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The introduction of lasers into chemical research has
been one of the most exciting advances of recent years.
Lasers have opened up many new fields of study which
were inconceivable in the absence of laser technology.
This Account describes one such new field which holds
great promise in the study of weak spectral transitions.

When lasers are focused into an absorbing material
the refractive index may be affected in such a way that
the medium behaves as a lens. This effect has been
understood for a number of years. Only in the past few
years, however, has this “thermal lens” effect been
shown to be a valuable spectroscopic tool. It has been
used in the study of weak spectral transitions as well
as in studies of quantum yield measurements, of life-
time measurements, of thermal properties of various
materials, of analytical chemistry, and of excited-state
polarizabilities. Indeed, it holds great promise in many
areas where sensitive spectroscopic probes are needed.

The thermal lens effect was first reported in 1964 by
Gordon et al.}? In an attempt to study Raman spectra,
they placed cells containing various liquids inside the
cavity of a He-Ne laser. Power transients, mode
changes, and relaxation-type oscillations with time
constants on the order of seconds were observed. These
phenomena have been explained in terms of the for-
mation of a thermal lens in the liquids.?

Thermal lens formation results from absorption of the
laser light. The absorption, which may be extremely
weak, produces excited-state molecules which subse-
quently decay back to ground states. When the decay
involves radiationless processes, localized temperature
increases are produced in the sample. Since the re-
fractive index depends on temperature, there is a re-
sulting spatial variation of refractive index which is
equivalent to the formation of a lens within the me-
dium. For most liquids, the temperature coefficient of
refractive index, dn/dt, is negative. Insertion of the
liquid in a Gaussian-shaped beam therefore produces
a concave lens and the beam diverges, or “blooms”.
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Thus, the thermal lens phenomenon is sometimes re-
ferred to as “thermal blooming”.

One can observe thermal lensing quite readily. First,
a sample is placed in front of or beyond the focal point
of a lens which focuses the laser. The resulting thermal
lens causes the beam to become more collimated or
more divergent after passing through the sample. Next,
a pinhole is placed some distance away from the sample
and positioned so that the center part of the beam
passes through it. When the thermal lens forms, the
resulting collimation or divergence causes an increase
or decrease, respectively, of the light passing through
the pinhole.

The thermal lens phenomenon has been extensively
studied since 1965. Much of the early work involved
finding ways to avoid the effect, since it can interfere
with measurements made in many types of laser spec-
troscopy. However, thermal lensing had been applied
to measurements of weak absorptions of liquids® (at
632.8 nm), determing thermal properties of liquids,*?
measurements of fluorescence quantum yields,® and
investigations of the rate and yield of a photochemical
reaction’ in the late 1960s and early 1970s.

In 1976, Long, Swofford, and Albrecht demonstrated
the usefulness of the thermal lens effect in spectroscopic
studies.® Rather than simply observing the lens effect
with a single wavelength He—Ne laser, they introduced
a second, variable wavelength dye laser into the appa-
ratus. While a dye laser could be used both to create
and to probe thermal lens production, it was found that
the use of separate heating and probe beams gave better
sensitivity. Figure 1A illustrates the experimental ar-
rangement for the two-beam method. Here a continu-
ous wave (CW) dye laser is used as a heating source
(HL) to create the lens and a CW He-Cd laser (PL) is
used to probe lens production. By chopping the dye
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Figure 1. Two possible arrangements for thermal lens apparatus.
HL, heating laser (pulsed or CW dye laser); PL, probe laser; L,
lens; BS, beam splitter; S, sample; P, pinhole, F, filter; D, detector;
C, chopper. In (A4) the two laser beams traverse the cell in the
same direction and in (B) they traverse the cell in opposite di-
rections. Other, noncollinear arrangements are, of course, also
possible.

laser beam and observing changes in the probe beam,
one can achieve a high degree of sensitivity. By use of
1-cm cells and 1% of the available dye laser power
(about 1 W), a transition in neat liquid benzene was
observed with molar extinction coefficient as low as 2
X 10® L mol! cm ™. The authors suggested that with
full power and 5-cm cells sensitivity better than 10° L
mol™ ¢m! might be achievable! To get a feel for this
result, consider how one would measure such transitions
with conventional spectroscopic techniques. Long,
Swofford, and Albrecht obtained the spectrum of the
fifth C-H stretching overtone vibration of benzene {epay
=~ 2 % 10 L mol™? em™). The same transition had been
observed by Ellis in 1928,° but instead of using a 1-cm
cell, Ellis used cells up to 7 m long.

