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Sensitization of photoeffects by hyper-Rayleigh scattering (HRS)
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Abstract

We have observed fluorescence from Coumarin334 (C334) in a variety of solvents using a fundamental wavelength (840 nm) twice
that of radiation actinic for excitation of this fluorescence, and we attribute this fluorescence to second harmonic, hyper-Rayleigh light
scattering (HRS). Fluorescence intensity is compared to that obtained by direct excitation of fluorescence under the same conditions to
provide an estimate of the efficiency of the HRS process;Φ = ca. 10−6, strongly solvent dependent. Photochemical actinometry indicates
a fundamental optical power of 1 mW cm−2 under our conditions. By mapping the action spectrum for second harmonic excitation of
fluorescence, we exclude the possibility suggested by the solvent dependence ofΦ, namely that the principal pathway for excitation of
C334 involves second harmonic scattering by solvent, followed by absorption of actinic light by the solute. Instead, we find that the action
spectrum does not correlate with the absorption spectrum of C334. Therefore, we hypothesize that second harmonic scattering is coupled
to an electronic transition in the C334 chromophore, which probably involves a higher excited state than that responsible for emission.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Historically, photochemistry has been limited by the
applicability of the Grotthus–Draper Law, one of the
fundamental principles of molecular photochemistry[1].
Namely, if a molecule is to undergo photochemical change,
it must absorb light of the wavelength(s) used to effect
that change. Since many molecules absorb only in the blue
or ultraviolet regions of the spectrum, this requirement is
limiting in terms of the scope of wavelengths useful for
photochemistry. The limitation was overcome early on in
imaging photochemistry by the discovery of spectral sen-
sitization [2]. Accordingly, a sensitizer may absorb light
of a wavelength longer than that required to carry out the
desired photochemistry, and subsequently activate the reac-
tive species either by energy transfer[1] or electron transfer
[2,3].

More recently, two-photon absorption has been pro-
posed[4] and demonstrated[5,6] as a method for effecting
useful photophysics and photochemistry with light whose
frequency,ω, is one-half that which corresponds to an ac-
tinic electronic transition in the reactive molecule, i.e. the
molecule absorbs light of frequency, 2ω. This technique
has proved useful for fabricating microdevices[7], optical
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memories[8], and fluorescence microscopy of biological
systems[6]. A drawback of this technique, however, is that
high photon fluxes may be required, e.g. 3× 1030 pho-
tons cm−2 s−1 [9], which corresponds to 1012 W cm−2 at
800 nm. This level of irradiation, in turn, would require a
high powered light source, e.g. a 10 kW laser if the light is
focused to a 1�m spot, and may also result in considerable
damage to the substrate, especially if the latter is a biolog-
ical sample[10]. Most reports of two-photon fluorescence
microscopy, however, utilize optical power densities in the
order of MW cm−2, examples of this technique are found
in [11,12].

We now propose a new strategy for long wavelength sensi-
tization of photophysical and photochemical effects. As long
ago as 1965, hyper-Rayleigh scattering (HRS) in isotropic
liquids was reported[13], and subsequently applied to the
determination of the second-order hyperpolarizability,β, of
solvents and solutes[14]. Accordingly, deformation of the
electron cloud of a molecule, in response to the periodic
fluctuation of the optical electric field leads to scattering,
not only of the fundamental frequency of the incident light,
ω, but of the higher harmonics as well, e.g. 2ω. Symmetry
restrictions governing second harmonic generation do not
appear to apply to second harmonic scattering[15]. In chem-
istry, HRS has found analytical applications, both in Raman
spectroscopy[16], and in the characterization of nanocry-
tals[17], interrogation of interfaces[18], and the monitoring
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of surface reactions, again in the nanoparticle environment
[19].

