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The thermal lens technique is based on measurement of
the temperature rise that is produced in an illuminated
sample as a result of nonradiative relaxation of the energy
absorbed from a laser. Because the technique is based
on direct measurement of the absorbed optical energy,
its sensitivity is higher than conventional absorption
techniques. However, advantages of the thermal lens
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technique are not only limited to its ultrasensitivity but
also include other unique characteristics including small-
volume sample capability and dependency on thermo-
optical properties of solvents. In this overview, the theory
of the technique is initially described. The main focus is,
however, on the instrumentation and applications based
on unique characteristics of the technique. Specifically, the
discussion begins with a description of different types of
thermal lens apparatuses (e.g. single-beam and double-
beam instruments, differential, multiwavelength, thermal
lens-circular dichroism instruments, and thermal lens
microscope). A detailed description of various applica-
tions including applications based on its ultratrasensitivity
(e.g. applications in environment, agriculture and food
science, biochemistry and biomedicine, measurements
in the near- and middle-infrared region, and kinetic
determination), applications based on its small-volume
capability (microfluidic devices, detection for capillary
electrophoresis), and applications based on exploitation of
its dependency on thermal physical properties of solvents
to either determine physical properties of the solvent or
to further enhance the sensitivity of the technique follows.
Finally, the future of the technique is forecasted.

1 INTRODUCTION

The availability of lasers makes it possible to observe
and measure a variety of phenomena, which would not
otherwise be feasible using other light sources. One such
phenomenon is the photothermal effect.!) In the case
of the thermal lens,'~!? which is a type of photother-
mal effect, a sample is excited by a laser beam, which
has a symmetrical intensity distribution (TEM,,). The
nonradiative relaxation releases the absorbed energy in
the form of heat. The heat generated is strongest at the
center of the beam because the beam intensity is strongest
at that point. Consequently, a lenslike optical element is
formed in the sample owing to the temperature gradient
between the center of the beam and the bulk material.
The thermal lens effect is observable for laser beams
in the power range of only microwatts in samples normally
thought to be transparent, and is thus suitable for the low-
absorption measurement of nonfluorescent samples. Its
sensitivity is relatively higher than that of the conventional
transmission or reflection measurements because, in this
technique, the absorbed energy is measured directly.
The first measurement of the thermal lens effect
was performed by Gordon etal. in 1965 using a
simple single-beam apparatus.)’ Theories have since
been derived to explain the effect and to facilitate its
applications to chemical analyses and characterization.
Experimentally, recent advances in optics, electronics,
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quantum electronics, and material science have been
synergistically exploited to develop novel instruments
that have lower background noise, higher sensitivity
and selectivity, and wider applications (by expanding its
measurement capability from the conventional visible
region to the ultraviolet, near-infrared, and infrared
regions). The unique characteristics of lasers, namely
low-beam divergence, pure polarization, high spectral
and spatial resolution, and its ability to be focussed to a
diffraction-limited spot, have been fully exploited to use
the thermal lens as a detection technique for microfluidic
devices. As a consequence of these developments, the
thermal lens technique has been established as a highly
sensitive technique for trace chemical characterization,
including single molecule detection.

In addition to its ultrasensitive and small-volume
capabilities, the thermal lens technique has other features
that cannot be rivalled by other techniques namely, the
thermal lens signal is dependent not only on sample
concentration and excitation laser power but also on
the position and thermophysical properties of the sample.
These unique features have been exploited either to
further increase its sensitivity or to use it for sensitive and
accurate determination of thermal physical properties of
a variety of substances including solids, liquids, and gases.

Owing to its advantages and unique features, the
thermal lens technique has been extensively revie-
wed.?-10 However, most of these reviews are restricted
to relatively narrow topics and/or applications (e.g. instru-
mentation, applications in separations, agriculture, envi-
ronmental, and microfluidics) or are a part of a broader
topic such as photothermal techniques, which include not
only the thermal lens techniques but also photothermal
deflection, photopyroelectric, photothermal interferom-
etry, as well as photoacoustic spectroscopy.

This review is written as a self-contained, stand-
alone article on the thermal lens technique. It is not
only intended for analytical spectroscopists who are
knowledgeable in this field but also for readers who
are not specialists on this topic. To accomplish this goal,
the first part of this review is a theoretical treatment of
the technique to provide a fundamental understanding
of this approach as well as to enable readers to follow
discussion in the subsequent chapter on instrumentation.
Various types of thermal lens apparatuses are discussed
in detail in chronological order, commencing with
the historical single-beam instrument developed by
Gordon back in 1965, and ending with microfludics
and near-field devices with multiwavelength capability.
Subsequent sections are devoted to applications based
on unique features and capabilities of the thermal lens
technique, primarily its ultrasensitivity (applications in
chemistry, biochemistry and medical science, agriculture
and foods, environment, and reaction Kinetics), its

small-volume capability (microfluidic devices, capillary
electrophoresis), its use for the determination of thermal
physical properties, and methods based on its dependency
on thermo-optical properties of sample matrix to enhance
its sensitivity. Finally, possible future aspects of the
technique are also discussed.

Finally, it is important to emphasize that this article
is restricted to the thermal lens technique, which is
one of the many photothermal techniques. Others include
photothermal beam deflection, photoacoustic spec-
troscopy, photothermal interferometry, and photopyro-
electric techniques. Reviews on these other techniques
may be found elsewhere in the literature.?-49

2 THEORY

It is generally accepted that the thermal lens effect orig-
inates from nonradiative relaxation of excited species
in a sample irradiated by a laser beam with a Gaussian
intensity profile. During such radiationless relaxation
processes, which include vibrational relaxation, inter-
system crossing, and external conversion, the absorbed
energy from the excitation light is converted to heat. As a
result, the temperature of the irradiated sample changes
and a refractive index gradient is formed in the sample,
resulting in a change in the laser beam radius, and a
related change in the intensity of the beam on its axis. The
magnitude of the thermal lens effect is proportional to the
amount of heat generated in the irradiated sample, and is
consequently dependent on the power P of the excitation
light, absorbance A of the sample, as well as on the fluo-
rescence efficiency of absorbing species, which decreases
the thermal lens effect. Thermo-optical properties of the
medium (i.e. temperature coefficient of refractive index —
on/dT and thermal diffusivity D = k/,ocp, where k, p,
and ¢, represent thermal conductivity, density, and heat
capacity, respectively) also have an important impact on
the magnitude of the thermal lens effect.

Different theoretical descriptions of the thermal lens
effect under a variety of experimental conditions can
be found in the literature and have been reviewed
extensively in several books and review articles.(¢-311-14
These models cover thermal lens effects generated
under pulsed and continuous wave (CW) excitation,
and under different pump/probe geometries, i.e. single
and dual beams as well as collinear and crossed-beam
configurations. Furthermore, steady and flowing sample
conditions have been considered.

For illustration, the thermal lens theory for a collinear
thermal lens experiment is presented, starting from one
of the most general thermal lens theories introduced by
Gupta,™® which can be used to describe the thermal lens
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effect under various possible experimental conditions.
This approach accounts for different pump-probe
geometries and type of excitation beam (pulsed and CW),
and optical configuration of pump and probe beam, as
well as the effects of heat loss in flowing systems. All of
these variations must be accounted for when solving the
nonsteady thermal diffusion equation appropriate for this
problem:
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where T(r,t) is the temperature change at time ¢, in
a sample with a uniform velocity v, in direction x
(perpendicular to the axis of excitation beam). The
parameter Q(r,t) is the source term. It represents
the heat produced in unit time per unit volume of
the sample due to the absorption of excitation light
and subsequent radiationless deexcitation of excited
atoms or molecules in the sample. The source term
depends primarily on the mode of excitation and other
experimental parameters. These dependencies can be
written in simplified forms if the sample is presumed to
be optically thin (transmittance ~ 1), which is usually the
case in thermal lens measurements. Another assumption
is that the concentration of absorbing species remains
constant during the excitation. The solution to the thermal
diffusion equation gives the time-dependent temperature
rise inside the sample and enables calculation of the
refractive index gradient, which acts upon the laser
beam as an optical element, i.e. the thermal lens. The
relative change in the intensity of the light on the
probe beam axis, measured in the far field, is generally
known as the ‘“‘thermal lens signal” (S), which for the
given case and for a periodic pump beam modulation
at angular frequency w, =2nf (in such case Q(r, 1) =
(2.303a P /ma?) (exp(—2(x> + y?)/a*))(1 + cosw,,t)) can
be written as follows:
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where o is the decadic absorption coefficient of the
sample, z; is the distance between the position of
the sample and the probe beam waist, and a is the
radius of the excitation laser beam. For a nonflowing
sample (v, = 0) and for a nonmodulated excitation beam
(w,, = 0), this equation is reduced to
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It can then be developed further for the case where the
sample is positioned one confocal distance (z, = wa,>/A)
from the probe beam waist, where A and g, represent the
wavelength and the radius of the probe beam in its waist,
respectively.

The characteristic time constant of the thermal lens
is ¢.. It depends on the excitation beam radius a in the
sample and thermal diffusivity D, and can be expressed

as 5
a‘pc,
. = 4
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For pump and probe beams of equal radii at confocal
distance a® = 2a,”; therefore,
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This expression is identical to the one given by
early theoretical models of thermal lens derived for a
single-beam geometry, where one laser beam serves for
excitation as well as for probing the thermal lens effect.
They rely on relatively simple parabolic approximation,
where the thermal lens generated by a CW excitation is
treated as an ideal thin lens.!)’ Such an approximation is
also valid for the experimental arrangement of Gupta,1?
where the radius of pump beam is assumed to be much
larger than the radius of the probe. It was already
demonstrated on the basis of the earliest models that
the thermal lens signal is dependent on the position of the
sample relative to the laser beam waist. Maximum signal
is obtained when the sample is positioned one confocal
distance from the beam waist.

The parabolic model provides a good approximation
of the general behavior of the thermal lens. However,
the refractive index change outside the excitation area is
not parabolic, and the thermal lens cannot be regarded
as a thin lens. A more accurate quantitative description
of the thermal lens has been given through consideration
of the aberrant nature of the thermal lens, and by using
diffraction theory to derive the expression for changes in
laser beam intensity and related thermal lens signal,™ i.e.
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The so-called aberrant model of thermal lens predicts
maximal signal when the sample is positioned at distance
7y = z.4/3 from the beam waist, and demonstrates that
the parabolic model overestimates the thermal lens signal
by a factor of 1/tan~! (1/,/3). Application of the aberrant
model is particularly important in dual-beam thermal
lens experiments with a mode-mismatched configuration.
Under such conditions, the aberrant nature of the thermal
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lens is even more pronounced due to the fact that the
thermal lens is generated by a pump beam focused directly
inside the sample, and its beam radius a, is usually much
smaller than the radius of the probe beam a,, in the sample,
which is placed at the position of maximal thermal lens
(Zl = Zc\/s)‘

For some applications, the time dependence of the
thermal lens signal is important, and based on the aberrant
model the changes in probe beam intensity (I) can be
expressed as

1 0
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where the higher order terms are normally neglected
because the value of 0 is in most cases smaller than 0.1 and
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A general model for a dual-beam, mode-mismatched
thermal lens was subsequently derived by introducing the
ratio of pump and probe beam radii inside the sample
(m = (a, /ae)z) and the parameter describing the position
of the sample with respect to the probe beam waist
(V=g /zc).(m) For steady-state conditions (+ >> ¢,) and
small absorbances (A < 0.1), the thermal lens signal for a
dual-beam experiment can be expressed as

2.303PA 0 2mV
S(t) = B Sttt (_n) tan~! ( n

_ 9
wka? oT 1+2m+V2> ©)

For equal pump and probe beam sizes inside the
sample (m = 1) and for sample positioned at z; = z,/3
(i.e. V = /3), the general model gives the same result as
the expression for Equation (6) when ¢t = oo (steady-state
thermal lens).

