rare Gas Tagging
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Excitation spectra of naphthalene dimer-arg@m = 1—3) clusters are obtained by resonance enhanced
multiphoton ionization time-of-flight mass spectroscopy. The spectra are generally independent of the number
of attached argon atoms and reveal sharp structures which are fitted by superimposing independent monomer
spectra. It is concluded that the rare-gas tagging technique reveals the presence of a T-shaped naphthalene
dimer chromophore in the molecular beam.

I. Introduction another. The spectral region where information on the structure
of the naphthalene dimer can most easily be obtained is in the
The van der Waals clusters of small PAH molecules have noa¢ 1y, close to th&, origin of the naphthalene monomer at

attracted significant attention from both theorists and experi- 315 nm. In this spectral region, well-resolved spectra of
dnaphthalene trimer and tetramer were obtained as long ago as
1990, making the structural assignments of those clusters
reasonably secureThese structures were later confirmed by
Raman®27 spectroscopy and rotational coherence spectroscopy

by the desire to understand interactions between chromophbres
as well as detailed analysis of intermolecular forc@®AH
clusters have received attention from the astrophysical com-

munity as possible components of interstellar duatid are (o the case of the trimePf By contrast, for the dimer only

considered important components of soot formed in flafes. very broad and mostly unresolvable spectra were seen in the
A significant contribution to the binding between such past and no decisive structural information can be derived from

molecules is due to dispersive interactions, i.e., electron iheset29

correlation, which is notoriously difficult to calculate with ab The cause of this broadening of the naphthalene dimer

initio 9—12 i i —15 . . . .
initio,%~*2 or density functional method$. > Benzene and the  3psorption spectrum is still not clearly understood. One possible
smaller PAHs form a systematic series of molecular complexes gypjanation is that a rapid “relaxation” of the excited dimer to
which can be used as a benchmark for calculating intermoleculary more stable (lower energy) “excimer” state causes the

interactions. It is interesting to note that despite substantial effort spectrum to be broadenned via a lifetime mecharfsit. A

even the structure of the benzene dlmerzls not undisputed andossiple alternative explanation is that the spectrum of the dimer
continues to attract theoretical interést? For this system, is heavily overlapped with the spectra of other, larger, naph-
experimental evidence strongly favors a T-shaped strutttt®,  thajene clusters. In mass spectrometric experiments, larger
while theoretical studies indicate that T-shaped and parallel ¢|ysters can imprint their spectra on that of the naphthalene
isomers are nearly isoenergetic with only a small barrier © gimer due to fragmentation during the excitation process. A
interconversiort?*° Hole-burning experiments did initially  gjmjlar mechanism was observed in the case of benzene clusters,
suggest that other isomers of benzene dimer were present inynere the benzene dimer mass channel was found to be
molecular beam?’ However,_later experiments showed these qntaminated by fragmented benzene trimer B#éwhile the
signals were to fragmentation of larger benzene clusters. imer mass channel was in turn contaminated by fragmented
Further support for a T-shaped geometry for the benzene dimerigiramer ion2-33

comes from observation of both paréhand intermolecula? In this paper we present the first structured spectra recorded
vibrations with Raman spectroscopy. For anthracene, on thetor the naphthalene dimer chromophore. They were obtained
other hand, both theory and experiment suggest that while ap, \sing the techniques of multiphoton ionization and rare-gas

T-shaped dimer_ is still one of the lower energy isomers, and tagging and may be interpretted as evidence for the T-shaped
may be present in molecular beafs, planar, slipped-parallel isomer of the naphthalene dimer.

arrangement is the true ground state structbirk. may be
expected that this will be increasingly the case for larger PAHs
as the parallel arrangement maximizes the dispersion interaction
between the largely delocalizedorbitals. Naphthalene was heated+@®0 °C in argon (10 bar) behind

For naphthalene dimer, theoretical studies suggest a parallel@ pulsed nozzle. Upon pulsing the nozzle, the naphthalene-
arrangement will be the most stable isomer, although the seeded argon expanded supersonically into a vacuum chamber
difference in energy between this structure and a T-shapedwhereupon cooling and clustering occurred. The central part of
isomer for this system is quite smat-{ kcal/mol)? Unfortu- the supersonic jet was skimmed and passed into a second,
nately, up to now, experimental studies on naphthalene dimer differentially pumped, vacuum chamber and into the extraction
lack the resolution to uniquely distinguish one isomer from region of a time-of-flight mass spectrometer where the clusters

were ionized by the frequency-doubled output of a Nd:YAG

* Address correspondence to this author. E-mail: knauta@ Pumped dye laserin a one-color{11) resonant process: the
chem.usyd.edu.au. naphthalene chromophore is resonantly excited to $he
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Figure 1. The time-of-flight mass spectrum of the naphthaleasgon
expansion showing extensive clustering of naphthalene with itself and
napthalene dimer with argon. Time-of-flight is proportional tad)*2

electronic state with a single photon of approximately 32-000 31800 32000 32200 32400 32600 32300 33000