The report of such a sensitive measure of weak ab-
sorptions led Twarowski and Kliger, in 19786, to consider
whether the thermal lens effect might be useful in
studying two-photon spectroscopy. The theory of the
thermal lens effect had been worked out in detail for
CW lasers so it was a straightforward matter to estimate
the signal magnitudes for two-photon absorptions. The
estimates showed that even with such a sensitive tech-
nique the two-photon signals would be too small to
observe. This is not too surprising if one considers how
much absorption will occur. In an n-photon absorption,
the fraction of light absorbed per unit length is

a = nNe®[r-1 (1

where n is the number of photons absorbed in each
absorption event, N is the number of molecules per cm?
in the sample, I is the incident photon flux (photon cm?
s and ¢™ is the cross section for the n-photon ab-
sorption process (cm? sV molecules™ photon™™). In
a one-photon absorption process the fraction of light
absorbed is independent of incident intensity. The
one-photon absorption process, ¢, is on the order of
10717 cm? molecule™ for a moderately strong absorption
(e ~ 10* L mol™ cm™), on the order of 1072 ¢m? mol-

(9) J. W. Ellis, Phys, Rev., 32, 906 (1928).
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ecule”! for the weak benzene transitions seen by Long,
Swofford, and Albrecht.

In an absorption process where two or more photons
are absorbed simultaneously, the fraction of light ab-
sorbed depends on the incident intensity. In a two-
photon absorption process, the fraction absorbed in-
creases linearly with incident intensity. Tvpical, mod-
erately strong transitions have cross sections, ¢®, on
the order of 107 cm* s molecule™ photon™. Thus, even
when strong two-photon absorptions are compared to
weak one-photon absorptions, there is a difference of
24 orders of magnitude in cross sections. In order to
see the two-photon absorptions, then, very intense lasers
are necessary (see eq 1), Twarowski and Kliger thus
analyzed the thermal lens effect for pulsed lasers'® since
their instantaneous intensities are much larger than
available CW lasers. In multiphoton absorption studies
two or more photons must be absorbed simultaneously
for a transition to occur. Thus, power (photons per
second) rather than energy (photons) is the important
factor since the photons must be delivered at the same
instant in time.

The analysis of Twarowski and Kliger showed that
pulsed lasers of moderate power (107* J delivered in 10
ns) could produce easily observable thermal lens signals
from two-photon absorption processes. Hven three-
photon absorptions would be observable with lasers an
order of magnitude more intense (typical three-photon
cross sections would be ¢ ~ 107! cm® % molecule™
photon™?). At this point, then, the stage was set to do
a variety of spectroscopic studies involving weak one-
photon or multiphoton transitions. Whinnery and co-
workers had provided detailed analyses of the signals
to be expected from thermal lenses produced by CW
lasers.>® Twarowski and Kliger described the thermal
lens signals expected from pulsed lasers.’® Both of
these analyses have recently been expanded. Swofford
and Morrell recently extended the CW analysis to de-
scribe the signals from a chopped, dual beam (using
heating and probe lasers) thermal lens spectrometer.!
Friedrich and Klem!? recently described an extension
of the analysis of pulsed thermal lensing so that the
time profile of the laser pulse would be taken into
consideration whether one used a short pulse (i.e., the
time duration of the pulse is short compared to decay
of the thermal lens) or any intermediate pulse from an
“impulse” source to a CW source.

The Experiment

Before discussing applications of thermal lens spec-
troscopy, let us look at the experiment itself and the
information one obtains from it. Two of the possible
arrangements for a dual-beam thermal lens spectrom-
eter are shown in Figure 1. Here the two beams {raverse
the sample, collinearly propagating in the same or op-
posite directions. The form of the signal will depend
on the position of the sample relative to the focusing
lens in Figure 1A or on the relative positions of the
sample and the two focusing lenses in Figure 1B.