Our proposal is to use HRS to provide actinic light, of
frequency 2ω, where irradiation is carried out atω. We en-
vision that it may be implemented in two ways:

(1) The reactive species itself may exhibit a high hyper-
polarizability, in which case it both scatters the second
harmonic and then uses it to effect a photochemical pro-
cess. This strategy may be most applicable in nanoscale
systems, e.g. nano-AgBr which has already been shown
to exhibitβ = 75× 10−30 esu[19].

(2) The reaction solvent scatters second harmonic, which
is subsequently absorbed by a solute for which it is
actinic. Such a strategy should be most applicable to
dilute solutions in which the intensity of the second
harmonic,I(2ω) is given by[14]

I(2ω) = GI(ω)2[β2
sNs + β2

aNa] (1)

whereG is a gain factor characteristic of the experimen-
tal set-up,N is the number concentration of the solvent
and solute species, designated by the subscripts s and
a, respectively. For dilute solutions, the term in brack-
ets is likely to dominate, sinceNs � Na and the usual
range of molecularβ spans approximately two order of
magnitude.

The purposes of the present study are reduction to practice
of these strategies and evaluation of their photon efficiency,
in order to project under what conditions photochemical
sensitization by HRS might prove useful. Demonstration of
useful sensitization of photoeffects by HRS could have in-
teresting ramifications for the design of image capture de-
vices, photodynamic therapy, and fluorescence microscopy,
among other applications.

The system selected for investigation was the laser dye,
Coumarin334 (C334), which fluoresces with near unit quan-
tum efficiency, dissolved in a variety of solvents.

Unless otherwise specified, the fundamental wavelength
was 840 nm. We hypothesized that under these conditions
the solvent should scatter some of this radiation as 420 nm
light by the HRS mechanism. This latter wavelength is close
to the absorption maximum of C334. In so far as C334
may be hyperpolarizable, second harmonic scattering should
be resonant with the principal electronic transition of the
molecule. In this case, the dispersion of HRS should exhibit
a maximum as well, though self-absorption should preclude
experimental confirmation of this expectation through mea-
surement of the scattered second harmonic itself.

Fluorescence from C334 was then monitored at its maxi-
mum wavelength, 490–505 nm depending on solvent, in or-
der to detect the HRS. Detection of the fluorescence would
thus implicate one of the two mechanisms of HRS sensi-
tization outlined above. In so far as mechanism (2) may
be operative, the measured fluorescence intensity,If (2�),
should correlate withI(2ω) for the solvent, measured di-
rectly at 420 nm. The absolute efficiency of HRS,ΦHRS
may be evaluated in these experiments by comparing the
intensity of C334 fluorescence sensitized by HRS to that
measured under conditions of direct excitation at 420 nm,
If (�).

2. Experimental detail

2.1. Materials

Laser grade C334 was obtained from the Eastman Ko-
dak Co., and used as received (ε = 3.3 × 104 cm−1 M−1).
Solvents were of the best available grade, and used as
received: spectrograde methanol, acetonitrile, and toluene
(Spectra Chemicals, Gardena, CA), ethylene glycol (Fisher
CertifiedTM, Fisher Chemical Co.), along with dimethyl-
sulphoxide (DMSO) and acetone, both >99.5% purity
(Aldrich “gold label”, Aldrich Chemical Co.). Water was
glass distilled. C334 was dissolved in these solvents at a
concentration of 1.0 × 10−5 M (Na = 1 × 1015 cm−3), by
addition of 25�l of a 1.0×10−3 M methanol solution of the
dye to 2.5 ml of the solvent being studied. Diphenyliodo-
nium hexafluorophosphate, used in the actinometry experi-
ments, was obtained from Avocado Chemicals, Ltd. (UK),
and used as received.