33 000 cn1! and subsequently iqnized with another photon of Wavenumber (cm-1)

exactly the same energy. The ions were accelerated perpen-F_ 5 Excital ] hthal di d

dicularly up the time-of-flight tube where they were separated '9uré 2. Excitation spectra of naphthalene dimer-argon (top) an
: . . naphthalene dimer without attached argon (bottom).

according to their mass-to-charge ratio and subsequently

detected by a dual multichannel plate. The time-of-flight o o0 e naphthaleraaphthalene binding energy far ex-
I‘Zp: dcé:jur:; v;e;%dlgplséﬁg \?vr;rz ?fétoa:l dzzcggiﬁngi a::: g?lV\?r; ceeds that of naphthalenargon, a cluster containing more than
articular mass .chgnnel as a function of laser Wa\?elen th AetWO naphthalene molecules will hardly ever fragment into a
parl . g 9. A luster containing fewer naphthalene molecules while retaining
typical mass spectrum is d_|splayed n _Fl_gure 1. The electronics some of its argon atoms. Indeed, the argon atoms will fragment
and lasers were synchronized by a digital delay generator. from a cluster long before the naphthalemaphthalene frame-
work breaks. This principle (known as rare-gas tagdgth@
exploited in argon predissociation spectroscopy, which has been

A. Mass Spectrometry. The mass spectrum obtained from €employed recently to obtain spectra of the elusive Zundel
the high-pressure naphthaler@rgon expansion is shown in cation® The naphthalene dimer-argon spectrum shown in Figure
Figure 1. In addition to the clear clustering of naphthalene with 1 can therefore only originate from excited naphthalene dimer
itself (labeled Np, n = 1—6), there is also extensive clustering clusters with one or more argon atoms attached.
of Npz with argon atoms. It is intriguing that this argon This immediately suggests that the enhanced resolution in
clustering is most strongly seen with the dimer, and not the the naphthalene dimer-argon spectrum results from the fact that
monomer, nor higher order clusters. This particular affinity of it cannot be contaminated by higher order naphthalene clusters,
the dimer for argon may be a result of its structure, as discussedwhile the “pure” naphthalene dimer spectrum can. On the other
below. hand, if the width of the naphthalene dimer spectrum is

Under optimal conditions for Npcluster formation (high somehow due to a relaxation of the excited dimer into the lower
stagnation pressure and naphthalene vapor pressure) we observeghergy “excimer” state, it is curious as to why the naphthalene
and captured excitation spectra of up tosNim our molecular dimer-argon spectrum is so much better resolved. The theoreti-
beam. cally predicted lowest energy structure is the slipped-parallel

B. Laser SpectroscopyFigure 2 shows the spectrum of pure stucture? This particular structure ground state is very close to
naphthalene dimemfq = 256), as well as the spectrum we the preferred excimer geometfyand excimer formation is
obtained for naphthalene dimer with a single attached argon thought to proceed on a barrierless surf&€.f the naphtha-
atom (/g = 296). Having mass-resolution is the key to lene dimerisomer responsible for the naphthalene dimer-argon
interpreting the spectrum of these clusters. The (pure) naph-spectrum in Figure 2 were that structure, one would expect the
thalene dimer spectrum shown in Figure 2 (lower) was obtained Presence of argon atoms to facilitate relaxation to the excimer
by monitoring the signal of naphthalene dimer mass while state by removing excess energy. This suggests that the sharp
scanning the laser wavelength. While eliminating the signal due structure in Figure 2 is due to an isomer of the naphthalene
to naphthalene monomer and any impurities in the molecular dimer that cannot easily undergo excimer formation.
beam, the technigue cannot discriminate between signal orig- Considering the weak binding of argon to naphthal€rie,
inating from naphthalene dimers that have been excited andis doubtful that a single argon atom can sufficiently perturb the
subsequently ionized by the laser or from higher order clusters structure and spectroscopy of naphthalene dimer to cause the
(Nps, Npy, ...) that have fragmented upon excitation to produce difference between both spectra in Figure 2. Indeed, the shift
excited naphthalene dimer and one or more other fragments.induced by argon on naphthalene monomer is only 14'ch
Indeed, the spectrum obtained at the monomer mass (not shownAdditional evidence for this can be found in the spectra of the
exhibits features due to higher order clusters. The upper naphthalene dimer with multiple argon atoms (Figure 3) that
spectrum in Figure 2, in comparison, is an average of the spectraare essentially identical to the spectrum of the naphthalene dimer
obtained by monitoring the mass of naphthalene dimer plus up with a single argon, with only minor shifts and some intensity
to three argon atoms. changes when the number or argon atoms is increased.

