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The laser-induced fluorescence excitation of 3-hydroxyflavone, cooled by seeding in a supersonic expansion of He, has been
investigated in the wavenumber range 28000-28500 cm™!. The vibronic origin of the $o-S; (nx*) electronic transition of the
unperturbed normal molecular form was found at 28080.3 cm~"! (3560.21 A). The excitation spectrum is characterised by several
progressions with vibrational spacing of 45 cm~!, and by severe spectral congestion at excess vibrational energy above 225 cm~".
The prominent vibronic bands are best represented by Lorentzian lineshapes. They are homogeneously broadened with widths

- (deconvoluted fwhm) varying from 4.1 to 2.6 cm~'. The corresponding vibronic lifetimes, in the range 1.3-2.0 ps, are short

because of excited-state intramolecular proton transfer.

1. Introduction

There has now been more than a decade of inten-
sive and sometimes surprising research on the ex-
cited-state intramolecular proton transfer (ESIPT)
reaction of 3-hydroxyflavone (3HF; cf. fig. 1). The
attraction lay in the hypothesis that coplanarity of the
phenyl ring with the main chromophore would speed
up the reaction; therefore, a viscous barrier to tor-
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Fig. 1. Schematic energy level diagram for ESIPT in 3-
hydroxyflavone.

sional phenyl relaxation towards coplanarity should
result in normal, blue-violet fluorescence prior to in-
tramolecular proton transfer followed by tautomer,
yellow—green fluorescence [1]. However, the kinet-
ics of the two fluorescence bands normally observed
in hydrocarbon solvents required either two proton-
transfer channels, or else two conformations of 3-hy-
droxyflavone: one with an intramolecular hydrogen
bond and the other with infermolecular hydrogen
bonds (for the pertinent literature see refs. [2,3]).
Also, pressure studies of tautomer emission yield in
a hydrocarbon solvent did not reveal any effect of
viscosity [4].

These inconsistencies were resolved by McMorrow
and Kasha [5]. They showed that trace amounts of
hydrogen-bonding solvent impurities lead to the
presence of a series of ground-state solvates of 3HF
with distinct spectral and dynamic properties. This
sensitivity of 3HF to hydrogen-bonding perturbation
may be a consequence of the geometrical structure
for the intramolecular H-bond (five-membered ring)
as well as of the electronic character of 3HF in its
S, (nn*) state (contribution of a pyrylium VB struc-
ture). In extremely dry hydrocarbon solvents only the
tautomer fluorescence was observed even at low tem-
peratures. Hence the intrinsic proton transfer reac-
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tion occurs very fast. In an Ar matrix at 15 K, the
risetime of tautomer fluorescence could not be re-
solved with a temporal resolution of 2 ps [6].

More recent studies of ESIPT in 3HF follow two
approaches:

(1) Spectroscopy in Ar matrices gives mainly en-
ergetic information on hydroxyflavones, and it char-
acterises spectra and ESPT dynamics of specific H-
bonding solvate complexes [2,3,7].

(2) Structural variation of the phenyl substituent
[3,8,9] again addresses the original question whether
phenyl conjugation modulates the ESIPT transfer
rate. However, in 3-hydroxychromone, which does
not possess the phenyl substituent, the ESIPT reac-
tion is still extremely fast [7]. Therefore time-re-
solved methods are also unlikely to distinguish the
reaction rates of 3-hydroxyflavone derivatives with
twisted phenyl groups. Other methods are needed to
determine the rate of excited-state intramolecular
proton transfer in these compounds and in 3HF.

Electronic lifetimes < 1 ps should result in spectral
vibronic bands with widths (fwhm)>5.3 cm~'. Re-
solved vibronic bands in the UV absorption spec-
trum of 3HF have not been observed so far, neither
in Ar matrices [2] nor in Shpol’skii matrices [10].
This may be due to spectral congestion or to inho-
mogeneous broadening. In order to remove the lat-
ter, we examine isolated 3HF cooled in a supersonic
jet using fluorescence excitation spectroscopy.

We determine the electronic origin of the So-S,
(nx*) transition. Then we speculate briefly whether
an active vibrational mode of 45 cm~! in the S, state
of 3HF may be assigned to phenyl torsion. Finally it
is shown that the observed vibronic bands are well
represented by Lorentzian lineshapes and are homo-
geneously broadened. From this, vibronic state reac-
tion times of 1.3 to 2.0 ps for the ESIPT reaction are
inferred.