Under particular conditions, such as those encountered
when the absorbing species transforms rapidly during the
excitation due to photodegradation or other chemical
reactions, the changes in absorbance must be considered
in the source term. This leads to different time
dependencies of the thermal lens signal, depending on
the order of the chemical reaction involved.!":1®

However, it should be noted that it has been recently
demonstrated that the thermal lens can also be generated
by non-Gaussian excitation sources such as from top-hat
beams of incoherent light sources.!® This is particularly
important for the design of practical TLS instruments
as application of incoherent light sources would greatly
reduce the cost and size of a general TL instrument.
Furthermore, the use of a white-light source as the
excitation source is potentially advantageous for the

development of a practical TL spectrometer with a wide
spectral range.

3 INSTRUMENTATION

Despite extensive research directed toward the develop-
ment of new thermal lens instrumentation, the availability
of commercial thermal lens instruments is, at present,

2 2
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limited to only the so-called thermal lens microscopes.®
Unfortunately, the thermal lens microscope still has
relatively limited applicability for general chemical anal-
ysis. Thermal lens instruments are, therefore, usually
custom-built in laboratories to suit needs of a particular
research/measurements. As a result, a substantial number
of diverse thermal lens instruments has been reported in
the literature. However, according to the principle of their
operation, these instruments can, in general, be classified
into two basic categories, i.e. single-beam and dual-beam
(pump/probe) instruments. It is useful to highlight the
basic operational principles of each category in order to
understand the operation of some advanced instruments
with specific features, which is discussed separately.

3.1 Single-beam Instruments

Single-beam thermal lens spectrometers are unique
among thermal lens instruments as the same laser beam
is used to both excite the sample and simultaneously
probe the thermal lens signal. Single-beam instruments
were widely used in the initial stages of thermal lens
development. Such systems were primarily used to study
the dependence of the thermal lens effect on parameters
such as laser power, beam divergence, sample length,
concentration, convection, and flow. Application of the
technique to chemical analysis did not start until the first
report on its use for detection of parts-per-million levels
of Cu'l as the EDTA complex.?? In that application,
the authors used a single-beam configuration, despite
the availability of dual-beam instruments, which should
provide better sensitivity. The reason for this and for
the relatively frequent use of single-beam instruments, in
general, is primarily the simplicity of their construction
and ease of operation as compared to dual-beam
instruments, namely, only one laser is used to generate
and detect the thermal lens.

In a single-beam thermal lens instrument, the laser
beam is focused with a lens and modulated by a chopper
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or a shutter. After passing the sample, the beam center
intensity is usually measured in the far field with a
photodiode placed behind a pinhole. The photodiode
output is amplified and fed into a storage oscilloscope,
which facilitates a recording of transient changes in the
beam center intensity.

In principle, any laser operating in the CW mode
can be used in a single-beam instrument, provided its
power is sufficient to obtain the required sensitivity, and
that the wavelength of laser radiation coincides with the
absorption band of the compound to be detected. For this
reason, single-beam instruments utilizing Ar lasers, which
provide discretely tuneable wavelengths over a relatively
wide range (several lines from UV to visible region), and
powers up to several hundred milliwatts, have been most
frequently cited in the literature. However, for excitation
at wavelengths not accessible by Ar laser, other lasers,
such as He—Cd lasers (441.6 nm), He—Ne lasers (632.8 nm
or 3.3um), Kr lasers (476.2-799.3nm), semiconductor
lasers (near-infrared), and continuously tunable dye and
solid-state lasers, have also been employed in single-beam
thermal lens instruments.?!=29

Several devices such as mechanical choppers, electronic
shutters, and, recently, acousto-optic (AO) modulators
were used for efficient and accurate modulation of CW
laser beams. Most single-beam instruments incorporate
an electronic shutter to modulate the laser beam as
the shutter can provide relatively long opening periods
(up to 1s) and low repetition rates; these conditions are
usually required to record transient thermal lens signals.
Mechanical choppers operating at low frequencies
(<2 Hz) can also serve the same purpose. Less frequently,
higher modulation frequencies, i.e. 10-500 Hz obtained
by mechanical choppers or even 150kHz obtained by
AO crystals were applied in single-beam thermal lens
measurements. Such modulation schemes are associated
with thermal lens detection in chromatography.”

As mentioned earlier, the thermal lens strength is
most frequently measured as a relative change in the
beam center intensity. Only two values (initial intensity
1(0) and intensity at some later time during the excitation
I (1)) of the beam center intensity are in principle needed
to calculate the thermal lens strength. Therefore, dual-
channel box-car measurement provides a simple, low-cost
means to obtain the thermal lens signal. Such detection
scheme is, however, hindered by relatively short dynamic
range, which can be improved significantly by the so-
called kinetic measurement of the thermal lens effect.?!
In such a case, the time-dependent change in the beam
center intensity is measured as a transient by a digital
oscilloscope and analyzed by nonlinear regression, which
averages the short-term noise. In addition to the expanded
dynamic range, the kinetic approach also improves the
detection limits and allows detection of absorbances as
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low as 7 x 1078 with 180-mW laser power.?) The main
drawback of the kinetic thermal lens measurement is the
time-consuming averaging procedure, which frequently
requires recording of up to 100 transients to minimize the
effects of laser noise.

A very efficient and rapid approach to the elimination
of signal noise is the lock-in detection. Because lock-in
detection is more suited for the dual-beam thermal lens
configuration, only a few reports on lock-in detection
in single-beam TLS measurements can be found in
the literature. Pang and Morris were the first to use
lock-in detection in a single-beam instrument.? They
demonstrated that, by representing the time-dependent
thermal lens as a Fourier series, the thermal lens response
contains a component at 2 f. Therefore, the application
of a lock-in amplifier in its second harmonic mode, to
monitor the thermal lens response at twice the modulation
frequency, provides a direct measurement of thermal lens
signal.

Lock-in detection in a single-beam TLS instrument
is also possible by splitting the laser beam into a
nonperturbed reference beam bypassing the sample and
into excitation beam, which is perturbed by the thermal
lens inside the sample® or by the application of AO
beam modulation.?? In such a setup, only the zero-order
beam from the AO modulator excites the sample, while
the first-order component bypasses the sample cell and
serves as a reference beam. Another configuration of a
single-beam instrument that utilizes lock-in detection was
proposed by Erskine and coworkers who used two AO
modulators to temporally separate the pump and probe
events provided by the same laser beam.?>

While the single-beam thermal lens spectrometry was
proven to be a very sensitive and relatively simple
analytical technique, there are certain disadvantages of
the single-beam technique, which necessitated further
development of thermal lens instrumentation. It is
quite obvious that the potentials of the thermal lens
technique cannot be entirely exploited in a single-
beam measurement. This is because the laser power
density, to which the signal is directly proportional,
is lower at the optimal sample position than at the
focal point. In addition, measurements at different
wavelengths are inconvenient or difficult to perform and
Equations (5) and (6) suggest a decrease in sensitivity
when a long-wavelength laser is required for excitation.
Furthermore, most single-beam instruments rely on a
time-consuming transient signal recording.

3.2 Dual-beam Instruments

In a dual-beam instrument, the generation and the
detection of the thermal lens are achieved separately by a
modulated pump beam and a nonmodulated probe beam
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Figure 1 Scheme of the geometric position of laser beams in a mode-mismatched dual-beam thermal lens experiment. IP: intensity
profile of the pump beam; L: lenses; B: dichroic mirror; C: sample cell; F: optical filter; PH: pinhole; D: photodiode; wy: radius of
probe beam in its waist; w,: radius of defocused probe beam at the pinhole position; Z;: distance between the focal point of the
probe beam and the sample cell; Z,: distance between the sample and the pinhole; b: radius of the pinhole.

respectively (Figure 1). A high-power CW or a pulsed
laser usually serves as the source of the pump beam,
while the probe beam is derived from a relatively weaker
CW laser. By using separate lenses to focus the excitation
beam directly into the sample and to mismatch the beam
waists of the pump and probe beams, the highest possible
thermal lens strength can be achieved. The generated
thermal lens produces fluctuations in the intensity of
the probe beam that can be sensitively monitored by
signal-averaging devices, such as lock-in amplifiers and
boxcars, provided that pump beam is filtered out before
the detector.

Besides the collinear configuration, the so-called
transverse thermal lens configuration is also possible
with a dual-beam instrument. In a transverse thermal
lens experiment, the excitation beam is focused into
the sample perpendicularly to the probe beam (crossed-
beam configuration). The monitored volume is, therefore,
defined by the intersection of the two laser beams
and is usually on the order of a few picoliters. This
alignment is particularly useful for small-volume samples
and for detection in liquid chromatography and capillary
electrophoresis. In a transverse configuration, the signal
is not dependent on the sample length but the technique
produces good detection limits in terms of absorbance per
unit length. Conversely, the collinear configuration
provides better absolute sensitivity because of the longer
interaction length of the two beams.

In addition to the two most general configurations
discussed above, other pump/probe configurations are
also possible. For example, pump beam as well as probe
beam can both be derived from the same laser. This can be
achieved by using a polarizing beam splitter, which partly
transmits randomly polarized laser light. Such a compact

single-laser, dual-beam apparatus was developed further
and adopted for liquid chromatographic detection.”

A particular configuration that exploits a single beam
for a pump-probe TLS experiment is the so-called
rotoreflected laser beam thermal lens, which exploits the
change in the polarization of laser beam when reflected
from a mirror.?® With the reflecting mirror positioned
at (z.+/3)/2 from the sample cell, the retroreflected beam
probes the thermal lens generated at its focus and at
the same time generates another thermal lens, which is
probed by the same beam like in a usual single-beam
configuration. This results in an almost threefold increase
in the concentration sensitivity and in about 12-fold
increase in the absolute sensitivity. Larger enhancement
in absolute sensitivity stems from the fact that the thermal
lens effect in a rotoreflected instrument originates from
a volume defined by the beam waist, which is four times
smaller than in the case of a conventional single-beam
instrument. %

Thermal lens instruments with oppositely propagating
pump and probe laser beams were also described. Among
them an interesting instrumental design was reported by
Higashi and coworkers,?” who used a prism to ensure
good overlapping of oppositely propagated pump and
probe beams. Such prisms can also replace filters in
instruments where pump and probe beams propagate
in the same direction.

Different from single-beam instruments, pulsed lasers
can be used in dual-beam thermal lens instruments.
As a consequence, a variety of lasers can be used
for excitation in dual-beam TLS instruments, ranging
from CW gas lasers (He—Ne, He—-Cd, Ar, Kr, CO, and
CO,), dye and semiconductor lasers, to pulsed dye,
N,, CO,, and Nd:YAG lasers. Continuously tunable



THERMAL LENS SPECTROSCOPY

thermal lens spectra can be obtained by using a tunable
IR laser generated by a stimulated Raman effect, as
already reviewed.”” Recently, spectrally tunable Ti-
sapphire and F-center lasers,®®? as well as Er-doped
fiber amplifiers,®” were also used as excitation in TLS.

Laser power is not important for the selection of the
probe beam source in a dual-beam instrument. Attention
must be paid to laser stability instead. It is therefore not
surprising that, almost exclusively, low-power He—Ne
lasers, which are known for their stability and reliability,
were used to probe the thermal lens effect in instruments
with a dual-beam configuration. Only few exemptions can
be found in the literature, which rely on application of
He-Cd lasers or Ar laser.”