2.2. Methods

Our optical set-up has been described in detail in our
previous papers[19,20]. Optical components were derived
from the optical table of a Perkin-Elmer model MPF44b
spectrofluorimeter. We use the output of a 150 W Xe-arc
lamp, from which the desired fundamental wavelength is
isolated by a grating monochromator and a 470 nm cut-
off filter, chopped, and focussed to an 0.05 cm2 spot in the
center of a 1 cm quartz fluorescence cuvette (2.5 ml sam-
ple volume). The emission (HRS or fluorescence) is de-
tected by a Hamamatsu model 933 photomultiplier with
lock-in amplification, at right angles to the fundamental
beam, with isolation from stray light by a second monochro-
mator and a polarizing filter. (The polarizing filter was found
empirically to improve signal-to-noise in HRS detection,
presumably by excluding stray light reflected off optical
surfaces.)

Adequate signal-to-noise for signal quantification re-
quired that the output of the emission monochromator be
compared with the output from a second, matched pho-
tomultiplier monitoring the fundamental beam intensity.
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This procedure corrected for time-based fluctuations in the
Xe-arc lamp output power. The recorded signal was thus

Iobs = I(2ω)

I(ω)
(2)

whereIobs is a dimensionless ratio, measured as the poten-
tial (mV, reported as arbitrary units) required to balance the
bridge circuit in which the two photomultipliers are incor-
porated. Note that the two photomultipliers are measuring
radiation at different wavelengths, hence a correction factor
has to be included, below, in the estimation ofΦHRS. No
correction is applied for difference in lamp output at 420 and
840 nm; examination of the output spectra of typical Xe-arc
lamps[21] indicates that we should expect comparable out-
put (order of magnitude, at least) at both wavelengths.

Another correction is required for the fact that a cutoff fil-
ter may not be absolutely efficient in the exclusion of stray
light from the fundamental beam. Stray, adventitious second
harmonic, e.g. scattered off the optical surfaces, may thus
be Rayleigh scattered into the detection path. We controlled
this source of error by measuring the fluorescence intensity
with and without the cutoff filter in place. Experimentally,
we found that the filter exhibited ca. 0.82% transmission
in the bandpass of interest, 400–460 nm. Therefore, we re-
duced the fluorescence intensity measured with the cutoff
filter in place by 0.82% of the signal measured in its ab-
sence. This correction, of course, represents an upper limit
to the contribution of stray light to measuredIf (2ω), inso-
far as not all the 420 nm light exciting C334 fluorescence is
stray light, even in the absence of the cutoff filter. The mag-
nitude of the correction is reflected in the confidence limits
shown below for the estimates ofIf (2ω). A similar correc-
tion was applied to the estimation of solvent HRS intensity
I(2ω), detected at 420 nm in the absence of C334. No stray
light in the 490–505 nm bandpass (region of C334 fluores-
cence) could be detected in our system, with the fundamen-
tal monochromator set for either 420 or 840 nm.

Additional tests for the authenticity of the HRS signal in
our experimental set-up are described elsewhere[22].

3. Results

3.1. Hyperpolarizability of C334

The non-linear optical properties of C334 do not appear
to have been characterized. The scattered second harmonic
intensity was accordingly characterized for a fundamental
wavelength of 680 nm for a series of concentrations of C334
in methanol. Under these conditions, absorption of second
harmonic (340 nm) by the C334 is minimized, although it
remains finite. Accordingly,Eqs. (1) and (2)become

Iobs = GI(ω)[β2
sNs + β2

aNa]exp(−2.303εNa) (3)

whereε is an effective extinction coefficient for C334, with
units of (l mol−1), when Na is expressed in molar units.

Fig. 1. Detection of HRS (Iobs) at 340 nm for various concentrations (Na)
of C334 in methanol; data are fit toEq. (3) (solid line) and compared to
Beer’s Law fit (dashed line).