2. Experimental

3-hydroxyflavone (Eastman) was purified by re-
peated resublimation under high vacuum as de-
scribed in ref. [2]. All subsequent handling of the
solid, purified 3HF took place in a dry glove box un-
der dried N,. After sublimation, the sample was
transferred into the removable sample holder of the

supersonic jet assembly. The sealed sample holder was
then connected to the He reservoir of the jet assem-
bly (see below). Finally, its sample end was opened
while flushing with dry He, and the sample holder was
inserted into the preheated nozzle chamber.

The pulsed supersonic jet was actuated by a low-
inductance solenoid. Sealing was accomplished by a
Viton O-ring of 0.5 mm nominal internal diameter.
The nozzle consisted of a small conical skimmer, with
circular opening of 0.4 mm diameter and full cone
angle of 90°, protruding into the O-ring. The skim-
mer had been punched out of Ta-foil 0.1 mm thick #'.
This arrangement combines the advantages of O-ring
sealing (high reproducibility and long lifetime ) with
those of “thin” nozzles (low dead volume and high
aspect ratio; hence high pressure gradients). It has
produced the coldest seeded supersonic expansions
in this laboratory.

The nozzle assembly, including the sample in its
holder, was heated to 400-420 K. The resulting 3HF
vapour pressures are estimated below 1.0 Torr from
separate absorption measurements. He (4.8, dried by
passing through a trap maintained at 77 K) was used
for the supersonic expansion at stagnation pressures
of 1900-2600 Torr.

Fluorescence was excited 25 mm downstream from
the nozzle by using a tunable pulsed dye laser
(Lambda Physik FL2001). Pulse energy was ~ 100
uJ. The spectral intensity distribution of the laser
output was measured with a high-resolution mono-
chromator. The measured spectral profile is best rep-
resented by a Gauss curve with fwhm of 0.75 cm—".
For a spectral scan, the stepwidth of the laser was
0.0525 A corresponding to 0.41 cm~'. Laser wave-
lengths were calibrated using the monochromator
which was in turn referred to a Fe/Ne hollow cath-
ode lamp. Absolute wavelengths for fluorescence ex-
citation (table 1) are accurate to 0.05 A.

Fluorescence was collected at right angles to the jet
and laser beam by an aspheric quartz lens in combi-
nation with a spherical mirror. The tautomer fluores-
cence was mainly selected by a broad-band interfer-
ence filter centered at 500 nm with a full bandpass of
100 nm. Monitoring exclusively the “normal” fluo-
rescence region 380-420 nm, no emission above noise

¥ We are grateful to Professor U. Even, Tel Aviv University, for
this suggestion.
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Table 1
Wavenumber, bandwidth, and progressional assignment of vibronic bands in the fluorescence excitation spectrum of jet-cooled 3-
hydroxyflavone
Wave- Obsd. Hom. Progressional assignment <
number * width ® width ©
(cm~1) (ecm~") (cm~1)
0.0 4.0, 3.9 00
25.9 3.3, 3.1, a
40.0 3.6 3.3 B
45.1 4.2, 4.0 )
57.7 2.8, 2.6, €
65.6 33, 31, )
69.6 35, 313, a+d
78.4 4.0, 3.8, o
84.9 3.1, 2.9, p+é
89.9 3.4, 3.2 28
102.7 e) €+4
110.6 e) o+0
113.5 e) a+2d
122.7 ) o+d
129.0 e) B+26
134.8 €) 36
146.5 e) €+20
(154.9) e) f) f)
165.8 e) T
167.5 e) o+26
172.5 e) B+36
177.1 e) 40

#) Relative to origin at 28080.3 cm~"' (in vacuo).

%) fwhm of Lorentzian lineshape from a simultaneous fit of the first 10 observed bands.
) fwhm of Lorentzian lineshape, after deconvolution with a Gaussian lineshape with 0.8 cm~! fwhm. Here the bandwidth reported in
the preceding column was interpreted as belonging to a Voigt profile [17].

9) Progressions are denoted by Greek letters.
) Not determined. " Overlapping.

was detected. The noise level corresponds to less than
0.5% of the signal obtained when tautomer fluores-
cence was monitored. The filtered emission was de-
tected by a cooled photomultiplier (EMI 9558QA,
S20 response ). A small fraction of the laser beam split
off by a quartz plate was monitored with a PIN diode
to provide a reference. Both signals were sampled with
boxcar integrators, digitized, and their ratio calcu-
lated on a computer. For each wavelength setting 20
events were averaged.