It is interesting to note that, in the early applications
of dual-beam thermal lens spectrometry, which were less
concerned with the optimization of technique’s sensitivity,
unfocused pump and probe laser beams were used. In
mode-matched applications, both beams were focused
by a single lens or concave reflector. Despite strongly
aberrant thermal lens generated in experiments exploiting
focused pump beams and nonfocused probe beams,
good detection limits were obtained. Similarly, significant
improvements of sensitivity were achieved in the mode-
mismatched dual-beam configuration, where the sample
is put at the waist of the pump beam where the power
density of excitation light is the highest.”)

3.3 Differential Thermal Lens Instruments

The dependency of the thermal lens on the beam’s
position offers another interesting feature of TLS
technique. This is the capability of differential absorption
measurements, which stems from the fact that signals
of the same absolute magnitude, but opposite in sign,
are produced when the same sample is placed at two
positions symmetrically with respect to the probe beam
waist. As the effects of thermal lenses on the laser
beam are additive, no thermal lens effect is observed
at the detector when two identical samples are positioned
symmetrically with respect to the probe beam waist.
This implies the possibility of automatic blank signal
elimination and improved limits of detection.

The concept of differential thermal lens spectrom-
etry was introduced by Dovichi and Harris,®" who
constructed the first differential single-beam thermal lens
instrument. As a result of up to 99% efficiency in back-
ground signal subtraction, which can be achieved by the
differential configuration, a limit of detection equal to
A = 6.3 x 1077 was achieved.

Differential single-beam thermal lens configuration
was also successfully applied to compensate for solvent
absorption as well as for eluent flow oscillations in
chromatographic detection.?

7

Further progress in differential thermal lens
spectrometry was made with the introduction of differ-
ential dual-beam instruments with collinear geometry
of pump and probe beams.®? Despite the fact that it
requires relatively more laborious alignment procedure
compared to single-beam differential instruments, it was
demonstrated that 95-98% of the solvent’s thermal lens
effect can be compensated. It should, however, be noted
that, different from the conventional dual-beam thermal
lens instruments, in a differential configuration the pump
beam is not focused inside one of the sample cells, but
approximately at the same point as the probe beam, i.e.
in between the two sample cells to ensure the same power
density in both cells.

To ensure the optimal differential response of single —
as well as dual-beam differential thermal lens instruments,
power losses due to reflections and absorption of light in
the first cell must be taken into account. Compensation
for higher power at the first cell, which consequently
produces a higher thermal lens signal, is usually obtained
by slightly displacing the first cell from its calculated
optimal position, until a zero signal is observed during
the alignment procedure with two identical samples
(solvents). However, in the presence of large background
absorption, like in the case of indirect photometry, such
compensation is not practical and might lead to substantial
loss of sensitivity.

For differential thermal lens measurements under
high background conditions, the so-called obliquely
crossed differential thermal lens spectrometer was
proposed for indirect detection of fatty acids after HPLC
separation.®? Instead of a collinear configuration, an
oblique overlapping of probe and excitation beams,
which can be obtained by splitting the pump laser beam
into two beams of equal intensity, was used. The two
excitation beams spatially overlap with the probe beam
under a small angle (about 2°) to ensure the maximal
effect of the generated thermal lens on the probe beam.
Different from the traditional pump/probe configuration,
the two excitation beams are not modulated, and
therefore they produce a steady-state thermal lens in
each of the sample cells. Lock-in detection is possible by
modulating the probe beam, which detects only changes
in the differential thermal lens signal and not its real
magnitude. This is, however, sufficient to observe small
differences in absorbance (LOD = 2 x 1077) inside two
flow cells, resulting from dilution of highly absorbing
eluent by nonabsorbing analytes, which manifested as
chromatographic peaks.

A similar approach was also applied for differential TLS
measurements in the mid-IR spectral region (Figure 2),
where the background absorption by solvents is usually
very high.®> The angle of overlapping of pump and probe
beams is less critical in such a case because the detection in
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Figure2 Block diagram of a differential thermal lens
spectrometer for measurements in the infrared. A: mechanical
chopper; B: wedge beamsplitter; C, K, I: mirrors; D, M: ZnSe
lenses; G: glass lens; E, H: flow-through cells; F: He—Ne laser;
J: photodiode; L: variable beam attenuator.

mid-IR requires short optical path lengths (100-200 pum).
For excitation in the spectral range of the CO laser, used
for detection of carboxylic acids, efficient elimination of
background absorption was demonstrated even for high
backgrounds such as those encountered in the case of
aqueous solutions.

3.4 Multiwavelength and Tunable Thermal Lens
Spectrometers

In addition to the quest for higher sensitivity, the develop-
ment of dual-beam instruments was prompted by the need
for multiwavelength capability of TLS measurements.
Several tunable thermal lens spectrometers appeared
among the first dual-beam thermal lens spectrometers.
They are characterized by their ability to measure thermal
lens signals over a certain range of wavelengths. With
regard to their design and operation, they are very similar
to conventional dual-beam thermal lens instruments.
The most significant difference is the use of continu-
ously or line tunable lasers for excitation of the sample
instead of a laser operating at a discrete wavelength.”
Tunable thermal lens spectrometers were most frequently
used to obtain absorption spectra of weekly absorbing
samples or spectra resulting from overtone vibrational
transitions and multiphoton absorptions. More recent
applications include measurements of TLS spectra of
lanthanide ions in aqueous solutions, which also demon-
strated that the enhancement of TLS signal is possible
in cases where sample matrix absorbs the probe beam
wavelength.®® In general, however, the performance
of thermal lens scanning spectrometers is hindered by
the relatively time-consuming measurements over a wide
range of wavelengths. This is an important factor in
different analytical procedures such as chromatography
and electrophoresis, where the continuously changing

composition of flowing sample emerging at the detector
demands real-time measurements, i.e. measurement of
the thermal lens signals at several wavelengths within
a few seconds. Besides, simultaneous measurements at
two or more wavelengths, which provide useful informa-
tion concerning the composition of the analyte, cannot
be performed by usual tenable thermal lens instruments.
These were the main reasons that prompted the devel-
opment of the so-called multiwavelength — dual-beam or
“multicolor” — instruments.

The first dual-wavelength thermal lens instrument was
developed by deriving two excitation beams of different
wavelengths from the same argon ion laser operating
in a multiline mode and by separating the emission
lines by means of an Amici prism.®® Both beams were
modulated by the same mechanical chopper and were
aligned collinearly by a mirror and a beam splitter. As a
result, the sample was alternately excited by two beams of
different wavelengths modulated at the same frequency
but 90° out of phase to each other. A dark period followed
each excitation in order to allow the sample to return to
its original thermal state. The magnitudes of thermal lens
signals were obtained from a digital scope. The sensitivity
of this instrument was shown to be comparable to
sensitivities of single-wavelength instruments. In addition,
it was demonstrated that different compounds in liquid
and gaseous samples can be identified by measuring the
ratios of thermal lens signals at different wavelengths.
Furthermore, the instrument enables elimination of
the annoying and wavelength-independent background
absorption by measuring and subtracting thermal lens
signals at two wavelengths (provided the species of
interest absorbs only at one wavelength). This implies the
possibility for real-time automatic background correction,
which can be performed from a single measurement
even in the presence of highly absorbing interfering
species.

Dual-wavelength thermal lens spectrometers have
undergone further development by the construction of
an instrument with a crossed-beam configuration for
measurements in small-volume samples. An argon ion
and a He—Ne laser, both operating in a single line mode,
were used for excitation, and the probe beam was derived
from a 1% reflection of the He—Ne laser beam at the
beam splitter, like in the case of single-laser, dual-beam
instruments.”

A different “two-color” thermal lens instrument was
developed by Earle and Dovichi, who used a crossed-
beam configuration for detection in capillary zone
electrophoresis.®® In this instrument, the two laser beams
from a He—Ne and a He—Cd laser are modulated by two
mechanical choppers operating at different frequencies.
The modulated beams serve to excite the sample and, at
the same time, to probe the thermal lens generated by the
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second beam of different wavelength. The thermal lens
signals are demodulated by means of two photodiodes
connected to adjacent lock-in amplifiers. The optical
system is identical (with the exception of an additional
chopper, mirror, and photodiode) to that employed in
conventional crossed-beam thermal lens instruments.
This facilitates the alignment and makes the operation of
dual-wavelength thermal lens instruments by less skilful
personnel possible.

Xu and Tran®” demonstrated that even collinear
alignment of four excitation beams and one probe beam
can be realized accurately. They took advantage of
the multiwavelength emission from the argon ion laser
and utilized two additional wavelengths, which were
not exploited in the first dual-wavelength instrument.
By introducing two additional beam splitters and by
replacing the chopper with four synchronized electronic
shutters, they constructed the first multiwavelength
thermal lens spectrometer operating at four different
wavelengths. After initial alignment difficulty, handling
of the instrument is easier because of its good stability,
which stems from the fact that all the beams are derived
from the same laser.

This group of instruments has a potential to simul-
taneously determine concentrations of two or more
compounds in a mixture, which is directly associated with
the substantially improved selectivity of dual- and mul-
tiwavelength instruments compared to single-wavelength
instruments. However, each additional laser beam or
optical component makes their alignment and operation
increasingly complicated. To overcome such difficulties,
an acousto-optic tenable filter (AOTF) was incorpo-
rated into the previously described dual-wavelength
or four-wavelength instrument in order to develop a
fast scanning multiwavelength thermal lens spectropho-
tometer with a wide tuning range (457.9-514.5nm).“9
Owing to the properties of AOTF, which enabled high-
speed sequential wavelength access, there was no need
for a mechanical chopper or electronic shutter. Further-
more, several optical components (mirrors, beam split-
ters, prism) could be omitted, which made the alignment
procedure simpler and comparable to single-wavelength
pump/probe instruments. By appropriate selection of
radiofrequency applied to the AOTF, all six wavelengths
emitted by the Ar ion laser operating in a multiline
mode (457.9, 476.5, 488, 496.5, 501.7, and 514.5 nm) were
exploited to excite the sample during a time period of 1.5 s.
Through its multiwavelength capability, the described
thermal lens spectrophotometer, whose limit of detec-
tion is comparable to other dual-beam thermal lens
instruments, provides fingerprints of analytes and can be
used to analyze samples of up to six different compo-
nents. In principle, a truly multiwavelength thermal
lens spectrophotometer for real-time measurements can
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be constructed using a combination of lasers and an
acousto-optic tunable filter.

3.5 Circular Dichroism TLS Instruments

Originating from dual-wavelength instruments, TLS
instruments were developed for measurement of circular
dichroism (CD) of optically active samples. TL-CD
instruments are of particular importance as they enabled,
for the first time, CD measurements of weakly absorbing
chiral samples in volumes of few microliters. In such
an instrument, the sample is sequentially excited by
left circularly polarized laser light (LCPL) and right
circularly polarized laser light (RCPL). The difference
between the thermal lens signal generated by LCPL
and RCPL in a transverse pump/probe geometry
corresponds to a TL-CD signal. The sensitivity of this
instrument is higher compared to that of conventional
CD spectropolarimeters, and provides detection limits
of 180ng for (—)-tris(ethylenediamine)cobalt(IIT) in an
8-wL optically active sample.*D A similar instrument
based on a collinear configuration was subsequently
developed to further increase the sensitivity of the
instrument. In an equal volume, this instrument is capable
of detecting as low as 5ng of the aforementioned Co
complex.*? The instrument still cannot measure the CD
signal directly. For this reason, the third generation
of TL-CD instruments was developed. In such an
instrument, the LCPL and RCPL are generated by
the means of a Pockels cell that enables consecutive
excitation by the LCPL and RCPL at low frequency
(2Hz) without any dark period between the two
excitations. The difference in the LCPL and RCPL
thermal lens signals, ie. the TL-CD signal, can
therefore be obtained in real time by simply using
a lock-in amplifier. By using such an instrument, a
direct and real-time determination of the chirality and
optical purity of an effluent eluted from a liquid
chromatograph was demonstrated for the first time.*®
A detection limit of 7.2ng was achieved by this chiral
detector for (—)-tris(ethylenediamine)cobalt(III), and
for the corresponding (4) enantiomer, when these two
enantiomers were chromatographically separated from
the corresponding racemic mixture.