The signal, in a pulsed experiment, is defined as §
= (I(0) - I(«))/I(0) where I(0) is the intensity at beam
center, i.e., passing through the pinhole in front of the
detector, immediately after the lens forms. I(e) is the
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Figure 2. Effect of the thermal lens on probe beam divergence:
(A) when sample is placed after the focal point, (B) when sample
is placed before the focal point. Heavy line represents beam
divergence in the absence of the sample; light line shows effect
of the thermal lens.

intensity at a time sufficiently long that the lens has
disappeared. The magnitude of this signal is approx-
imately

S~2Z/fo

where Z is the distance from the focal point of the
heating source lens to the sample and f, is the initial
focal length of the thermal lens (see Figure 2). f is
determined by a variety of factors determined by the
thermal characteristics of the sample and optical
characteristics of the lagser. One can maximize the signal
by placing the sample in one of two optimum locations.
That location corresponding to negative Z places the
thermal lens in front of the focal point of the focusing
lens. Since the thermal lens is a divergent lens, such
a configuration results in a collimation of the beam
when the thermal lens forms, thus increasing the light
passing through the pinhole. The location corre-
sponding to positive Z places the sample beyond the
fixed lens focal point. Here, the beam diverges more
rapidly, resulting in decreased intensity. This charac-
teristic is useful for identifying thermal lens signals.
Transient changes upon excitation can be identified as
thermal lens transients, as opposed to absorption or
emission transients, if the signal changes from in-
creasing intensity to decreasing intensity with changing
sample placement.

Signals from CW thermal blooming experiments look
different than those described above, though the prin-
ciples are identical. In pulse experiments the laser
excitation deposits energy into the sample quickly.
Thus a rapid change in probe laser intensity is observed,
followed by decay to the original intensity (see Figure
3). In CW experiments a shutter is opened at some
time and energy is then deposited in the sample over
some time. The thermal lens thus forms over a period
on the order of seconds. The probe intensity passing
through the pinhole will then increase or decrease, de-
pending on sample position, to a new steady-state value.
The CW experiment is thus characterized by a focal
length reached under steady-state conditions, f., instead
of an initial focal length, f,, characterizing the pulsed
thermal lens. The variation in time of the pulsed signal
varies as

Sp(t) = (1 - 2nt/t)?
while that of the CW signal varies as
Scw(t) « (14 tc/2t)‘1

where n is the number of photons involved in the ab-
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Figure 3. Comparison of signals from pulsed and CW thermal
lens experiments. (A and B) Pulsed lens signal with sample placed
(A) before or (B) after focal point. (C and D) CW lens signal with
sample placed (C) before or (D) after focal point. Arrows indicate
time of laser pulse (A, B) or initiation of laser excitation (C, D).
Signals are shown larger than normal for purposes of illustration.

sorption process and t, is a time constant determined
by thermal properties of the sample.

For purposes of illustration, the signals shown in
Figure 3 are drawn larger than one might expect in a
typical experiment. The analyses used to determine
absorbance assume small signals so that one generally
tries to keep the change in probe intensity down to
about 5% or less of the initial probe intensity. Even
80, this intensity change can be easily detected as long
as the probe laser is sufficiently stable. Thermal lens
detection has been carried out directly with oscillo-
scopes. Signal averaging has also been employed by
using data collection with computers, boxcar averagers,
and lock-in amplifiers. Interferometry has also been
used for detection.'®* With interferometry one does
not actually monitor a thermal lens itself. Instead,
measurements are made of interference effects pro-
duced in a sample when a heating laser causes refractive
index changes due to thermal effects.

Though most thermal lens spectroscopy has been
carried out in liquid phase, the effect has recently been
seen in gas-phase!® and in solid-phase!® samples as well.
This should further increase the usefulness and versa-
tility of the method.

Vibrational Overtone Spectra

After their initial report of the usefulness of thermal
lensing spectroscopy, Albrecht and co-workers used the
technique to study vibrational overtone spectroscopy
in a variety of molecules.®'72 This work has brought
renewed interest in the local mode model of describing
high-frequency vibrational modes.?? It may prove to

(13) J. Stone, J. Opt. Soc. Am., 62, 327 (1972).
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Figure 4. Comparison of benzene and benzene-ds absorptions
of the sixth C-H stretching overtone vibrational transition.
Comparison is facilitated by normalizing peak heights by mul-
tiplying the benzene-dy peak by a factor close to six and adjusting
base-line absorption.
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be very important to our understanding of radiationless
transitions and energy dissipation in molecules.?