The pulsed supersonic jet had a pulse duration at
the excitation region of ~ 1 ms (measured by an ion-
isation gauge). For the best-dried sample and nozzle
chamber, well-resolved excitation bands correspond-
ing to uncomplexed, cold 3HF (see below) could be
observed over this entire time window. However, a

broad, unstructured background to fluorescence ex-
citation was always present even at excitation ener-
gies below the lowest prominent vibronic band. The
background signal intensity depended on the 3HF
partial pressure (in the limited range available) in
the same manner as the band intensity. Under less
dry conditions, the background was becoming domi-
nant regardless of the spectral window for detection,
and resolved excitation bands could only be ob-
served at early pulse times ( <200 ps). Finally, ad-
dition of =~ 1 Torr of water completely obscured all
spectral structure of fluorescence excitation, but
strong green fluorescence was still observed.

Argon matrices were prepared at 10 K asin ref. [6].
Fluorescence spectra and fluorescence excitation
spectra were recorded with a Spex Fluorolog system.
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Excitation spectra were corrected for spectral changes
of excitation quantum flux; fluorescence spectra were
corrected for the spectral response of the overall de-
tection system.

3. Results and discussion

The fluorescence excitation spectrum and the flu-
orescence quantum distribution (over wavenum-
bers) of 3HF isolated in solid Ar are shown in fig. 2
(cf. also ref. [3]). The spectral region investigated
in our supersonic-jet study is indicated by the hori-
zontal bar.

The fluorescence excitation spectrum of cold 3HF
in a seeded supersonic expansion of He is shown in
fig. 3. Starting at lower excitation energy, a first
prominent vibronic band is found at 28080.3 cm !
(3560.21 A). Wavenumbers of other spectral fea-
tures will be given relative to this band. A region of
well-resolved bands extends to relative energy of 111
cm~'. At higher energies up to 225 cm ', the excita-
tion spectrum shows a broad and increasing back-
ground with recognizable spectral structure. Beyond,
the remnant structure merges into a broad excitation
envelope.

A background to fluorescence excitation, caused by
3HF, is also observed at excitation energies well be-
low the first vibronic band. Its noise sets a lower limit
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Fig. 2. Fluorescence spectrum (excited at 355 nm) and fluores-
cence excitation spectrum (monitored at 514 nm) of 3HF in an
Ar matrix at 10 K. The wavenumber region for excitation in the
supersonic jet is indicated by a horizontal bar.
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Fig. 3. Fluorescence excitation spectrum of 3HF in a pulsed
supersonic expansion of He (stagnation pressure 2600 Torr).

to the detection signal for weak bands in an interval
extending to — 100 cm~!. We attribute the unstruc-
tured background to the 3HF-H,O monosolvate
complex [2] - present because of insufficiently dry
handling conditions.

3.1. Assignment to isolated 3HF

Let us consider the tautomer fluorescence excita-
tion spectra of hydroxyflavones in solid Ar [3, fig.
1A]. The spectra for 3-hydroxychromone and 4'-Me-
3HF show a well-resolved relative maximum roughly
260 cm~! below the spectral location of the first So—
S, absorption peak. The excitation spectrum of 3HF
in solid Ar shows a shoulder at 358.5 nm, also 260
cm~ ! below the first absorption peak. It is reasonable
to identify this relative spectral position with the
electronic origin of the S;-S, (xn*) transition for the
hydroxyflavones. Thus for 3HF in methylcyclohex-
ane at 77 K [51], the origin should be located at 364.5
nm, i.e. red-shifted by 470 cm~! from its position in
solid Ar. Increasing solvent polarizability for unpo-
lar, non-hydrogen-bonding solvents lowers the So-S,
transition energy [3]. The observed first vibronic
band of isolated, jet-cooled 3HF, at 356.0 nm fits well
into this pattern; it is blue-shifted from the origin in
solid Ar by ~ 180 cm~'. Therefore we assign this band
to the 0-0 transition for the first na* excitation of
isolated 3 HF.

The absorption spectrum of 3HF vapour at 478 K
[11] has a different shape compared to the fluores-
cence excitation spectrum in solid Ar. This is partly
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due to absorption from vibrational hot bands, lead-
ing to a loss of resolution. Therefore, the location of
a first absorption inflection near 353 nm should still
be consistent with an electronic origin at 356 nm.

It is interesting to examine the red shift, of 180
cm~!, upon solvation of 3HF in solid Ar. This shift
consists of a dispersive contribution (normally a red
shift) and a contribution due to induced-dipole in-
teraction [12]. The dispersive contribution of the S~
S, transition in 3HF may be estimated from its oscil-
lator strength f, the refractive index n of solid Ar at
10 K, and a cavity radius a. Using f~0.41 and
n=1.29, the dispersive red shift should be 210 cm™—'
for a=4 A and only 110 cm~' for a more reasonable
a=5 A. Therefore, the additional contribution from
induced-dipole interactions must be a (possibly
small) red shift indicating a small increase of dipole
moment upon electronic excitation. This is at vari-
ance with recent semiempirical calculations [13].