I1l. Results and Discussion
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Figure 3. Spectrum of naphthalene dimer-arggn = 1—3) and their

average, compared with two simulations, each based on naphthalene

monomer band positions and intensities, broadened and shifted 4y
and —22 cnt?, respectively. The experimental spectra seem well
modeled by the sum of these two monomer spectra.

A general feature of the spectra displayed in Figure 3 is the
enhancement of lower energy features for,Aip and the
enhancement of higher energy features fopMAp with Np.-

Ar; as an intermediate case. The feature identified with the origin
of naphthalene monomer is located near 31 900'crm the
absence of excimer formation, excitation to this state leaves no
vibrational energy to redistribute and cause cluster fragmenta-
tion. However, excitation of vibrations on tf& surface may
lead to intracluster vibrational energy redistribution, which may
lead to loss of Ay. In this case, the peaks around 32 4007€ém
for Np.Ar; would give rise to signal at lower masses. As such,
Np2Ar; fragmentation contaminates the Mp, and NpAr
signal. The signal obtained on the Mp; mass is, in turn, due

in part to higher order Ny&r,, clusters. The principle of argon
cluster fragmentation describes the observed intensity ratios of
the peaks observed on various J4p, cluster channels. The
downward mixing of NpAr, spectra and their generally similar
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Figure 4. Cartoon illustrating the processes occurring in the molecular
beam upon laser excitation for two different isomers of the naphthalene
dimer. (a) Clusters of naphthalene and argon are formed in the molecular
beam. (b) The clusters are excited by a tunable laser. (c) Some structures
with parallel chromophores will undergo excimer formation, liberating
vibrational energy, which evaporates all argon atoms. Other cluster
structures may liberate some argon atoms depending on the amount of
vibrational excitation. (d) After ionization by a second photon, the ions
are accelerated in a time-of-flight tube and separated by mass.
Fragmented clusters arrive with masses of lighter parent clusters. The
Np2 signal is also contaminated by fragmented,ip > 2) clusters.

appearance led us to plot the averaged spectrum at the top ofe) Spectra are recorded as a function of laser wavelength.

Figure 3, which may be interpreted as the spectrum of the Np
chromophore of these clusters.
The overall structure observed in the pure naphthalene dimer

by the simulations shown in Figure 3. The naphthalene dimer-
argon spectrum is reproduced quite well by the sum oftwo

has previously been assigned on the basis of a direct comparisorindividually broadened and shiftednonomer spectra. It is

with the naphthalene monomer spectréfis in the monomer,

the origin band of the dimer, labeled “A” in Figure 1, is weak
compared to band “B”, which corresponds to excitation of a
single quantum of the vibrational mode 8:¢}y where the
labeling is again based on that of the naphthalene monomer.
Accordingly, the third broad band, “C”, in the dimer is linked
to an excitation of mode 7 {f) of naphthalene. Thesedmodes
have enhanced intensity in the spectrum of all naphthalene

interesting to note that the simulations shown in Figure 3 were
created by taking the intensities and relative wave number from
the naphthalene monomer spectrum measured by Beclé®t al.
The monomer stick spectrum was convolved with a Lorentzian
line shape (20 cm' fwhm) and shifted by-143 and—22 cnt?,
respectively.

That the expected intensity ratios are best reproduced by the
averaged NgAr, spectrum is consistent with the fragmentation

clusters through vibronic coupling, as they do in the monomer, principle described above. It is pleasing that this averaging does
an indication that the electronic structure of the monomers not broaden the observed spectra, reinforcing the assertion that
comprising these complexes is essentially unaffected by thethe argon atoms do not influence the spectrum of the chro-

clustering. mophore.

In contrast, the spectrum of the naphthalene dimer with one A reasonable explanation of the observations is that while
argon atom shows a distinct splitting in band “B” and, although there may be a number of b, structures formed in the beam,
the signal-to-noise in the other bands is much worse, appearsparallel naphthalene chromophore structures lead rapidly to
to have the same splitting in all of the observed vibronic bands. excimer formation and the subsequent liberation of all argon
This strongly suggests that the splitting in the argon spectrum atoms. As such, no trace of these structures remains in the
is due to the presence of two distinct electronic states, eachspectra obtained by monitoring B, masses. In contrast,
giving rise to a separate spectrum. This hypothesis is supportedNp,Ar, clusters formed in the beam with a T-shaped chro-
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