3.6 Miniaturization of Thermal Lens Instruments

Thermal lens instruments that have been so far described
in the literature are, with almost no exemption, based
on the far field detection of the thermal lens signal.
Such experimental configuration frequently necessitates
optical paths of several meters to fulfill the far field
limit requirements. This makes thermal lens instruments
relatively large and unwieldy compared to commercially



10 ELECTRONIC ABSORPTION AND LUMINESCENCE SPECTROSCOPY

available conventional spectrophotometers. Another
disadvantage of TLS instruments is their difficult
alignment, and the influence of laser pointing and mode
instability. All these effects can be minimized by a smaller
and compact configuration of a thermal lens instrument,
which could be designed on the basis of the near field
detection as proposed by Long and Bialkowski.*¥

In fact, the analysis of positional dependence of
thermal lens effect reveals that a near field maximum
of thermal lens signal can be predicted, if simplifications
leading to the far field approximation are not used in
the derivation of thermal lens theory. For a near field
thermal lens detection, the sample should be placed
into the converging part of the focused probe beam,
while the detector should be located at the probe beam
focal point. Although the sensitivity of the thermal lens
technique is slightly reduced in the case of near field
detection, this detection scheme should offer several
advantages, which include minimized aberration effects
due to reduced probe beam spot size, and much more
compact construction of the instrument as optical paths
of centimeters are needed compared to meters required
in far field detection. The difficulty that limits the absolute
exploitation of the near field detection is the fact that the
beam size should be larger than the limiting aperture at
the detector.

Another problem that is frequently encountered with
the application of large laser systems is the difficulty of
delivering the laser light to a remote location. In addition
to compact flexible lasers, optical fibers provide a solution
in such cases. It is interesting that optical fibers were
quite frequently applied in thermal lens spectrometry as
limiting apertures for probe beam center monitoring and
to deliver the probe beam light to the photodetector.”)

Less frequently, optical fibers were used in thermal
lens spectrometers to deliver the excitation light to the
sample. Bialkowski demonstrated that the mode and
pointing variations in the laser can be reduced when
the excitation light is delivered through a silica optical
fiber.*> On the other hand, Imasaka and coworkers used
a couple of optical fibers in a single-beam instrument to
deliver the excitation light directly into the sample and to
probe the signal intensity.*®

The most detailed theoretical and experimental inves-
tigation on the applicability of optical fibers in thermal
lens spectrometry was, however, given by Rojas and
coworkers,*” who constructed a dual-beam optical-fiber
thermal lens spectrometer. By considering the finite
nature of the optical fiber as the limiting aperture for
probe beam sampling, they have demonstrated that it
is not necessary to place the optical aperture at long
distances from the sample to obtain the maximum signal
if the aperture is sufficiently small. Another interesting
application of optical fibers is the use of Erbium-doped

optical fiber amplifier, where the fiber itself serves as the
light source.?

Besides the near field detection of thermal lens signal,
the size of thermal lens instruments can be substantially
reduced by application of small lasers such as diode
lasers, which are more frequently used as probe beam
sources in thermal lens spectrometry. An inexpensive,
small-size tunable dual-beam optical fiber thermal lens
spectrometer was developed by using a temperature-
controlled GaAlAs diode laser.®® In this work, all
the possibilities for miniaturization of thermal lens
instruments mentioned in this section were exploited.

As already mentioned, conventional light sources
offer additional possibilities in miniaturization of TLS
instruments, as shown in the case of top-hat® excitation
beams as well as for the application of specially designed
sample cells or in a microchannel, which assist in
generating a temperature gradient inside the sample.#*->?

4 UNIQUE PROPERTIES AND
CAPABILITIES OF THERMAL LENS
TECHNIQUES

4.1 High Sensitivity: Trace Chemical Characterization

4.1.1 Environmental Applications of Thermal Lens
Techniques

Several applications of TLS for analysis of environmental
samples and studies of relevant environmental processes
have been reported and reviewed in papers and books
recently.®132 However, no detailed validations were
carried out of the proposed new analytical methods.
The first reported validation of TLS was performed for
batch mode determination of Cr¥! using a standard
reference material and was followed by comparative
determination of chromium species (Cr''! and Cr'') in
drinking water samples by ion chromatography with
spectrometric and TLS detection. Good agreement
of measured values with reference values and those
provided by an independent technique have definitely
established TLS as an accurate and reliable analytical
tool.5?

The sensitivity of TLS determination of Cr¥! was
further improved by performing the measurements in
a flow injection analysis (FIA) mode. It is well known
that metal-DPC complexes are photolabile and Cr—DPC
was shown to degrade rapidly under the influence of
intensive (100-500 mW) and tightly focused laser light.
The application of FIA is therefore advantageous as
it reduces the exposure of the analyte to laser light,
thereby reducing photodegradation of Cr—-DPC, which
is known to hinder the sensitivity. Furthermore, the
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uncertainty of the measurement arising from uncontrolled
photodegradation in batch mode measurement is also
reduced. As a result of measurements in the FIA mode,
the LOD for TLS determination of CrY! was reduced
down to 67ngL~1,6Y despite some loss of sensitivity
arising from the effects of the flow, and with the
absence of added organic solvents to improve thermo-
optical properties. This represents an improvement by
almost a factor of 2 compared to the batch mode
measurement.®?

TLS determination of various inorganic species (heavy
metals, inorganic anions) is, however, hindered by lower
enhancement factors and associated lower sensitivity
of water-soluble analytes, which is also unavoidable
in combination with ion chromatography or capillary
electrophoresis. The second limitation is the availability
of excitation sources, appropriate for the detection
of ionic species, which show weak absorbances of
visible or UV light. Pre- or postcolumn derivatization
must therefore be applied to convert the analytes into
compounds with higher extinction coefficients and/or
to shift their absorption maxima into the visible
spectral range, as was proven to be effective in the
case of IC-TLS, where coloring reagents and ligands
such as 1,10-phenanthroline,®> pyridine-2,6-dicarboxylic
acid (PDCA),®%37 1,5-diphenylcarbazide (DPC),*+36:57)
and 4-(2-pyridylazo) resorcinol (PAR)®® were used
for derivatization of various heavy metals and their
species.®

As TLS is a background-limited method, the selection
of appropriate derivatization reagent is of particular
importance not only from the point of selectivity and
sensitivity (high extinction coefficients) but also to assure
the low LODs. As demonstrated for the determination
of Fe'' and Fe!! ions by IC-TLS,®” colorless reagents,
e.g. 1,10-phenanthroline, are advantageous and provide
lower LODs compared to reagents with relatively high
background absorbance, such as PAR. For the given
case, two and four times lower LODs were obtained
for IC-TLS determination of Fe'! and Fe!, respectively,
when 1,10-phenanthroline was applied for postcolumn
derivatization instead of PAR. The lowest LODs achieved
for Fe' by IC-TLS (25 and 5pgL~!, respectively)
represent a sevenfold improvement compared to UV —vis
spectrometry and 15-fold improvement compared to
amperometric detection.

Similar improvements in LODs, compared to ion
chromatography relying on UV-vis detection, were
also reported for the IC-TLS determination of CrV!
and Cr', where both species are separated as anions
after precolumn derivatization of Cr'' with PDCA.
For detection of CrV!, a postcolumn derivatization with
DPC is needed.®%3” Comparative analysis of drinking
water samples has revealed another advantage of TLS
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detection, which was found to be much less affected by
light scattering, resulting from CO, released in acidified
samples containing higher levels of carbonate. As a result
of light scattering, UV —vis detection was subject to up to
20% positive errors.®

By exploiting derivatization as well as addition
of organic solvents such as methanol, acetone, or
acetonitrile, it was possible to significantly improve the
sensitivity of the IC-TLS. Addition of acetonitrile to
the eluent and postcolumn reagent (30% v/v) enables
simultaneous determination of Cr¥! at the 0.1 pg L~! and
of Cr''l at the 10 pg L~! level.®” The improvement stems
from the fact that, due to lower k and higher an/dT
of acetonitrile compared to water, the enhancement
factor was increased by a factor of 5.4 compared
to measurements in an aqueous eluent (details on
enhancement due to k and dn /9T are discussed in detail in
Section 4.4). Such alow LOD value for Cr¥!is comparable
to the LOD for ET-AAS, which is however not capable
of performing on-line detection in a separation of both
Cr species.

Applications of TLS for determinations of compounds
such as pesticides and pharmaceuticals by using capil-
lary electrophoresis (CE) as a separation technique
were reported.®” Examples of CE-TLS include detec-
tion of chloramphenicol, diclofenac, pentoxifyllin, and
oxprenolol, which belong to the group of pharma-
ceuticals that were recently recognized as emerging
pollutants of aquatic environment. The reported limits
of detection for individual drugs were in the range of
4.5 x 1075 M.O?

Other applications of TLS for the detection of
environmental pollutants include the determination of
pesticides in water samples, which were developed
by simply adopting previously developed methods for
analysis of foodstuff.®®") This includes monitoring of
toxicity during the photodegradation of organophosphate
pesticides and related photocatalytic processes as well
as in investigations of advanced oxidation methods for
treatment of waters contaminated by OP pesticides.®?
Fast response of FIA-TLS and little sample handling
enable quasi on-line monitoring (3—5 min time resolution)
of degradation processes, which in general lasts for
1-2h. Inhibition of AChE activity, which correlated
well with the concentrations (below 1 ppm) of inhibiting
compounds detected by GC-MS, reveals the formation of
toxic degradation products, which cannot be detected by
monitoring the disappearance of the parent compound
to determine the end point of degradation process.©3%
Because of the much faster response and high sensitivity
for detection of the TLS method based on AChE
inhibiting compounds, the method was clearly found
advantageous compared to toxicity testing based on
the inhibition of fluorescence from Vibrio fischeri,
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which is most frequently applied in processes for
removal of OPs, but is three times less sensitive for
the detection of oxo-organophosphates compared to
phosphorothionates.©?

Important progress in TLS applications for environ-
mental research has also been made by the development
and application of a novel double dual-beam TLS instru-
ment designed for on-line studies of phytoplankton cell
lysis, which was based on nonselective detection of
an entire group of pigments (mainly carotenoids and
chlorophylls) released from phytoplankton cells after the
damage or decay of the cell membrane. A dedicated
double dual-beam TLS spectrometer enabled on-line
monitoring of phytoplankton cell culture media pumped
continuously from a control sample and from a sample
exposed to effects causing the cell lysis (salinity shocks,
cytotoxins).®® The increase in absorbance, due to the
contributions of individual pigments from lysed phyto-
plankton cells, was promptly detected in the flowing cell
culture media by TLS, and the signal reached a steady
value when the lysis was complete. Owing to insuffi-
cient sensitivity, spectrophotometry failed to indicate any
change in absorbance under the same experimental condi-
tions even in the case of complete lysis. Without any need
for sample pretreatment or preconcentration, the TLS
method enables the detection of 6 x 10° lysed cells per
liter, which is in the range of cell densities found in the
natural sea waters. TLS can thus be utilized in monitoring
and investigating the early stages of algal blooms, which
are not well understood yet.