Overtone spectra of benzene,?* substituted benz-
enes,'*2 alcohols,!® several polyacenes,'” and several
alkanes?® have been studied with thermal lensing
spectroscopy. It fact, overtone transitions in the 600—
700-nm region have been observed in a wide variety of
solvents containing C-H bonds.2? The benzene over-
tone transition near 607 nm has received the most study
(see Figure 4). In addition to the thermal lens study
in liquid phase, it has been studied in both gas®* and
liquid® phase with optoacoustic spectroscopy. A point
of some interest is the width of the transition. In liquid
phase the transition has a half-width of about 250 cm™
while in gas phase it is about 100 cm™. The reason for
this broadness is an interesting point of controversy
which has yet to be satisfactorily resolved. Overtone
transitions, though interesting in themselves, can
present problems when one is trying to study multi-
photon spectra of other molecules in these solvents.

Comparison of the overtone spectra of benzene,
pentadeuteriobenzene, and pentafluorobenzene has
provided a fine confirmation of the local mode theory.!?
Should there be significant coupling among C-H vi-
brational modes one might expect significant spectral
changes between CgHg, CsDsH, and C¢FsH. Instead, as
one would predict from a local mode model, the spectra
are all quite similar (though the C¢FsH transitions is
shifted from 16500 em™ found in benzene to 16880
cm™) with the pentasubstituted molecules exhibiting
transitions one-sixth as intense as that found in benzene
itself (Figure 4).

P. Henry, Acc. Chem. Res., 10, 207 (1977).
K. Rice and D. S. Kliger, unpublished results.
J. Berry, Bull. Am. Phys. Soc., 23, 78 (1978).
K. N. Patch and A. C. Tam, Appl. Phys. Lett., 34, 467 (1979).
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Figure 5. Two-photon spectrum of benzene as determined by
the thermal lens method. The transitions to the blue of 430 nm,
from ref 32, are transitions to the By, (~420 nm) and E,, (~370
nm) states. The transition from 460 nm to 525 nm, from ref 26,
is due to a transition to the By, state. The lowest energy peak,
at 532 nm, is due to the seventh C-H stretching overtone.®

Two-Photon Specira

Thermal lensing was first used to obtain two-photon
spectra in 1977 by Twarowski and Kliger. Benzene was
the first molecule to be studied?® (see Figure 5B), fol-
lowed shortly by hexatriene.?” The benzene thermal
lensing study demonstrated the usefulness of pulsed
lasers for producing both one-photon and two-photon
spectra. A structured two-photon absorption was seen
from 460 to 540 nm. This is due to the By, «+- A,
transition. The 'By, < 'Aj, transition was also seen
near 425 nm. This was quite significant since the
two-photon cross section at this wavelength had been
experimentally determined to be less than 1079 cm* s
molecule™ photon™.2 To the blue of these two tran-
sitions a two-photon absorption was seen which con-
tinuously increased in intensity from 400 nm to 360 nm.
Experimental limitations prevented extension of the
spectrum beyond 360 nm. From the intensity of the
absorption, this absorption was assigned to the 'Hg, <
1A, transition. This assignment now seems question-
able in light of more recent thermal lensing experiments
(vide infra).

The broad transition seen in benzene from 400 to 360
nm is similar to a transition observed in hexatriene in
that region.?” Again, a broad transition which peaked
to the blue of 360 nm was observed. Liquid-phase bu-
tadiene showed a similar feature.?”

Colson and co-workers have observed the two-photon
thermal lens spectrum of butadiene in both gas and
liquid phase.’®?® Their results lead them to raise an
interesting warning. They suggest that the transient
lens may not be entirely due to thermal effects. Rather,
effects resulting from the creation of electronically ex-
cited states (vide infra) and from microscopic plasmas
due to ionization may also contribute. They suggest,
in fact, that thermal lensing spectroscopy may be useful
in studying lonic plasmas. If the ionic effects are im-
portant, however, the lensing signal could not quanti-
tatively be analyzed in terms of two-photon absorption
alone.

Vaida, Robin, and Kuebler recently expanded on the
suggestion that ionization phenomena may be respon-
sible for some thermal lens spectra.®® They point out
that thermal lens spectra in the 360—400-nm region of

(26) A. J. Twarowski and D. S. Kliger, Chem. Phys., 20, 259 (1977).