Note that it is not numerically equivalent to the usual molar
extinction coefficient for C334 at this wavelength, as the
optical path for scattered light is not necessarily linear. The
data obtained, plotted asIobs versusNa are shown inFig. 1.
If βa is zero, i.e. C334 is non-hyperpolarizable, thenEq. (3)
reduces to Beer’s Law; under these circumstances we obtain
a poor fit to the data, withε = 9 × 104 l mol−1 with a
correlation coefficient,r, of only 0.976. Best-fit values of
GI(ω)β2

a = (175± 45)× 106 l mol−1 andε = (2.0± 0.5)×
105 l mol−1 yield r = 0.994. Direct measurement under the
same conditions ofGI(ω)β2

a = (17± 1) × 105 l mol−1 (r =
0.995) for the reference compoundp-nitroaniline, for which
β = 35× 10−30 esu in methanol[14], allows estimation of
βa = (350± 50) × 10−30 esu for C334 in this solvent.

It is well-known that hyperpolarizability of a solute re-
flects the dielectric properties of the solvent[14], and may
be thought of as a property of the solute and its solvation
shell [20], in light of current theories of solvatochromism
[23]. Accordingly, we attempted to estimate the hyperpo-
larizability of C334 in toluene. Under these circumstances,
we obtained data for which the two-parameter fit according
to Eq. (3)provided no improvement over the one-parameter
fit, with βa = 0 andε = 5.4 × 104 l mol−1 (r = 0.997).
These results indicate that we should expect a large solvent
dependence of the C334 hyperpolarizability, hence of HRS
observed from it as a solute. Similar results were previ-
ously obtained in our laboratory[20] with cyanine dyes
as solutes. In that study, we proposed thatβ is a property
of the molecule and its solvent coordination shell. In this
connection, it has been reported that coumarin laser dyes in
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hydroxylic solvents may exist in the form of hydrogen-bonded
solvent–coumarin complexes[24]. The fact that there are
conditions under which we do not detect HRS, and that it
would be unexpected under these circumstances, provides
additional confidence that out observed signals are not
biased by adventitious stray light.

3.2. Estimation of ΦHRS

The emission spectra of C334 in methanol, excited at 420
and 840 nm are shown inFig. 2. Note that in order to ob-
tain these data, the amplifier gain,G, was 300× higher for
recording the spectrum excited 840 nm than for the spec-
trum excited at 420 nm. It is clear, however, that the spectral
distribution of emission in both cases is the same.

The emission intensity at 495 nm,If (2ω) was measured
and corrected for C334 in methanol with and without a neu-
tral density filter (D = 0.50) in place in the fundamental
beam path. Experimentally, we found that this filter reduced
the intensity of the fundamental beat at 840 nm by a factor of
3.1. A photomultiplier signal of 178± 12 mV was obtained
without the filter in place; it was attenuated to 17± 4.5 mV
with the filter inserted. Thus, attenuation ofI(ω) by a fac-
tor of 3.1 reduces the detected fluorescence intensity by a
factor of 10.5 ± 2.7, as expected for a biphotonic process.
Thus, the observed fluorescence, whose wavelength distri-
bution is shown inFig. 2, is most likely attributable either to
two-photon excitation or to one of the two proposed mech-
anisms involving HRS.

Estimates ofIf (2ω), measured in a series of solvents, with
excitation at 840 nm and corrected as described above,If (ω)
measured in the same solvents with 420 nm excitation, and
solvent HRS intensity,If (2ω), are given inTable 1. Sol-
vent HRS was in all cases found to be monochromatic, with
a peak-width at half-maximum corresponding to 2 nm, the

Fig. 2. Emission spectra of Coumarin334 (C334) excited at 420 nm (upper curve; amplifier gain= 0.3×) and 840 nm (lower curve; amplifier gain= 100×).

