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Abstract

We have investigated the supersonic jet spectroscopy and photophysics of 1-methylnaphthalene—fluorene (LMN-FL) cluster, and looked
for indications of intramolecular electronic energy transfer (Intra-EET) from the FL (donor, D) to 1MN (acceptor, A). The clusters were
identified by their time of flight (TOF) mass spectra. We observed clusters bands in the LIF spectrum near the region of 1MN origin. We
have also observed cluster TOF-resonance enhanced multi-photon ionization (REMPI) spectrum near the electronic origin of the fluorene
moiety. However, this spectrum was almost independent of the excitation wavelength, and was not observed in the LIF spectrum. This
is probably due to fast Intra-EET resulting in lifetime broadening of the donor chromophore cluster spectrum, similar to that observed
previously for the naphthalene—anthracene bichromophoric system. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction tions was that by Poeltl and McVé$] on hydrogen-bonded
dimers of benzoic acid. In particular, the mixed dimer com-

Supersonic jet spectroscopy of hetero-molecular clustersposed of bezoidp acid and benzoids acid was studied.
and its related photophysics is a well-studied dfigaOne From the measurements of the dispersed fluorescence spec-
of the possible decay routes in these bichromophoric vantra, they concluded that efficient EET process involving
der Waals molecular complex clusters is the intramolecu- transfer from the deuterated moiety to the non-deuterated
lar electronic energy transfer (Intra-EET) process between one took place. However, due to limited spectral resolution
donor (D) and acceptor (A) chromophores. Intra-EET in the no detailed quantitative interpretation was offered.
jet involves interaction between specific vibronic states of  Tomioka et al[4] did similar measurements on a mixed
the donor and acceptor molecules. However, intramolecu-dimer of benzoic acid ang-toluic acid. They have con-
lar exciplex formation and the limited chemical stability of cluded that Intra-EET in the cluster from specific vibronic
the complex, which introduces dissociative channels, might donor states competes efficiently with IVR within the donor
interfere with observation of the Intra-EET process, thus manifold. The relative rates of energy transfer and of the
complicating the interpretation. On the other hand, study IVR process were discussed in terms of the vibrational den-
of Intra-EET in bichromophoric clusters is interesting as a Sity of states of the bichromophoric complex.
source of information on the relative importance of these Lahmani et al.[5] studied Intra-EET in the bichro-
competing processes in the photophysics of such molecularmophoric system composed of perdeuterated and non-
systems. In an ideal case, one should be able to study thedeuterated p-xylene fxd and px, respectively) and
dependence of the transfer efficiency on the particular vi- p-difluorobenzene pdf). Dispersed fluorescence resulting
bronic excitation of the donor moiety in the bichromophoric from excitation of thepdf was indicative of EET from the
cluster and to determine the transfer mechanism. excitedpdf moiety to thepx (or pxd) chromophore.

Intra-EET in a bichromophoric cluster was evidenced by  Intra-EET in naphthalene-anthracene clusters was ob-
Young et al.[2] in T-shape dimers of tetrazine following served by Bigman et g6,7] and by Rosenblum and Speiser
excitation of the 6§ vibrational levels of the dimer. The [8]. In this system, the energy gap between the donor (naph-
first reported study of Intra-EET under supersonic jet condi- thalene) and acceptor (anthracene)~i5000cnt?®. The

excitation of the naphthalene chromophore is followed by
* Corresponding author. Tel:972-4-8293-735: fax+-972-4-8233-735.  fast EET to a quasi-continuum of anthracene states. Such a
E-mail address: speiser@tx.technion.ac.il (S. Speiser). fast EET is not always observed due to lifetime broadening

1010-6030/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S1010-6030(02)00149-1



160 D. Groswasser et al./Journal of Photochemistry and Photobiology A: Chemistry 150 (2002) 159-165

p 63627 in the vacuum chamber was typically210~* Torr. The jet

63546 was crossed with a laser beaml(mm spot size) 33mm
P down stream. About 10% of the resulting fluorescence was

collected by a lens to a photomultiplier.