Identification of plankton species participating in
various stages of algal blooms is also very important
for proper understanding of these natural phenomena
and of environmental conditions that trigger them.
Chemotaxonomy based on determination of pigments
characteristic for plankton taxonomic groups can be
adopted for such investigations. For example, fucox-
anthin and diadinoxanthin as fingerprint carotenoids
for diatoms can be efficiently determined by HPLC-
DAD and used to confirm the presence of diatoms.
However, the two pigments cannot be used to discrimi-
nate between species of diatoms such as Phaeodactilum
tricornutum and Skeletonema costatum. This is because
HPLC-DAD cromatograms of both species are actu-
ally identical with only two carotenoids (fucoxanthin,
diadinoxanthin) detected. On the contrary, HPLC-TLS,
owing to higher sensitivity, was demonstrated to be
capable of detecting over 20 additional nonidentified
pigments (presumably carotenoids) present in minor
concentrations, and therefore not detected by HPLC-
DAD.® High selectivity and sensitivity are required
to distinguish among pigments from many of possibly
present species, without preconcentration and addi-
tional sample treatment (filtration of large volumes

of sea water), which might cause additional cell lysis
and therefore affect the results. Therefore, a novel
HPLC-TLS method for the detection of phytoplankton
pigments (carotenoids and chlorophylls) in isocratic
elution mode was developed for such tasks. Up to 27
pigments from the groups of carotenoids and chloro-
phylls were successfully separated and detected in a
mixed standard solution and in extracts of phytoplankton
cultures by the applied HPLC-TLS protocol, which
required 45min for completion of a chromatographic
run.

For similar reasons, the HPLC-TLS has been applied
for studies of xanthophyll cycles in marine phytoplankton.
In xanthophyll cycles, the light-harvesting pigments are
transformed into photoprotecting pigments under the
influence of light. Such a transformation of diadinoxan-
thin into diatoxanthin was clearly observed by HPLC-TLS
(LOD = 0.036 and 0.028 wg L1, respectively) in samples
of laboratory-grown Amphidinium carterae, Emiliania
huxleyi, Skeletonema costatum, and Phaeodactylum tricor-
nutum, exposed to artificial daily light cycle. Furthermore,
changes in concentrations of minor pigments, which
could not be detected by HPLC-DAD, were observed in
Chroomonas salina grown under similar conditions. This
was the first experimental indication for the existence of
a xanthophyll cycle in this species.©

4.1.2  Applications of Thermal Lens Techniques in
Agriculture and Food Sciences

The quality and safety of food has become a subject
of high priority in recent years. Development of new
TLS methods that can determine (i) compounds with
adverse health effects (pesticides, fatty acids) present
in agricultural products and foodstuff; (ii) compounds
that are beneficial (e.g. antioxidants such as carotenoids);
and (iii) markers of food quality and adulteration has
been a subject of intense study in recent years. Most
applications in this field rely on the use of TLS as
the detection method in liquid chromatography or flow
injection analysis. However, a few applications in batch
mode are also reported.

Free fatty acids (FFAs) in liquid samples were
determined by TLS measurements in the mid-IR region.
By measuring the concentration of stearic acid in CCl,
based on a vibrational band of a fatty acid dimer with
the 9349cm~! emission line of a CW CO, laser, it
was possible to determine FFAs at concentration levels
below 1%. By exploiting excitation at 965cm™! on the
same IR TLS instrument, detection of 0.002% trans fatty
acids (trans-hexadecenoic and frans-octadecenoic acids)
in margarine was reported.®%¢7

Batch mode TLS detection in the visible spectral range
was utilized for the determination of tanines in wines.®



THERMAL LENS SPECTROSCOPY

The high sensitivity of TLS detection makes it possible
to achieve a LOD of 5SngmL~! for folic acid even with
25 000-fold dilution of original samples. Highly sensitive
HPLC-TLS detection of carotenoids was exploited for
the determination of carotenoids and quality control of
fish body oils, fish-oil-based drug supplements, as well as
olive and other vegetable oils.®%°~7 The method relies
on matrix-matched calibration, which is facilitated by the
fact that no time-consuming extraction of carotenoids
from the sample matrix is required. Instead, a simple 100-
to 400-fold dilution of samples in a 50 : 50 v/v mixture
of eluent (9:1 methanol: THF) and chloroform prior
to injecting of diluted samples into the chromatographic
column (10-pL injection loop). Satisfactory separation
of different carotenoids, particularly of «-carotene, S-
carotene, lycopene, and their isomers, is achieved with
a 12-15min7? isocratic chromatographic run, providing
LODs similar to those reported for extracted samples.
This represents more than three times higher sample
throughput compared to HPLC-DAD methods for
carotenoids determination in similar samples, not taking
into account much faster sample preparation step in
case of HPLC-TLS. This makes HPLC-TLS suitable
as a fast screening method for the evaluation of the
quality and eventual adulteration of foodstuff. The
latter application was demonstrated in a paper in which
TLS was used as the detection technique in HPLC
for analysis of virgin olive oils and other vegetable
oils.7)

Simple dilution of samples cannot be applied for
analysis of products such as fruit juices and foodstuff
from tomatoes. Nonetheless, the high sensitivity of TLS
again facilitates the analysis by requiring five times
smaller amounts of samples (2g or 10mL in the case
of juices) and thus five times less organic solvents
and time for extraction procedure. HPLC-TLS was
successfully applied for the determination of lycopene
and B-carotene in tomato pastes, ketchups, and other
tomato products,”® as well as for the determination
of various carotenoid compounds in fruit juices, which
can serve as indicators of purity or adulteration of
orange juices.®” Thermal treatment of an orange juice or
vegetable oil can also be recognized by the disappearance
or decrease of carotenoid compounds and appearance
of oxidized xanthophyll compounds, which can be
readily distinguished in HPLC-TLS chromatograms at
concentrations as low as 0.1-0.5pg L=1.©%72

A simple and sensitive HPLC-TLS method was
reported for simultaneous determination of four neon-
icotinoid insecticides, i.e. thiamethoxam, imidacloprid,
acetamiprid, and thiacloprid.®® The method provides
sensitive, selective, and reproducible trace-level deter-
mination of these four neonicotinoid insecticides and
offers the LODs lower by 2.5-8.5 times for thiamethoxam
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(LOD =15ugL™!), acetamiprid (LOD =3.2pugL™}),
and thiacloprid (LOD =7.5ugL™!) compared to
HPLC-DAD with similar RSDs. The LOD value for
imidachloprid was equal to the LOD provided by HPLC-
DAD. The differences in LODs were attributed to
differences in absorption spectra and extinction coeffi-
cients of investigated compounds, and to the fact that
HPLC-DAD measurements were performed at absorp-
tion maxima, while TLS detection was limited to the
one available laser excitation wavelength. In the case
of acetamiprid and thiacloprid, the absorption maximum
overlaps well with the excitation wavelength used for
TLS detection (244 nm). For thiametoxam and imidachlo-
prid, the absorption maxima are however at 254 and
270 nm, respectively. The method was successfully tested
for the determination of all four insecticides in real
samples such as potato and peppers. The HPLC-TLS
results agreed well with HPLC-DAD data, showing a
maximal 15% discrepancy. In addition to lower LOD,
the advantage of HPLC-TLS is evident in terms of
smaller sample size and shorter time needed for its
preparation.

In the case of fatty acids and fatty acid esters, the
lack of suitable excitation sources in the UV —vis spectral
range was successfully overcome by the development of
HPLC-TLS methods utilizing a CO laser as excitation
source, which also enabled recording of TLS spectra
of investigated compounds in organic solvents.®) By
performing HPLC analysis of a commercial mixture of
C18 fatty acids at 1734cm™! CO laser emission line, it
was demonstrated that the infrared HPLC-TLS method
can discriminate fatty acids from higher concentrations
of co-eluting noncarboxylic compounds such as longer
chain alcohols (octanol, decanol), which still exhibit
week absorbance at the excitation wavelength. Such
discrimination was not possible in the case of refractive
index detectors, which, on the other hand, were not
inferior in terms of LODs (0.03 % for oleic acid) as the
LODs of HPLC-TLS were very much hindered by the
relatively high background absorption of eluents in the
IR spectral range.®% 7%

Substantial amount of work has recently been
conducted on the utilization of TLS as a detection
technique in FIA. FIA-TLS was used efficiently for
determination of organophosphate (OP) and carba-
mate pesticides in fruit juices and vegetables. For this
purpose, a dual-beam, mode-mismatched pump/probe
TLS spectrometer was coupled to a FIA system with
an incorporated bioanalytical column containing acetyl-
cholinesterase (AChE) immobilized on glass bids.®:61:6

The method was successfully applied for highly sensi-
tive determination of organophosphates such as paraoxon
(LOD = 0.2pgL™") and carbamates such as carbofuran
(LOD = 1pgL7!) in samples of tap water and spiked
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fruit juices and in samples of vegetables such as onion
and lettuce. The FIA-TLS system was calibrated by using
paraoxon standard solutions, and the concentrations of
pesticides detected in each sample were expressed in
terms of paraoxon equivalents. Taking into account the
differences in the toxicities of pesticides (LDs, values
for rats) present in the sample, the determined paraoxon
equivalent concentrations were reported to agree well
with concentrations of individual pesticides (carbofuran,
propamocarb, oxydemeton-methyl, and parathion-ethyl)
determined by GC-MS.©®D

4.1.3 Biochemistry and Biomedical Applications of
Thermal Lens Techniques

High sensitivity and small-volume sample capability char-
acteristic of thermal lens technique makes it particularly
suited for measurements of biochemical, medical, and
pharmaceutical samples as these samples are often avail-
able in small quantity and low concentrations. Response
of individual cells to antitumor drug was success-
fully monitored using the thermal lens technique.’

Table 1 Biochemical and biomedical applications of thermal
lens techniques

Analyte References

Micro-ELISA with microchip device and thermal 86
lens microscope

Determination of catecholamine on a microchip 87
by thermal lens microscope

Assay of spherical surface of blood cell by 80
thermal lens microscope

Detection and measurement of a single blood cell 82
surface antigen by thermal lens microscope

Analysis of serum proteins adsorbed to 83
hemodialysis membrane by thermal lens
microscope

Determiation of critical increment of Lewis 84
blood group antigen in serum

Sub-attomole molecule detection in a single cell 81
in vivo by flow cytometry with thermal lens
detection

Determination of drug concentration in a renal 85
tubule of fixed kidney by thermal lens
microscope

Analysis of a single biological cell in water by 79
thermal lens microscope

Single cell analysis and monitoring of 88

cytochrome c distribution during apoptosis
process by thermal lens microscope

Determination of carcinoembryonic antigen in 89
human sera by integrated bead-bed
immunoassay in a microchip with thermal lens
microscopic detection for cancer diagnosis

Individual cell in blood and lymph flow by the 76
thermal lens technique
Response of individual cell to antitumor by the 75

thermal lens technique

However, it is often necessary to combine and/or modify
conventional thermal lens instrument to further increase
its sensitivity and reduce the amount of sample needed.
For example, thermal lens was combined with flow
cytometry for the determination of individual cells in
blood and lymph flow.® The most notable development
was made by the Sawada group on the thermal lens
microscope, which combines advantages of microscope
(small-volume sample, high spatial resolution) with the
thermal lens technique (high sensitivity)."”-”® In fact, in
addition to the small sample size and high sensitivity,
the thermal lens microscope can also be used to deter-
mine nonfluorescent molecules without receiving serious
effects of light scattering in/on various condensed phase
substances and it can be applied for imaging of the distri-
bution of nonfluorescent molecules by scanning on the
sample. This makes the thermal lens microscope (TLM)
suited for ultrasensitive analysis and imaging of biomed-
ical substance in/on a single cell and microfabricated
chemical devices (microfluidic devices). For instance,
the TLM was successfully used in the analysis of a
single biological cell in water,”® the assay of spher-
ical cell surface molecules,®” the sub-attomole molecule
detection in a single biological cell in vitro,®) the detec-
tion and measurement of a single blood cell surface
antigen,®” the analysis of serum proteins adsorbed
to a hemodialysis membrane of hollow fiber type,®
the determination of critical increment of Lewis blood
group antigen in serum by cancer,®® and the quanti-
tation of drug concentration in a renal tubule of fixed
kidney.® Synergistically combining TLM with microflu-
idic devices makes it possible to perform measurements
and assays that are otherwise not possible. These include
a microchip-based, enzyme-linked immunosorbent assay
(micro-ELISA) system with thermal lens detection,®®
the determination of catecholamine on a microchip,®”
single-cell analysis and direct monitoring of cytochrome
¢ distribution during apoptosis process,® and the
determination of carcinoembryonic antigen in human
sera for cancer diagnosis.® Specifics of these studies,
which are discussed in more detail in Section 4.2.1., are
summarized in Table 1.