Table 1
Estimation ofΦHRS in various solvents

Solvent If (2ω)a If (ω)b ΦHRS
c I(2ω)

Toluene 1.5± 1.0 780 (3.00± 2) × 10−7 0.5
DMSO 5.2± 2.0 618 (1.30± 0.3) × 10−6 4.5
Ethylene glycol 5.3± 1.0 582 (1.35± 0.3) × 10−6 6
Acetonitrile 6.8± 3.0 652 (1.50± 0.3) × 10−6 7
Acetone 9.5± 1.5 712 (2.00± 0.3) × 10−6 7.5
Methanol 8.3± 2.0 705 (1.80± 0.3) × 10−6 9
Water 7.0± 2.0 499 (2.10± 0.3) × 10−6 10

a Amplifier gain: 10×.
b Amplifier gain: 1×.
c Eq. (4).

monochromator slit width. Note thatG is 10× greater for
measurement ofIf (2ω) than forIf (ω).

From these data, we can estimateΦHRS, where

ΦHRS = F

[
If (2ω)

If (ω)

]
·
[

Gω

G2ω

]
(4)

whereF is the correction factor for relative photomultiplier
response at the fundamental wavelength and 495 nm, re-
spectively, experimentally measured using the “white card”
method, equal to 0.015. Use of this correction factor is re-
quired insofar as the signal from the output photomultiplier,
detecting light of 495 nm, is ratioed with that from the fun-
damental photomultiplier, which detects 840 nm light, for
purposes of noise suppression. Gain factors,Gω and G2ω

correspond to the lock-in amplifier gain settings used to
record the signals with 420 and 840 nm excitation, respec-
tively. Values thus obtained forΦHRS are also reported in
Table 1.

Regression ofΦHRS on I(2ω) is shown inFig. 3. The
least-squares line has a correlation coefficient,r = 0.959,
and a possibly non-zero intercept of 0.3 ± 0.3. These data,
taken by themselves, do not necessarily support an inference
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Fig. 3. Regression ofΦHRS, the estimated efficiency of HRS sensitization
of C334 fluorescence, onI(2ω), the measured intensity of solvent HRS.

that all observed fluorescence results from solvent-scattered
second harmonic, re-absorbed by the C334. As noted above,
the hyperpolarizability of C334, which should enable flu-
orescence directly when the second harmonic is resonant
with a principal electronic transition of the molecule, is also
strongly solvent dependent. It should scale with solvent po-
larity [14], which would provide more-or-less the ordering
seen inTable 1. Thus, the correlation seen inFig. 3, despite
its statistical significance, is not diagnostic for the origin of
the observed fluorescence in solvent-scattered second har-
monic.

Accordingly, we undertook to establish the action spec-
trum for fluorescence excitation. If, grosso modo, the ob-
served fluorescence results from C334 absorption of solvent-
scattered second harmonic, then a plot ofIf (2ω) versusλ

corresponding to 2ω should be congruent with the absorp-
tion spectrum of C334. The experimental data forIf (2ω)
at various fundamental wavelengths, recorded in methanol,
were wavelength corrected, i.e. asIf (2ω)F, insofar as the
data were collected over a spectral regime in which there is
large variation in response of the photomultiplier monitoring
the fundamental beam. These data are plotted and compared
with the absorption spectrum of C334 in methanol inFig. 4.
It is clear that the two distributions are not congruent; the
action spectrum is shifted to shorter wavelength compared
to the absorption spectrum by nearly 60 nm (3400 cm−1)1.
From this result, we infer that mechanism (2), proposed in
the Section 1, cannot be principally responsible for the ob-
served fluorescence.

3.3. Computational studies

On the other hand, the mechanism of fluorescence excita-
tion may involve direct excitation of C334 by the fundamen-

1 We thank one of the reviewers of this paper for suggesting this
important experiment.

tal, owing to its own hyperpolarizability, i.e. HRS by C334
itself, with the second harmonic self-absorbed. In the usual
two-level approximation[25], the hyperpolarizability cou-
ples to a charge-transfer electronic transition in the C334.
Accordingly,β should exhibit a maximum at a second har-
monic wavelength resonant with this electronic transition.
The wavelength dispersion of C334 could not be probed by
direct experiment in the wavelength regime of interest, ow-
ing to the large uncertainties in the estimation ofβ by the
curve-fitting procedure employed above, and the extreme
degree of self-absorption of the second harmonic as the con-
dition of resonance is approached.