33777 The laser beam~5 mW) was produced by frequency dou-

bling or mixing an Nd:YAG (continuum) second harmonic

31637 S, 31773 31637 pumped dye laser. The resulting laser bandwidth was about
S, S, 0.2cnTl. The experimental uncertainties of absolute fre-

quencies are:2 cm ! and those of relative frequencies are
0.2cntl,

(IMN), IMN Cluster Fluorene Resonance enhanced multi-photon ionization (REMPI)
Fig. 1. Energy level diagram of 1IMN, 1IMN dimer, fluorene, and the spectrum was measured using excitation with the same laser
IMN—FL cluster (IP denotes the ionization potential, all energies are System. 1IMN was heated to 82 and the signal was col-
given in cnt?). lected using a time gate suitable for the flight time of the

dimer. For many aromatic molecules, the ionization poten-
effect. In fact, EET was observed only in one conformer tial is 6-9 eV, and the §— $; transition energy is 3-5eV.
that does not favor fast EE[B]. Similar results were ob-  Hence, if the § — $; transition system is over half the ion-
tained for the benzene-biacetyl cluster where Intra-EET ization threshold, then resonant two photons are sufficient
due to exchange interaction between specific vibronic levels for ionization (one color two photons (1C2P) process). In
of the benzenéB,, state and vibronic levels of the biacetyl this case, one laser is enough for the experiment. The ion-
1B4 state was observeld]. A dual fluorescence spectrum ization of the molecular beam was possible by directing the
induced by excitation of the benzene chromophore in the laser beam perpendicular to the molecular beam, or counter
cluster was indicative of the Intra-EET process. propagating to it, and by so ionizing a larger volume. The

We decided to try and see if we can detect Intra-EET 1MN-FL cluster was studied under similar conditions.
in 1-methylnaphthalene—fluorene (IMN-FL) clusters. In  Animportant feature of the experimental set up is that we
this system, the energy gap between the-S S;, 0-0 could measure simultaneously LIF and time of flight (TOF)
transition of naphthalene, and fluorene is only 2000€m  spectra, this was done by splitting the excitation laser beam
(Fig. 1. Furthermore, 1MN shows spectral activity in the with a quartz plate, and directing the 4% reflected beam to
spectral region of fluorene 0-0 transitions (unlike the case the first chamber. The nozzle pulse is long enough to observe
of naphthalene—anthracene clusters). We chose to use 1MNoboth signals simultaneously, thus we measured LIF in the
and not naphthalene since our calculations predicted twofirst chamber as described. Both LIF and TOF signals were
stable conformations of this (1:1) clustéd¥ig. 5. The ob- recorded on digital oscilloscopes (Tektronics TDS 220 and
servation of Intra-EET will be based on the difference in Tektronics 2430) and transferred to a computer via GPIB
fluorescence wavelength and lifetime of the two molecules card. All signals were normalized to the laser power.
(~300ns for IMN and~16ns for fluorene). The goal The first chamber was pumped by Edwards E903 8in.
of the experiment is to excite the fluorene moiety of the diffusion pump. The second chamber was pumped by an
cluster and to observe a long-lived and “red” fluorescence air cooled Edwards E06 6 in. diffusion pump. During oper-
(» > 350nm) from 1MN. There are two problems in this ation, the pressure in the first chamber was®Torr and
scheme, the first is to identify cluster lines, and the secondin the second 10’ to 10-8 Torr. The two diffusion pumps
is to verify whether the excitation is really localized on were backed with one Alcatel 2033 pump. HPS cold cath-
the fluorene site, or on the 1MN site. However, due to the ode (CC) gauges monitored the pressure in the chambers,
relatively small energy gap between the origins of the two and Pirani gauges measured the pressure in the before the
chromophores absorption spectra significant mixing might rotation pump.
destroy this localization, resulting in line broadening and
no observable Intra-EET.

3. Results and discussion

2. Experimental TOF signals of IMN-FL mixture are shown Ifig. 2
The TOF is proportional to the square root of the méass;

The molecules were seeded in helium in a supersonic jet C(m%/?). The constan€ can be calculated by calculating the
using a pulsed nozzle apparatus described elseWiee flight time in the two acceleration fields and in the field-free
Briefly, 6 atm helium was passed over a heated cell contain-region, or measured from the flight time of a known mass
ing liquid organic sample. The temperature was chosen soas shown inFig. 2 For mass o#~300a.u., the flight time
as to produce an organic vapor pressure of about 0.2 Torr.is ~12us, and FWHM of the signal is’30ns Fig. 2). The
The gas containing the organic vapor was expanded throughTOF-REMPI spectrum shows the existence of 1IMN dimers
a 1.1 mm orifice into an evacuated chamber. The pressureand trimers and of IMN—FL 1:1 cluster.
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Fig. 2. TOF signals of 1MN cluster dimers, and IMN—FL cluster complex. Excitation frequency is 33444itra sample temperature was @