4.1.4 Thermal Lens Techniques in the Near- and
Middle-Infrared Region

As described in the previous section, thermal lens
measurements are based on the use of laser as the
excitation source. Therefore, the spectral range in which
measurements can be performed is dependent on the
availability of lasers in that region. To date, most of the
thermal lens work was in the ultraviolet and visible region
as lasers are readily available for this region at reasonable
cost. Recently, lasers in the near- and middle-infrared
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region, for example, Nd: YAG, Ti-Sapphire, F-center,
and diode lasers, have become available at reasonable
price and high reliability and are easier to use. As a
consequence, thermal lens measurements can now be
performed in spectral regions, which hitherto were not
possible. For example, by using a Ti-Sapphire laser, which
is tunable from ~865 to 1050 nm to excite overtone and
combination transitions of O-H and C-H groups, Tran
and coworkers were able to determine chemical and
isotopic purities in various solvents including water in
D,0O and in tetrahydrofuran at levels as low as 0.006
and 0.3% (v/v).®? They also determined simultaneously
water and DMSO-hy, in DMSO-d, and CD;OH in
CD,HOH and CDH,OH at levels as low as 1073%.°V
By replacing the near-infrared Ti-Sapphire laser with an
F-center laser, which can spectrally tune in the middle-
IR region (from 2.5 to 3.5um), it was possible not
only to lower the detection limit but also extend the
technique to other isotopes such as *C. For example,
they were able to determine isotopic purity of methanol
and its *C and deuterated samples such as *CH;OH,
CD;0H, CD,HOH, and CDH,OH at concentrations
as low as 1073 % (w/w).®? Other uses of near- and
middle-IR thermal lens for trace characterization include
determination of nucleotides (with combined use of an
erbium-doped fiber amplifier (EDFA) and an AOTF
that can provide tunable near-IR radiation from 1500 to
1570nm)®® and determination of phosphorus with NIR
diode laser excitation.“®)

The high sensitivity of the thermal lens technique makes
it possible to use it to measure higher overtone spectra,
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which is not possible with dispersive or FTIR instruments.
For example, it was possible to measure overtones of C-H
stretching vibrations of aliphatic aldehydes, methane,
and saturated hydrocarbons up to Av =7 in liquid
nitrogen and liquid argon detected at concentrations as
low as 15 ppm.©®*-19 Other results are summarized and
tabulated in Table 2.

4.1.5 Sensitive Determination of Kinetics

As evident from Equation (4), typical time constants (z_)
in TLS experiments are in the range of milliseconds in
liquids and even shorter in gasses, depending also on the
focusing of the pump beam. The thermal lens signal is
therefore independent of changes in absorbances of the
sample, unless such changes occur at times much shorter
than the experimental time constant 7.

When the absorbing species transforms rapidly during
the excitation due to some chemical reaction, the changes
in absorbance must be considered in theoretical treatment
of the thermal lens. On the other hand, this gives the
possibility of deducing the reaction rate constants and
information on the order of fast chemical reactions. For
this purpose, novel theories have been derived to describe
the thermal lens signal for reactions of zero, first, and
second order.!?

For example, for the case of zero-order reaction, the
following expression, derived on the basis of the aberrant
model, indicates decrease in the thermal lens signal due
to disappearance of the analyte (the second term on the
right-hand side of Equation (10)):

Table 2 Thermal lens measurements in the near- and middle-infrared region

Molecule References
Overtones of C-H stretching vibrations (up to Av = 7) of aliphatic aldehydes 94
Overtones (up to Av = 7) of methane and saturated hydrocarbons in liquid nitrogen and liquid argon were 95-97
detected with limit of detection of 15 ppm
Overtones of saturated hydrocarbons dissolved in liquefied Ar, Kr, Xe, and N, 98
Real-time monitoring of supercritical fluid extraction 99
Overtone of C-H in conjugated resonance structure (e.g. biphenyl) 100
Overtones of methyl, ethyl alcohols, and cyanides 101
Aniline and haloanilines 102
Overtones (up to Av = 6) of C-H in trichloroethylene 103
Overtones of C-H (up to Av = 5) in acetophenone and benzaldehyde: aryl and methyl local modes 104
Aryl C-H stretching 105
Overtone of free O-H stretching of C,H,,+1OH (n =2, 3,4, 6,10, 14) 106
Overtones of C-H (up to Av = 5) in heterocyclic compounds 107
Determination of chemical and isotopic purities in various solvents including water in D,O and in THF at LOD 90
of 0.006 and 0.3% (v/v) by TLS with near-IR Ti-Sapphire laser excitation
Simultaneous determination of water and DMSO-hg in DMSO-dgs and CD3OH in CD,HOH and CDH,OH by 91
TLS with near-IR Ti-Sapphire laser excitation
Determination of isotopic purity of methanol and its *C and deuterated samples (*CH;OH, CD;0H, 92
CD,HOH, and CDH,OH with LODs of 103 % (w/w) by TLS with F-center laser excitation.
Determination of nucleotides by TLS with near-IR erbium-doped fiber amplifier excitation 93

Determination of Phosphorus by TLS with near-IR semiconductor laser excitation 48
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When the reaction rate constant k, equals zero, the
expression becomes identical to the case with constant
concentration of the analyte with initial concentration C,,.

On the basis of the developed theories, computer
calculations were performed to simulate conditions
for various chemical reactions. A novel thermal lens
spectrophotometer, which can be used for simultaneous
measurements of thermal lens and transmittance, was
constructed to verify the developed theories and to
implement the thermal lens technique for sensitive
kinetic determinations.™ The agreement of measured
experimental results with the values predicted by the
developed theories confirmed that the thermal lens
technique provides kinetic results, which are not only
accurate and precise but can also be obtained with
reagents whose concentrations are about 100 times lower
compared to conventional transmission methods.

The applicability of the thermal lens method for
studies of fast chemical reactions in solution was further
confirmed by investigating the photolabile Cr—-DPC
complexes in water.1%8:19) An abnormal behavior of the
thermal lens transient induced by a photochemical reac-
tion was observed during optical excitation (Figure 3).
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Figure 3 Thermal lens transients for aqueous Cr-DPC solu-
tions (12 g L~! Cr¥1) with 100 mW excitation power (trace a)
and 300 mW excitation power (trace d). Trace b is the theoretical
curve for given experimental conditions. Trace c was generated
by the background absorbance of water at 1.1 W excitation
power. (Reproduced from Ref. 107. © Elsevier, 1980.)
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The existing theoretical model of the thermal lens effect
was further generalized in order to take into account the
time dependence of the absorbance of the sample due to
the changes in concentration resulting from the photo-
chemical reaction as well as from diffusion of absorbing
species. The comparison of experimental measurements
under different reaction conditions demonstrated the
usefulness of the time-resolved thermal lens method for
the study of photochemical reactions under the presence
of absorbing species diffusion and confirmed its capa-
bility of monitoring the processes in a quantitative way
and with a temporal resolution of a few milliseconds. The
applicability of the technique is however limited by the
experimental time constant, which cannot be decreased
infinitely by reducing the radius of the pump beam.
Other photothermal techniques such as thermally induced
grating must be used for investigations of faster chemical
reactions occurring on the nanosecond time scale.!1?

4.2 Applications Based on Small-volume Characteristic
of Thermal Lens Techniques

4.2.1 Microfluidics

An important milestone in the development of TLS was
the introduction of the TLM,) which enabled a series
of new applications of TLS in microchemical analysis.*
This stems from the unique geometry of pump and probe
beams in TLM, which are aligned coaxially under the
microscope and focused with a single chromatic lens.
The resulting chromatic aberration of a few micrometers
enables pump-probe configuration suitable for the
detection of analytes in microwells and microchanels,
which cannot be performed on analytical microchips by
the transverse mode TLS. In addition, microchips provide
a platform for various steps of chemical analysis, such as
mixing of analytes and reagents, liquid or solid phase
extraction, phase separation, concentration of gaseous
analytes, growing of cell cultures, as well as sample
heating, which can be performed on-line.®

The first demonstration of on-chip chemical determi-
nation relying on FIA combined with TLM was based
on a microfluidic system consisting of 150 x 100 um
microchannels fabricated on a quartz glass chip, which
resulted in the determination of Fe!' at an absolute
amount of 6 zmol (calculated for a detection volume of 3
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fL) after reaction with 1,10-phenanthroline. Solutions of
Fe!l and the reagent were introduced through separate
microchannels and transported into the detection area
by a capillary action after mixing in a joint channel by
molecular diffusion.!'? Even though the concentration
detection limits are not that low (4 x 107% M) compared
to other TLS methods, the required amount of Fe!!, which
can be detected in 200 nL of the introduced sample, is
only 0.4 pmol, i.e. over 20 times lower than that reported
for CE-TLS. This demonstrates that microchip-assisted
FIA-TLM is particularly suited for small-volume samples,
and can in addition be performed in a relatively short time
(about 2-3 min per sample for the given case). Further
optimization of the optical-scheme design using presyn-
thesized ferroin indicated that LODs of 1 x 1078 M can
in principle be achieved for the determination of Fe.®!1%

An on-chip integrated FIA-TLM system, with flow rate
(0.1-0.2pLmin~') controlled by microsyringe pump,
was used for the determination of L-ascorbic acid
(AA) and dehydroascorbic acid (DHAA) in urine.(!¥
Determination of AA is based on the reduction of
Fe!' by ascorbic acid and subsequent reaction of
Fe!' with 1,10-phenanthroline. Preparation of samples
is simple as the high sensitivity of TLM (for AA
the LOD =1x10"7 M, i.e. 1 zmol) requires up to
100 x dilution, which reduces the effect of background
absorption from colored samples (urine) to negligible
levels. Determination of DHAA, however, requires
the reduction to AA by dithiothreithol (DTT) before
injection of the sample, and the concentration of DHAA
is determined from the difference in AA concentration
in oxidized and original sample. The method was applied
for the analysis of vitamin C tablets as well. Another
application of FIA-TLM for analysis of pharmaceuticals
was the determination of catecholamines (LOD =
2 zmol for epinephrine, nor-epinephrine, dopamine, and
L-dihydroxyphenylalanine) by using on-chip coloring
oxidation to aminochromes by sodium metaperiodate,
which required only 15's for completion.!>