3.2. Vibronic structure

The spectral positions of vibronic bands in the ex-
citation spectrum of jet-cooled 3HF are collected in
table 1. A low-frequency vibrational mode in the ex-
cited state, of 45 cm~!, forms a dominant progres-
sion which is slightly blue-degraded and shows a small
anharmonicity. It also builds progressions based on
other low-frequency modes, e.g. of 25.9, 57.7, 65.6
and 78.4 cm~'. No other low-frequency mode forms
progressions in the resolvable part of the spectrum.

Similar progressions have been observed in exci-
tation spectra of aromatic molecules having a phenyl
torsion [14,15]. The change, upon electronic excita-
tion, in the equilibrium dihedral angle between the
phenyl ring and the main chromophore leads to non-
zero Franck-Condon factors for vibronic transitions
terminating in a series of torsional levels. For rela-
tively small changes in the torsional equilibrium an-
gle, a blue-degraded progression would result. Re-
turning to 3HF, it is tempting to associate the
progression-forming 45 cm~' mode with phenyl tor-
sion. The ground-state dihedral angle in the crystal
was determined to be 5.5° [9]. A change to coplan-
arity in the excited state would be consistent with our
tentative assignment. However, the ground-state di-
hedral angle may be considerably larger in the iso-
lated molecule (as in the case of biphenyl [16]).

3.3. Lineshapes

The spectral region with excess vibrational energy
up to 90 cm~! is shown in fig. 4a. A simultaneous fit
of the observed vibronic bands by Lorentzian line-
shapes results in fig. 4b. The residuals of this Loren-
tzian fit are shown in fig. 4c, while the residuals
(only) of a fit by Gaussian lineshapes are given be-
low in fig. 4d. Comparing figs. 4c and 4d it is appar-
ent that Lorentzian lineshapes well describe the ob-
served vibronic bands, while Gaussian lineshapes lead
to systematic residuals in the band wings. The widths
(fwhm) of the fitted Lorentzian lineshapes are also
collected in table 1; they fall into the range 2.9-4.2
cm~!,

The shape of an observed band should be a con-
volution of the excitation laser lineshape, the rota-
tional band envelope, and the homogeneous Loren-
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Fig. 4. (a) Fluorescence excitation bands of 3HF in a pulsed’
supersonic expansion of He. (b) The best fit of the observed
spectrum by Lorentzian lineshape functions. (¢) Residuals of the
fit above. (d) Residuals of the best fit of the observed spectrum
by Gaussian lineshape functions.
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tzian lineshape of the vibronic transition. For 3HF
under the rotational cooling conditions of our exper-
iment, we expect the rotational band envelope to be
considerably narrower than the exciting laser line,
which in turn is narrower than any of the observed
bands. We conclude that the observed vibronic bands
are homogeneously broadened. Deconvolution [17]
with a Gaussian lineshape with fwhm of 0.8 cm~!,
representing rotational band contour and exciting
line, gives a homogeneous linewidth fwhmy,,=3.9
cm~! for the electronic S-S, origin transition.

For an isolated molecule excited at a 0-0 transi-
tion, the homogeneous linewidth is solely deter-
mined by the electronic lifetime =
fwhmy,om = (2nctr) ~ 1. The electronic lifetime of iso-
lated 3HF in its first excited state is limited by ESIPT;
we obtain 7= 1.4 ps corresponding to a proton trans-
fer rate constant (cf. fig. 1) of kag=0.74x 10251,
This rate constant represents a close upper limit due
to the assumptions about rotational band envelopes.
On the other hand, time-resolved measurements of
the tautomer fluorescence rise in solid Ar had estab-
lished a certain lower limit k,5>0.5% 10'2s~! [6].

4. Conclusion

We have shown that 3-hydroxyflavone cooled in a
supersonic jet produces strong tautomer fluorescence
following excitation in the electronic origin of the So—
S, transition at 28080.3 cm~!. The excitation spec-
trum of this fluorescence is characterised by several
progressions in a low-frequency mode of 45 cm™!,
starting at energies <80 cm ™' relative to the origin.
The progression-forming vibrational mode of the ex-
cited state is tentatively assigned to phenyl torsion.
The lowest ten vibronic bands are well fitted by Lor-
entzian lineshapes indicating that the bands are ho-
mogeneous. The measured width of the origin band,

4.1 cm~!, corresponds to an upper limit for the ESIPT
rate constant k,p of 0.74 X 1025~ ",
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