We measured the 1IMN dimer ionization spectrum from tween this spectrum to that of naphthalene dimer is the ab-
~32300 cnT! and scanned to the red, expecting to find tran- sence of the 8fy transition from the spectrum, this transi-
sitions associated with the §pmode. The only signal that  tion has higher oscillator strength and higher probability for
we observed in this spectral range is between 31620 andtwo-photon ionization. Such a spectrum is typical of our ob-
31680 cm! (Fig. 3. The signals in the spectrum were weak servations in naphthalene bichromophoric syst¢hi§. It
(as seen from the signal to noise ratio) and it is possible thatremains an open question why the; lransition is absent
three photons are required for the ionization. The origin of or weak in these systems but is present in the spectrum of
the dimer spectrum is shifted140 cn1! to the red with re- naphthalene dimer.
spect to the monomer origin. The band is rather broad due Our observations conform with previously published
to low frequency interchromophore progressions and pos-works on naphthalene clusteikl—14] Excitonic splitting
sibly due to excimer formation. The major difference be- in naphthalene clusters were reported by Syage and Wessel

1Methylnaphthalene 0-0 region. 82 °C.
measured by 1 C2-3PI.
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Fig. 3. REMPI spectrum of 1MN dimer.
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1methylnaphthalene + Fluorene both at 90 °C.
322 nm cutoff filter.
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Fig. 4. The 1MN origin LIF excitation spectrum of IMN-FL cluster.

[11] and later interpreted as site shifts by Schaffer et al. The existence of the 1IMN—FL cluster is evidenced from
[12] and by Saigusa and LirfiL4]. The spectrum of the  our TOF—REMPI mass spectrum Bifg. 2 The LIF excita-
naphthalene dimer is inherently broad, but with the general tion spectrum of the cluster at the spectral region of the 0-0
features of the monomer spectrum. The broadening may betransition of 1MN is shown irrig. 4. We have identified the
due to the formation of an excimer or due to low frequency 0-0 (31637 cm?) transition of the 1MN moiety of the clus-
interchromophoric vibrational modes. ter by changing the partial vapor pressure of the constituents

Fluorene at 87 °C + 1MN at 550C

FL 0-0
33777 cm-1

(FL)2 0-0
- 35550 cm-1

Relative fluorescence intensity

0 N 1 " 1 " 1 N 1 " 1 N 1 " ]
33450 33500 33550 33600 33650 33700 33750 33800
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Fig. 5. LIF excitation spectrum of fluorene dimer (excimer).
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1-Methylnaphthalene+Fluorene (1:1) cluster.
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Fig. 6. Fluorescence decay of the 0-0 band of the naphthalene moiety of 1IMN-FL.

and monitoring the transition intensitfig. 6 shows the the clusters. Using our previously developaxisotropic
decay of the 1MN 0-0 fluorescence. The lifetime of the 0—0 method [9,19], we have calculated the geometries of the
transition of the cluster is 14® 10 ns, this is much shorter  1MN dimer, of the fluorene—naphthalene cluster and of that
than the 300 ns lifetime of 1MN. The spectrum, however, of 1IMN-FL cluster. The method is illustrated in detail for
is not very different from what was observed for the 1IMN the fluorene—naphthalene cluster.
dimer. The most stable conformations of the 1MN dimer are
The identification of the 0-0 transition on the 1MN chro- shown inFig. 7. The binding energy of the most stable
mophore proved the existence of the cluster. But in order to conformation is-2262 cnt 2. In this “sandwich” conforma-
confirm the existence of an Intra-EET process we had to look tion, the distance between the planes of the chromophores
for the excitation spectrum of the fluorene moiety (the donor) is 3.6 A. Other sandwich conformations are less stable by
monitored via the appearance of naphthalene (acceptor moi-~30cnT !, The calculation confirm that indeed a stable
ety) emission. We scanned the region from the 0-0 transitiondimer can be formed under our jet expansion conditions
of fluorene (33777 cmt) for more than towards 700 crh which should resemble the spectra observed for the dinaph-
to the red and monitored the resulting emission through a redthalene bichromophoric molecules.
pass filter (Schot WG345) and looked for long-lived transi-  We have calculated the geometry of the fluorene—nap-
tions. We were able to observe lines corresponding to fluo- hthalene cluster by the anisotropic metta#)]. In addition,
rene dimer (excimeFig. 5 [15-17] but we did not find any  zero-point (ZP) intermolecular vibrational frequencies were
discrete fluorene moiety cluster bands. However, the merecalculated. This calculation was performed by diagonalizing
fact that we have observed naphthalene like emission is in-the 6 x 6 normalized matrix of second derivatives of the
dicative of an Intra-EET process, as was the case for otherpotential energy in the minimum poif20,21]
bichromophoric clusters. The observed TOF cluster signal The global minimum structureTéble 1) is a crossed
(Fig. 2) did not depend strongly on the excitation wave- sandwich in which the molecular planes are nearly parallel
length, but indicates that the cluster can be excited at the
fluorene chromophore. It is very probable that LIF discrete
spectrum due to fluorene moiety excitation of the IMN—-FL
complex is either masked by the FL dimer signal or that
it very broadened due to fast Intra-EET to the naphthalene
chromophore, and thus is missing from the LIF spectrum of
Fig. 5. Similar observation and conclusion was made for the
Intra-EET of jet expanded naphthalene—anthracene bichro- —_—
mophoric molecule where the naphthalene-donor lines are
very broadened due to ultrafast EET process to the an-
thracene chromophofé8].
The experimental observations were supported by cal-
culations of the conformations and binding energies of Fig. 7. The most stable conformation of 1MN dimer.
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Table 1
Geometry parameters and frequencies of global potential minimum