The next important innovation in the evolution
of TLM for microfluidic systems was the integration
of the extraction step into analytical procedures for
the determination of metal ions and other analytes.
This is not only important for the improvement
of sensitivity through higher enhancement factor of
organic solvents but also for higher specificity of
the determination and removal of interferences. Such
procedures on a microchannel chip were, for example,
developed for the determination of uranyl ions (UY!)
after their direct extraction from aqueous solution
into tributylphosphate.'® Other metal ions (Pb", Col,
Cu'l, Fe', Ni'!, K+, Nat) can be extracted after their
complexation with ligands or by ion pairing providing
various degrees of selectivity.17-120 The advantage
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of performing the extraction in a microspace of a
microchannel is the large specific area of liquid-liquid
interface and short diffusion distance, which provides
high extraction yields in times 1 order of magnitude
shorter compared to extraction using separatory funnels
and mechanical shaking. The combined effect of efficient
extraction and high enhancement factors in organic
liquids resulted in extremely low limits of detection,
which are most impressive for the determination of
lead as Pb'! octaethylporphyrin after extraction into
benzene.''” The reported LOD of about 1 x 1071 M
corresponds to the average presence of less than one
molecule (0.4) of the analyte in the probed volume (7.2
fL) within the measurement time (0.1-1.0s). Additional
selectivity can be introduced by intermittent introduction
of different organic solvents into a microchannel with
a single aqueous phase containing various analytes.
This was demonstrated for the case of Nat and KT
ions by their sequential extraction into organic solvents
containing a lipophilic indicator (KD-A3) common to
both ions, and different ion-selective neutral ionophores
(valinomycin and DD16C5).11” The reported response
time and the minimum required reagent solution for
on-chip ion-sensing system were about 8s and 125
nL, respectively, indicating the advantages of the
microchip chemistry. Another approach to improved
selectivity is also selective degradation of complexes
formed by nonselective ligands. This was achieved by
exploiting the methodology of continuous-flow chemical
processing based on the combination of microcircuit
operations and a multiphase flow network.1?9 Such
a methodology enables complexation of Co!' and
other metal ions by 2-nitroso-1-naphthol and their
subsequent extraction by m-xylene in a continuous-
flow operation. In the next stage, the organic phase is
separately brought in contact with aqueous HCI and
NaOH in a microchannel in order to decompose the
interfering chelates of Cu'!, Fe!l, and Ni'! and wash
them out of the organic phase where Co'' can be
determined free of interferences at the 0.13 zmol level
(1.8 x 1078 M).

Recently, a micro-multiphase laminar flow on a
microchip was also applied for the determination
of organic compounds such as carbamate pesticides
(carbaryl, carbofuran, propoxur, and bendiocarb).(?!
The multichannel microchip enabled hydrolysis of carba-
mates to corresponding naphthols, their diazotization by
trimethylaniline or p-nitrobenzenediazonium fluorobo-
rate, and extraction into toluene or 1-butanol, where the
derivatives were detected by TLM with LOD values as
low as 1.1 x 1078 M, as demonstrated for carbofuran.

The versatility of microchip-based TLM detection
offers many other interesting configurations for assays
such as microchip-based micro-ELISA applied, for
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example, for the determination of interferon(IFN)-y, 8
and a TLM method for monitoring of intercellular
messengers such as arachidonate.1?? In the first case, the
polystyrene microbeads precoated with the IFN antibody
were placed into a microchip channel. 0.1 ngmL~! (6 pM)
of IFN could be detected by the TLM-micro-ELISA
procedure. Monitoring of the arachidonate released from
the rat nerve cells, kept in a 0.1-mm-deep, 1-mm-wide,
and 10-mm-long culture chamber on a microchip, was
however much simpler, and required only the injection of
glutamate, which is a known neurotransmitter. This stim-
ulated the release of the retrograde messenger (arachi-
donate), which was detected by TLM at 1.3 x 10> M
concentration (for injection of 10~ M glutamate) corre-
sponding to 1.3 fmol of arachidonate released per cell.1??

Microchip ELISA was also used for the detection
of secretory human immunoglobulin A (s-IgA), which
was initially adsorbed on polystyrene beads placed
in a microchannel of a glass chip. The secondary
antibodies (anti-s-IgA) were in this case conjugated with
colloidal gold and after their interaction with s-IgA on
polystyrene beads, the TLM quantification of 1 ugmL™!
of s-IgA was possible.1?® Owing to the 37x reduced
sample volume/sorbent surface ratio in a microchip, as
compared to microtiter plates in conventional ELISA
tests, the antigen—antibody reaction was completed
in 10min as deduced from the stabilization of TLM
signal. This represents a substantial improvement in
sample throughput compared to over 15h required for
the conventional bulk scale ELISA and enables sensitive
determination of s-IgA in saliva, where concentrations
are normally on the order of 200pugmL~!. Colloidal
gold conjugated antibodies of immunoglobulin G (IgG)
were used for the detection of carcinoembryonic antigen
(CEA) in human sera— a commonly used marker of
colon cancer.® In this case, the assay requires sequential
addition of two antibodies (rabbit anti-CEA and colloid
gold conjugated IgG), following the binding of CEA to
a mouse anti-CEA antibody adsorbed on polystyrene
beads. Still, the entire assay can be completed in 35 min
(compared to 45h with ELISA on microtiter plates) with
the detection limit of 0.03ngmL~' CEA, which enabled
assays of patient’s sera with CEA concentrations in the
range of 0.67-7.3ngmL"!.

An application of the TLM system for two-
dimensional monitoring of cytochrome c distribution
in a neuroblastoma-glioma hybrid cell cultured in the
microflask (1 mm x10mm x0.1 mm; 1 pL) fabricated in
a glass microchip was also described.® Cytochrome ¢
release from mitochondria to cytosol during the apoptosis
of the cell was successfully monitored with a 1 pm reso-
lution, after addition of staurosporin, which triggered the
apoptosis. The absolute amount of cytochrome c detected
in the probed volume was estimated to be about 10 zmol.

A further important step in the application of TLS for
studies of single cells was achieved by the detection and
measurement of human leukocyte antigens (HLA) on
the surface of a single blood cell.®? Antigens of HLA-A,
-B, and -C loci on the lymphocytes were identified and
quantified by TLM and an image of HLA-A, -B, and
-C antigen distribution on a mononuclear leukocyte was
obtained (1.5-2um resolution). For this purpose, anti-
HLA-A, -B, and -C antibodies were labeled with colloidal
gold and added to mononuclear leukocytes for incuba-
tion before being assayed. The TLM laser microscope
was specially devised for measuring convex surface cells,
which are 9-12 pm in diameter, and the deviation of the
TLM focal point from the cell surface was corrected by
utilizing the phase of the signal.

4.2.2 Capillary Electrophoresis

Capillary electrophoresis is another example of the
advantageous use of TLS as a highly sensitive technique
in which TLS can overcome the problem of short optical
pathlength and small-volume samples, governed in CE
by the dimensions of capillaries. Compact TLS detector
systems were developed for applications in CE-TLS,1?%
which rely on transversal TLS configuration as capillary
electrophoresis requires probing of volumes on the order
of some 10 pL. The capability of TLS to probe small-
volume samples is indeed exploited the best in capillary
electrophoresis, where TLS enables direct detection in
capillaries with inside diameters 50-250 um, without a
need of a detection cell. Even smaller volumes can be
probed by the use of TLM. However, the curved surface
of the capillary reduces the sensitivity as well as the
reproducibility of the TLM technique, which requires an
interface chip for coupling CE with TLM detection.1?>
This might be the main reason why TLM did not find
real application in chemical analysis by CE, but was most
frequently used for microfluid analysis on microchemical
chips.

Application of TLS detectors in capillary elec-
trophoresis (Table 3) resulted in the determination of
1.8x 107" M dabsylated arginine, histidine, leucine,
alanine, glycine, and glutamic acid in a detection volume
of 50 pL.(?® By taking into account very small detec-
tion volume, a detection limit of 10 amol was calculated,
which represents a 20-fold improvement compared to
previous applications of CE-TLS for detection of dabsy-
lated amino acids. In part, the low LODs are due to the
addition of 15% of methanol and 1% THF to the solvent
in order to improve the separation efficiency and reduce
the retention times to less than 11 min. Furthermore,
the added organic solvents also improve thermo-optical
properties of the sample medium, thereby increasing the
signal-to-noise ratio and lowering the LOD values.
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Table 3 Some applications of TLS detection in ion chromatography and capillary electrophoresis
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Analyte Excitation Coloring reagent LOD References
Fell, Felll Ar laser 514.5nm, 100 1,10-phenanthroline SpgLt 55
mW
CrVL, Crt Ar laser 514.5nm, 160 DPC 0.1pgL - '10pgL™! 57
mW
Cull, Zn, P!, CdY, Ar laser 514.5nm, 95 PAR 4-5ugL~! (for Co'! and Cu'l) 58
Coll, Nilt mW
K*, Cu*t, APt He-Ne, 632.8nm, 18 Methylene blue 21 x1077" M (S/N =2) 127
mW (indirect detection)
Lysine He-Ne, 632.8 nm, 20 Methylene blue 7.5%x 107" M 128
mW (indirect detection)
Amino acids Ar laser 458 nm, 150 DABSYL 1.8 x 1077 M 126
mW
Amino acids KrF laser 248 nm, 10 nJ PTH 1.4-48 x 1077 M 129
Tamoxifen + metabolites KrF laser 248 nm, 10 uJ Direct detection 107 M 130
Etoposide, etoposide Frequency-doubled Ar Direct detection 100 pg L1170 pg L1 131
phosphate laser 257 nm
Alkyl-sulfonic acids He-Cd laser 325 nm, Mordant yellow 7 4-7x 1077 M 132
50 mW (indirect detection)
Chloramphenicol, Ar laser 514.5nm Reactive red (indirect 45x107"M 59
dichlofenac, detection)

pentoxifyllin, oxprenolol

The advantage of using larger fractions of organic
solvents in separation buffers was further demonstrated
by determination of 17 different phenylthiohydantionated
(PTH) amino acids (PTH-amino acids) injected onto the
capillary.!? PTH-amino acids are produced as the end
product of the Edman degradation reaction. Using a
pulsed KrF excimer laser (248nm) for excitation, 13
PTH-amino acids were separated with nearly baseline
resolution in 14 min and with LODs from 1.6 to 4.8 x 107’
M. Compared to previously reported results on CE-
TLS determination of PTH-amino acids, this method
represents an improvement in LOD by an order of
magnitude, which mainly can be attributed to the
higher thermo-optical enhancement resulting from high
acetonitrile content.

High enhancements were fully exploited in nonaqueous
CE-TLS, which was first reported for the determination
of a nonsteroid antiestrogen tamoxifen and its acid
hydrolysis products,’3? which form after ingestion in
stomach and may increase the risk of endometrial
cancer and blood clots. Unfortunately, no detailed
study was performed on the sensitivity and LOD of
the method. It is however evident from the presented
results that tamoxifen and seven degradation products
can be detected at 1077 M level when a 3:7v/v
acetonitrile—methanol with 20mM ammonium acetate
was used as a separation buffer.

The only real application of CE-TLS for the analysis
of complex samples was recently reported for determi-
nation of etoposide and etoposide phosphate in blood
plasma.3? The method based on micellar electrokinetic

chromatography allows baseline separation of analytes
of interest and potential interfering matrix constituents
within 4min. The reported LODs of 100pugL~! for
etoposide phosphate and 170 ug L™! for etoposide repre-
sent a 60-fold improvement compared to commercial
absorption spectrometric detector operating at the same
wavelength (257 nm).