(27) A. J. Twarowski and D. S. Kliger, Chem. Phys. Lett., 50, 36
(1977).

(28) P. R. Monson and W. M. McClain, J. Chem. Phys., 53, 29 (1970).

(29) G. C. Nieman and S. D. Colson, J. Chem. Phys., 68, 2994 (1978).

(30) V. Vaida, M. B. Robin, and N. A, Kuebler, Chem. Phys. Lett., 58,
557 (1978).
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liquid benzene,? hexatriene,?” and butadiene®® are quite
broad. In all cases, in fact, the spectra seemed to exhibit
no spectral maxima in the observed region; instead, they
seemed to reach a plateau. These workers suggest that
the plateau may be due to ionization phenomena. In
the liquid phase the ionization potentials of these
molecules would be significantly lower than in the gas
phase. They thus suggest that the observed transition
might be due to ionization to a liquid-phase conduction
band rather than to single molecule effects.

While such liquid ionization phenomena have been
observed, recent results of Twarowski, Scott, and Al-
brecht®! and of Ziegler and Hudson® argue against this
explanation. Twarowski et al. studied multiphoton
ionization in liquid benzene and found that at 355 nm
the ionization signal depended on the cube of the in-
cident laser intensity. They found that the ionization
mechanism in liquid benzene involves a two-photon
absorption followed by relaxation to a longer-lived
transient species, possibly the By, excimer state, out
of which ionization occurs upon absorption of the third
photon.

Ziegler and Hudson® extended the benzene two-
photon spectrum further into the UV (to 334 nm) than
had previously been possible (see Figure 5A). They
found a band peaking at 370 nm which closely resem-
bles the one-photon transition to the E,, state. They
also studied the polarization dependence of the spec-
trum. Their measured polarization ratio matched
closely that measured by Twarowski et al.’! for the
two-photon step in the ionization mechanism. With
these two recent studies, it seems clear that the signals
seen in benzene are indeed due to thermal lenses and
that they are the result of molecular processes. The
earlier assignment? of the 370-nm benzene band to an
1H,, state is, however, questionable, and a vibrationally
induced 'E,;, + A, assignment seems more likely.
This assignment is based on polarization data, the fact
that the intensity of the 370-nm band is comparable to
intensities of the 425- and 500-nm vibronic bands, and
the fact that the 370-nm band resembles the one-photon
1B, < Ay, transition.

Analytical Chemistry

Since the thermal lens effect can be used to measure
very weak spectroscopic transitions, it would seem to
be a valuable tool for analytical chemistry. Indeed,
Dovichi and Harris have begun to explore analytical
uses of the thermal lens effect most effectively. They
have shown that thermal lens spectroscopy has great
potential for analytical chemistry due to its simplicity
as well as sensitivity. In the determination of Cu(II)
with EDTA, concentrations of copper as low as 1 ug/mL
were detected by using a 4-mW He-Ne laser.® The
authors suggest that with the use of a 1-W laser, de-
tection limits for Cu(II) would be 107° M or about 1071
mol of Cu(Il) in the probe volume.

While the extrapolated detection limits for Cu(Il) are
impressive, a practical problem with reaching this limit
must be considered. That is, background absorption
of the solvent could overwhelm absorption from the

(31() A. J. Twarowski, T. Scott, and A. C. Albrecht, Chem. Phys. Lett.,
66, 1 (1979).
. 1533) L. D. Ziegler and B. S. Hudson, Chem. Phys. Lett., to be pub-
ished.

(33) N. J. Dovichi and J. M. Harris, Anal. Chem., 51, 728 (1979).
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Figure 6. Thermal lens scheme to detect signals from very dilute
solute absorptions by subtracting solvent absorptions from sample
absorptions. R, reference cell; S, sample cell. All other symbols

as in Figure 1. ‘

species being studied. To avoid this problem, Dovichi
and Harris have developed a very clever way of elimi-
nating solvent background absorptions.®* The proce-
dure is based on the fact that a sample placed in front
of the focal point of the focusing lens in a thermal lens
apparatus will tend to collimate the beam while a sam-
ple placed beyond the focal point will cause the beam
to diverge (see Figure 2). Dovichi and Harris placed a
reference cell, with solvent only, in front of the focal
point and a sample cell, with sample containing material
to be studied, beyond the focal point. This is shown
in Figure 6. With careful positioning of the two cells,
solvent absorption signals can be nullified. In effect,
then, an optical differential amplifier has been pro-
duced. Once the apparatus has been adjusted to give
a null signal with solvent alone, any signal observed in
the sample is due to the material of interest. With this
technique Dovichi and Harris have investigated the
detection limits of iron(II) with 1,10-phenanthroline.
When a 175-mW argon ion laser (at 514.5 nm) was used,
iron concentrations as low as 2.8 X 10712 g/mL have
been detected. This level of sensitivity has been ob-
served before only with fluorescence measurements.