Intermolecular Global minimum ZP vibration
coordinate value frequency (crm)
0.00A 26.4

0.72A 15.5

3.58A 136.9

9@ 2.7

1049 39.3
0° 56.5
Potential energy —2401cmt
1/2hvg 138.7cn?t
(Fig. 8). The deviation from planarity is in the coordinate,
which is the relative rotation of the naphthalene molecule

ex ' N< X

around its short axis. The obvious reason for this deviation

is the out-of-plane hydrogen atom in the fluorene molecule.

This interference lowers the barrier for interm()Iecu'_ar rota- Fig. 8. Global minimum structure (crossed sandwich) of the fluorene—
tion around the normal axis. The global minimum is very naphthalene cluster.

shallow with respect to this coordinate)( compared to

other inter-aromatic clustef49,22,23]

A local minimum was found for parallel sandwich ge- the planes of the chromophores is 3.55A. The binding en-
ometry, but the barrier for crossing to the global mini- ergy of the “T” conformer is only-1994 cntl, the center
mum via intermolecular rotation was less than 20ém  of the IMN chromophore is more than 5 A above the plane
This barrier was much lower than the zero-point in- of the fluorene chromophore.
termolecular vibrational energy (ZPE), estimated from  For both 1IMN—FL and naphthalene—fluorene clusters the
the calculated frequencies. This implies that no separatedisturbance by the out-of-plane hydrogen couples strongly
quantum-vibrational state can exist for this structure, so that the intermolecular vibrations with one another. This means
the “real” quantum-mechanical potential that should take that no long equidistant progressions should be expected in
into account the ZPE would not exhibit any local minimum. a vibronic excitation spectrum. Also this disturbance can be
Similar observations were made in the case of benzene—expected to couple efficiently sonreramolecular fluorene
fluorene clustefl19,23. vibrations to theintermolecular vibrations of the cluster,

Similar calculations were performed for the IMN-FL which would promote IVR in fluorene. It may also enhance
cluster. The most stable conformations of the IMN—FL clus- the “dark” deactivation processes in the cluster after vibronic
ter are shown iirig. 9. The binding energy of the “sandwich”  excitation of the fluorene moiety. This may explain why in
conformation is—2629 cnT!, and the separation between this cluster Intra-EET is either masked by IVR and cannot

<

™~
) Diﬁf;f*

Fig. 9. The two predicted conformations of the IMN—FL cluster: (a) the most stable, “sandwich” conformation; (b) the less stable, “T” conformation.
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be observed directly or that it is so fat as to broaden the
fluorene moiety excitation bands.

4. Summary

Using laser induced excitation and complement confor-
mation calculations, we identified they S> S;, 0-0 tran-
sition of the 1IMN chromophore of the IMN—FL cluster.
The spectrum of this chromophore resembles that of 1MN
dimer. From TOF—REMPI measurements, we have indica-
tions that this cluster can also be excited close to the fluo-
rene origin. However, this signal was not dependent on the
excitation frequency. In addition, we did not detect any clus-
ter bands in the LIF spectrum near the origin of fluorene

165
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