Accordingly, we undertook semi-empirical computational
studies of C334 at the AM1 level of approximation, as found
in the SPARTAN 4.0 toolkit[26]. The AM1 level has been
used successfully to obtain vertical and O–O excitation ener-
gies, as well as structural characterization of ground and first
excited states of other coumarin dyes[27–29]. Fig. 5shows
density plots for the HOMO, LUMO and LUMO(+1), the
next-lowest unoccupied molecular orbital, for C334. From
these plots, it can be seen that there is a somewhat simi-
lar distribution of electron density between the HOMO and
LUMO, corresponding to a primarily�–�∗ S1–S0 electronic
transition suggesting little charge-transfer character to this
transition. This interpretation is consistent with the relatively
minor degree of solvatochromism observable in either the
principal absorption band or the fluorescence of C334. Thus,
we observe a red shift in the absorption and emission max-
ima of ca. 10 nm for C334, going from hydrocarbon solvent
to DMSO, whilst Nad and Pal[30] report a 40 nm red shift
under the same circumstances for Coumarin151 (C151).

On the other hand, the LUMO(+1) has a very different,
more localized, electron density distribution, which implies
significant intramolecular charge-transfer character for the
S2–S0 electronic transition. This transition also has signifi-
cant�–�∗ character, not only involving charge transfer from
the julolidyl nitrogen, but also, to a certain extent, from the
exocyclic carbonyl group, to the�-cloud of the heteroaro-
matic ring system. We propose that this is the electronic
transition that is likely to be coupled to second harmonic
scattering and which, accordingly, determines the wave-
length dispersion ofβ. Recently, density functional theory
calculations and ZINDO calculations including configura-
tion interaction have been reported for the related dyes,
Coumarin120 (C120) and C151[31]. In both compounds
these studies find that S2 lies about 0.4 eV above S1, corre-
sponding to occurrence of S0–S2 ca. 70 nm to the blue of
S0–S1, i.e. at 380 nm for C334.

These authors, however, find comparable dipole moment
changes on excitation to either S1 or S2. In both C120 and
C151 rehybridization atN is found to be a major compo-
nent of relaxation upon excitation into the S1 state[30,31].
This relaxation pathway is not accessible in C334 owing to
the immobilization ofN in the julolidyl fused ring system.
This restriction may account, in part, for the reduced solva-
tochromism of C334 (vide supra).
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Fig. 4. Wavelength-response corrected action spectrum for second harmonic excitation of C334 fluorescence, presented as a function of the second harmonic
wavelength (data points with solid line to guide the eye), and compared to the absorption spectrum of 1.0 × 10−5 M C334 in methanol (dashed line).

Fig. 5. Molecular orbitals of C334 according to AM1 calculation: (a)
HOMO; (b) LUMO; (c) LUMO(+1).

3.4. Actinometry

Rearrangement ofEq. (1), neglecting the second term,
yields:

ΦHRS = I(2ω)

I(ω)
= GI(ω)β2

sNs, (5)

i.e. ΦHRS should be intensity dependent. Our experimental
configuration does not allow direct demonstration of this
dependence as with full lamp power, we are operating so
close to the limit of quantification of our system. However,
Eq. (4) does imply that we should measureI(ω) under our
conditions in order to be able to extrapolate conditions under
which useful levels ofΦHRS might obtain. To this end, we
undertook actinometric experiments.