Analytical applications in the gas phase as well as
liquid phase should be possible for thermal lens spec-
troscopy. Colson and co-workers!®® have observed
gas-phase thermal lens signals to be quite strong. To
observe the 3B, < A, transition in SO,, for example,
they needed less than 1 torr m of gas. With conven-
tional spectroscopic methods 800 torr m is needed to
see this transition.

Other Applications

Brannon and Magde have recently developed a me-
thod for using the thermal lens effect to determine
absolute emission quantum yields.?® The method has
been used to measure fluorescence yields of fluorescein®
and of cresyl violet.®® It is difficult to decide how
accurate the method is for determining emission
quantum yields. Comparison of the results obtained
from thermal lens experiments and other experiments,
however, seems to indicate that the thermal lens me-
thod is at least as accurate as, and significantly easier
than, most other methods for obtaining emission
quantum yields. Thermistor calorimetry?’ seems com-
parable in ease of operation and in accuracy. Optoa-
coustic spectroscopy®®?® appears to be comparable to
the thermal lens method in accuracy, but the equipment

(34) N. J. Dovichi and J. M. Harris, presented at the American
Chemical Society Analytical Division Summer Symposium at Purdue
University, June 1979.

(35) J. H. Brannon and D. Magde, J. Phys. Chem., 82, 705 (1978).

(36) D. Magde, J. H. Brannon, T. L. Cramers, and J. Olmstead III, J.
Phys. Chem., 83, 696 (1979).

(87) M. Mardelli and J. Olmsted III, J. Photochem., 7, 277 (1977).

(38) W. Lahmann and H. J. Ludwig, Chem. Phys. Lett., 45, 177 (1977).

(39) A, C. Tam and C. K. M. Patel, Nature (London), 280, 304 (1979).
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necessary to do this experiment is not as easily available
in most laboratories as that necessary for thermal lens
experiments,

The thermal lens technique should also prove to be
useful to measure excited-state lifetimes of nonemitting
states., Most work in pulsed thermal lens experiments
have assumed instantaneous lens buildup followed by
a lens decay which is determined by thermal charac-
teristics of the sample. One can, however, monitor the
buildup time of the lens. With this information one can
find the rate of thermal energy deposition into the
sample and thus the excited-state lifetime. Friedrich
and Klem!? have presented an analysis of laser-induced
refractive index transients which accounts for lens
formation times. Their analysis can be used for thermal
lens experiments or experiments which monitor re-
fractive index transients by interoferometric techniques.
These authors show how these experiments can be used
to determine excited triplet-state lifetimes. They also
expand on the statement of Colson and co-workers®
that lens effects may result simply from the creation
of excited states. Klem and Friedrich show how dif-
ferences in ground- and excited-state polarizabilities will
produce refractive index changes and how this can be
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used to determine polarizabilities of excited triplet
states.

Conclusion

As the above-mentioned examples show, thermal lens
spectroscopy has been an interesting, expanding area
of research over the past several vears. There is every
reason to believe that its use will expand into other
areas such as studies of thermal properties of polymers
or plasma studies. The effect could even be used in
reverse. That is, rather than use thermal changes in
samples to deduce spectra, lasers can be tuned to de-
posit specific amounts of heat into samples. Since one
can change temperatures by millidegrees, this could, for
example, be useful in studying critical point phase
transitions very accurately. While it is difficult to
predict the extent to which this thermal lens effect will
be used, it is clear that we have only just begun to
exploit it as a useful spectroscopic tool.

I thank my co~workers and colleagues without whose assis-
tance over the past several years much of the work described
above would have been impossible. I also thank the National
Science Foundation and the National Institutes of Health for
grants which supported parts of the work.