The reaction system chosen for actinometry was the one-
electron photo-oxidation of C334 using diphenyliodonium
cation (Ph2I+) as oxidant in methanol. The chemistry of
solution phase photo-oxidations using this reagent has been
elucidated in detail[32]. By analogy to these other systems,

C334+ hν → C334∗ (6a)

C334∗ + Ph2I+ → C334•+ + {Ph2I•} (6b)

{Ph2I•} → PhI+ Ph• (6c)

Ph• + C334•+ → Ph–C334+ H+ (6d)

Accordingly, the rate of disappearance of C334 is given
by

−d[C334]

dt
= ΦIfabs

v
(7)

whereΦ is the quantum yield for disappearance of C334,
I is the incident light intensity,fabs the fraction of the in-
cident light absorbed by the sample, easily estimated from
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Fig. 6. Pseudo-first-order disappearance of C334 in photo-oxidation with
diphenyliodonium salt at 420 nm, monitored as decrease in intensity of
C334 fluorescence excited at 380 nm (actinometric experiment).

the absorption spectrum of the sample, andv is the sam-
ple volume. The quantum yield,Φ, is determined only by
step (6b), as step (6c) is known to occur so rapidly (k =
ca. 5× 109 s−1) [33] that back electron-transfer is unimpor-
tant. It can be estimated therefore from the extent of C334
fluorescence quenching obtained on addition of Ph2I+.

Our experiments were carried out in methanol with 1×
10−5 M C334 and 0.010 M Ph2I+. Irradiation was at 420 nm
under the same conditions as for measurement ofIf (ω),
above. Disappearance of C334 was monitored as the de-
crease in fluorescence excited at 380 nm, a wavelength at
which C334 but not the reaction products, e.g. Ph–C334, ab-
sorbed light. Under these conditions,fabs = 0.50 andΦ =
0.25. The latter estimate was obtained from a Stern–Volmer
plot for C334 fluorescence quenching by Ph2I+ in methanol,
which yielded a slope,KSV = 32.6 M−1, with r = 0.998.
From these data and the measured fluorescence lifetime
of 3.7 ± 0.5 ns for C334[34], we obtain a second-order
quenching rate constant corresponding to step (6b) above of
(9 ± 1) × 109 M−2 s−1, close to the diffusion limit.

The first-order plot for the disappearance of C334 is
shown inFig. 6, wheref(I) = ln[If (0)/If (t)], the ratio of
the coumarin fluorescence intensities measured at times 0
and t. From these data, a pseudo-first-order rate constant,
k = 2.5 × 10−4 s−1 M−1 was estimated (r = 0.998), where
k = −d ln[C334]/dt. From this estimate andEq. (7), we
obtainI = 1 × 1014 photons s−1. For 420 nm radiation fo-
cused to an 0.05 cm−2 area on the sample, this irradiance,
I(ω), corresponds to an optical power of 1 mW cm−1 in the
fundamental beam. Comparable, or slightly greater, optical
power is expected at 840 nm, on the basis of published
output spectra of typical Xe-arc lamps[21].

4. Discussion

A plausible explanation for the observation of C334 flu-
orescence on irradiation at 840 nm is direct, two-photon ex-

citation. The efficiency for production of fluorescence under
steady-state conditions may be approximated as

Φf = τδI2 (8)

where δ is the cross-section for two-photon absorption,
and I is the incident photon flux. For typical values of
δ = 10−50 cm4 s [6], Φf = 10−6 as measured here,
and the experimental value ofτ for C334 [34] I =
1.6 × 1026 photons cm−2 s−1. This estimate corresponds to
the threshold levels for two-photon excitation of fluores-
cence reported in[9]. Under our conditions, actinometry,
above, has shownI = 2 × 1015 photons cm−2 s−1, clearly
insufficient by orders of magnitude for this mechanism of
excitation. We have, however, showed thatIf (2ω) is propor-
tional to I(ω)2, characteristic of biphotonic processes. We
therefore conclude that HRS is responsible for the observed
fluorescence. This inference is reasonable, given that HRS
has been observed under our conditions directly from the
solvents employed in this work, and from various other
substrates in previous studies in our laboratory[19,20,22].

We account for the observation that the action spectrum
for HRS sensitized fluorescence does not correspond to the
absorption envelope assigned to the S1–S0 transition of C334
as follows. From the general two-level expression for hy-
perpolarizability[25],

β = 3µ2
12�µ12 (hω0)

2

2h4 (ω2
0 − ω2) (ω2

0 − 4ω2)
(9)

whereµ12 is the dipole moment for the electronic transition
coupled to hyperpolarizability,�µ12 the change in dipole
moment, andhω0 is the energy of the coupled electronic
transition. It can be seen fromEq. (5) that β undergoes a
discontinuity when 2ω = ω0, and accordingly exhibits a
maximum at corresponding wavelengths. Thus, if C334 it-
self is the principal source of the second harmonic scatter-
ing, the efficiency of HRS sensitized fluorescence should be
greatest when 2ω = ω0, and we have inferred, on the ba-
sis of the molecular orbital calculations, thatω0 should be
that of the S2–S0 electronic transition. Accordingly,hω0 for
this transition must be 3.20 eV, about 0.42 eV greater than
for S1–S0.

FromEq. (4), we project that a useful efficiency for HRS
sensitization of photochemical and photophysical effects,
ΦHRS = 0.1, should be achievable at optical powers 105-fold
greater than used in our experiments, e.g. ca. 100 W cm−2.
However, it is problematical that such high levels ofΦHRS
can be observed in practice, owing in part to the onset of
other, competing non-linear optical effects, such as stimu-
lated Raman and Brillouin scattering, and self-focusing[14].
On the other hand, in representative studies where the depen-
dence ofI(2ω) on I(ω) has been characterized over a wide
range of optical powers, no saturation of HRS response has
been observed up to ca. 250 W cm−2 [17].

Two-photon fluorescence has been reported under condi-
tions of fluorescence microscopy using a 150�W laser at
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720 nm, focused to a ca. 1�m spot, i.e. ca. 2×104 W cm−2,
by Hänninen et al.[10]. This optical power density is nearly
eight orders of magnitude below the saturation level for
two-photon photophysics, as discussed in theSection 1,
and substantially below that at which two-photon excita-
tion of coumarin dyes, similar to the Coumarin138 used
by Hänninen, has been observed, 6× 107 W cm−2 (2 ×
1026 photons cm−2 s−1) and above[34]. Given the results
obtained in the present study, we suggest that HRS sensi-
tization may contribute significantly to emission assigned
as biphotonic excitation in this and, perhaps other, similar
scanning fluorescence microscopy studies.

5. Conclusion

We have observed fluorescence from C334 in a variety
of solvents using a fundamental wavelength (840 nm) twice
that of radiation actinic for excitation of this fluorescence,
and we attribute this fluorescence to second harmonic HRS.
Fluorescence intensity can be compared to that obtained by
direct excitation of fluorescence under the same conditions
to provide an estimate of the efficiency of the HRS pro-
cess. After application of appropriate corrections to our raw
data, we findΦ = ca. 10−6; it is strongly solvent dependent.
Photochemical actinometry indicated a fundamental optical
power of 1 mW cm−2 under our conditions. By mapping the
action spectrum for second harmonic excitation of fluores-
cence, we exclude the possibility suggested by the solvent
dependence ofΦ, namely that the principal pathway for ex-
citation of C334 involves second harmonic scattering by sol-
vent, followed by absorption of acitinic light by the solute.
Instead, we find that the action spectrum does not correlate
with the absorption spectrum of C334. Therefore, we hy-
pothesize that second harmonic scattering is coupled to an
electronic transition in the C344 chromophore, which prob-
ably involves a higher excited state than that responsible for
emission.

We infer from our experimental data and a consideration
of the basic phenomenology of HRS that it may provide
a useful method of long-wavelength sensitization of var-
ious photoeffects at readily available optical powers, e.g.
ca. 100 W cm−2. HRS may also contribute significantly
to biphotonic fluorescence observed under typical condi-
tions for multiphoton fluorescence microscopy of biological
specimens.
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