Indirect detection of analytes can as well be exploited
in CE-TLS to avoid the problem of weakly absorbing
analytes and lack of excitation lasers with wavelengths
matching the absorption maxima of detected species.
This concept has recently found application in CE-TLS
for the determination of various alkyl-sulfonic acids.!3?
By applying 50uM Mordant Yellow 7 azo dye as the
background ion, detection of analytes was possible at
325nm He-Cd laser line, and the limits of detection
of 7 x 107 M 1-propanesulfonic acid were reported in
aqueous buffer (5 mM tris) as separation electrolyte. The
LODs were reduced to 4 x 1077 M by adding 20% (v/v)
acetonitrile into the separation electrolyte.

Comparison of some other published results demon-
strates that in terms of LODs the indirect TLS cannot
compete with direct TLS detection, where such a detec-
tion mode is possible. For example, indirect photothermal
detection of metal ions, such as K*, Cu?*, and AP in
capillary zone electrophoresis with Methylene Blue as
background absorber, provides LODs of 3 x 10~7 M as
can be recalculated for S/N ratio of 3.927 This is almost
20 times higher compared to CE-TLS determination of
iron ions in rain water with 1,10-phenanthroline as a chro-
mogenic reagent.®¥ Large differences in LODs between
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direct and indirect detection in CE-TLS can also be
found for detection of lysine.!'?® In this case, the LOD
of 7.5 x 107% M (recalculated for S/N = 3) was reported
for indirect CE-TLS using Methylene Blue and a 20 mW
He-Ne laser as the excitation source (632.8 nm). This is
again over an order of magnitude higher (20-50 times)
compared to direct CE-TLS detection of PTH derivatized
lysine and other amino acids.!?”

4.3 Determination of Thermal and Physical Properties
of Solvents

In addition to sensitive detection of trace chemical
species, it is also possible to use the thermal lens technique
as an accurate and sensitive method for the determination
of the thermal physical properties of solvents, namely,
their dn/dT and thermal conductivity, &k, values. These
two thermal physical properties can be individually
determined by measuring the transient of the thermal
lens. This is because, as mentioned earlier, the thermal
lens, when recorded as the time-dependent change in
the far field beam center intensity (/,.(r)) after the
onset of excitation laser illumination (7,.(0)), is given
by Equation (7). The thermal time constant 7., which
depends on the spot size, w, of the excitation beam in
the sample, the density, p, specific heat capacity C,, and
thermal conductivity, &, of the solvent, is given by

a)2,oc
o= — P (11)

Thus, ¢ and ¢, values can be obtained by nonlinear
curve fitting of the thermal lens transient to Equation (7).
Substitution of the 7, value into Equation (11) yields
either the thermal conductivity or the heat capacity of
the sample. The dn/dT value can then be calculated from
Equation (8) using the 6 and & values. The accuracy of the
method can be evaluated by performing the thermal lens
measurement on a solvent whose thermal conductivity,
density, and specific heat capacity values are known and
comparing the ¢, values obtained by thermal lens method
with the literature values.

The dn/dT and k values of various solutions including
aqueous and organic solvents such as methanol, carbon
tetrachloride, chloroform, DMF, DMSO, and heptane
were accurately determined by using this method.3% In
addition to their scientific and technological importance,
the obtained dr/dT and k values can provide insight into
the structure of solutions. As described in the following
sections, the thermal lens technique can be successfully
used to determine the effect of the temperature on the
structure of water, with or without additives such as
electrolytes and surfactants.

4.3.1 Thermal Physical Properties of Water

From the study of the temperature effect on thermal
lens measurements in water, it was found that the
magnitude and sign of the thermal lens signal inten-
sity are strongly dependent on the temperature of
the aqueous solution.!3313  As shown in Figure 4,
depending on whether the measurements are performed
at temperatures lower or higher than —0.01°C, the
photoinduced thermal lens can have either a positive
(converging) or negative (diverging) focal length. At
precisely —0.01 £0.04°C, no thermal lens signal could
be observed. This is because the dn/dT values of water
are positive at T < —0.01"C, negative at T > —0.01"C,
and equal to zero (i.e. maximum refractive index) at
T = —0.01"C.(135136)

These results are of particular interest considering the
fact that water exhibits maximum density at +4.0°C,
which is different from the temperature at which its
refractive index is maximum. This behavior is distinctly
different from other liquids that are known to undergo

-6.0°C

-3.0°C

0.0°C

5

+3.1°C

+7.5°C

Figure 4 Thermal lens signals of aqueous solution at different
temperatures.
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maximum density and refractive index at the same
temperature. The Lorentz-Lorenz equation relating
refractive index n and density p for liquids has been
used to explain this behavior3>:

n>—1
o =rF (12)
where P is the specific refraction. For most liquids, P is
generally assumed to be constant and independent of
pressure and temperature. However, this assumption
is not valid for water as it was theoretically™> and
experimentally’3® proven that P does vary slightly with
both of these variables. Differentiating Equation (12)
under this condition, at constant pressure, gives

6n on oP 0p
om0, %Pp 13
w1229 _ar” ot (13

It is thus clear that for water the refractive index
and density do not go through maxima at the same
temperature. Furthermore, because P and p are positive
and dP/OT is negative,’®> 9n/dT is expected to go
through zero at the temperature where dp/d7T is positive,
i.e. at temperature lower than 4 C. This prediction is
in very good agreement with the results obtained with
thermal lens measurements, namely, the refractive index
of water undergoes maximum at —0.01°C, whereas its
maximum density is at 4 C. A number of explanations
have been proposed to explain for the variation of P with
temperature and pressure. They include the change with
temperature of either the concentration of the ‘ice-
like” structure or the average polarizability of water
molecules. 135130

This unique behavior of water has been exploited in
other types of photothermal techniques for measure-
ments, which otherwise is not possible. For instance, it
has been demonstrated that by measuring of aqueous
solutions of biopolymers at —0.01°C, where dn/dT of
water is zero, it was possible to remove the signal due
to dn/dT from the total thermal lens signal, thereby
enabling the determination of change in volume or
the conformation of polymers induced by temperature
change.’3? Conversely, by measuring thermal lens signal
at +4.0 °C, where the density of water is maximum, it was
possible to eliminate the contribution due to the change in
volume (of aqueous solution) with temperature, which as
a consequence makes it possible to measure the change in
concentration of solution as a function of temperature.13

Using the method described above, the k and dn/dT
values of water at different temperatures were obtained
from the corresponding thermal lens transient signals.
The results are shown in Table 4.039140)  Ag listed,
within experimental error, the k value remains constant
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Table 4 Thermal conductivity and dn/dT values of water at
different temperatures, measured by the thermal lens technique.
(Reproduced from Ref. 134. © American Chemical Society,
1988)

Temperature Thermal dn/dT
(°0) conductivity (105, K1)
(mW cm~! K1)

+19.77 - -
+17.98 6.1+0.1 —8.6+0.2
+16.13 6.1+0.1 —-7.4+02
+14.31 6.1+0.1 —-8.6+0.2
+12.52 6.1+0.1 —6.7+£0.2
+10.68 5940.1 —-5.8+0.1
+8.86 5.8+0.1 —4.8+0.1
+7.13 5940.1 —4.0+0.2
+5.15 57+0.1 —-2.8+0.1
+3.34 6.0+0.1 -1.7+0.1
+1.26 53+0.1 —0.6+0.1
—0.76 712 +0.4£0.1
—2.60 5+1 +13+0.3
—4,47 53+04 +2.2+0.2
—6.78 54+02 +3.6£0.1
—8.84 5.6+0.1 +51+0.2

at different temperatures. The dn/dT value, however,
undergoes significant change as the temperature varies.
Increasing temperature leads to an increase in the dn/dT
value. For instance, increase in the temperature by 16’
(from 1.26 to 17.98 °C) leads to a 14-fold increase in the
dn/dT value.'*-14D This observation can be explained
in terms of the structure of water. Specifically, it is
known that the structure of water is known to be greatly
affected by the temperature of the solution. Increasing the
temperature of the aqueous solution has the “hydrogen
bond breaking effect”.!3-14D As a consequence, the
water has less hydrogen bonds, becomes less structured
(or less ordered), and hence can have large changes in the
density and in the refractive index with temperature (i.e.
higher dp/dT and dn/dT values).

4.3.2 Thermal Lens Studies of the Effects of Surfactants
and Electrolytes on Structure of Water

The thermal lens technique has also been successfully
used to determine the effects of electrolytes and
surfactants on the structure of water.!!*~14D It has been
reported, based on the IR, Raman, and NMR studies,
that adding certain electrolytes or surfactants into water
has the same effect as heating up the solution.13-14D
It is expected, therefore, that thermal lens signal of
water will be modified when such compounds are
added. It was found that electrolytes provided up to a
twofold enhancement in the thermal lens signal.(139-14D
Higher enhancement (up to eightfold) was also achieved
when surfactants were added to the solution.139-14D
Interestingly, micellization does not seem to have any
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observable effect on the enhancement. In both the cases,
it was found that the enhancement was not due to the
effect of the electrolyte on the thermal conductivity but
rather on the dn/dT of the solution. Interestingly, the
effect of electrolytes and surfactants seems to be different
from the temperature effect.!**~14D This conclusion was
derived when the change in dn/dT upon the addition of
electrolytes or surfactants was deconvoluted into two
parts. The first, which results from the difference in
the specific refractivity and dn/dT of the electrolyte or
surfactant solution as compared to that of pure water, has
a stronger effect on the enhancement than the second,
which is caused by the alteration of the hydrogen-bonding
network of water.139-14D

4.4 Dependency of Thermal Lens Signal on
Thermo-Optical Properties of Sample Matrix and
Its Utilization to Enhance Sensitivity

For weak absorbing species, the thermal lens signal that
is measured as the relative change in the beam center
intensity in the far field, A1, /I, is given by

Al —2.303P(dn/dT)A
be _ (dn/dT) a4
I, 1912k

C

where A is the wavelength of the probe beam.

The relative change in the beam intensity, when
determined by conventional absorption techniques for
a weakly absorbing species having absorbance A, is

I—1

0

=1-10"4 =2.3034 (15)

It is therefore clear from Equations (14) and (15) that
the sensitivity of the thermal lens technique is relatively
higher than that of conventional absorption methods.
The sensitivity enhancement factor E is calculated from
Equations (14) and (15) to be

_ —P(dn/dT)

1.91Ak (16)

It is evidently clear from Equation (16) that the
sensitivity of the thermal lens technique is not only
directly proportional to the excitation laser power P
but also depends on the thermal physical properties of
the solvent used. Generally, nonpolar solvents are good
media for thermal lens measurements owing to their high
dn/dT and low k values.34142149 Water, which is the
universal solvent for biochemical and biological samples,
is the worst medium for thermal lens technique because
it has a very low dn/dT and high k values. In fact, it
has been calculated and experimentally verified that, at
the same laser intensity, thermal lens measurements in

CCl, and n-pentane are 38 and 40 times higher than
those in water.134142.143) The dependency of the thermal
lens signal on the thermal physical properties of solvent
can, in principle, be exploited to enhance the sensitivity
and selectivity of the technique. Organized assemblies
such as micelles, reversed micelles, and crown ethers
can be effectively used to modify the thermal physical
properties, (i.e. dn/dT and k values) of the medium
that, in turn, enhances the sensitivity of the thermal
lens measurements. Sensitivity enhancement through
manipulation of thermal physical properties of the
medium can also be achieved by use of room temperature
ionic liquids or by changing measurement temperature
of aqueous solutions. All of these enhancement methods
are described in the following sections.

4.4.1 Sensitivity Enhancement by Aqueous Micelles

Aqueous micelles have been found to enhance the
thermal lens of solubilized substrates.*”) The enhance-
ment depends on the type of micelles and the structure of
the substrate.!4? The highest enhancement was achieved
when there were strong interactions between the micellar
aggregate and the substrate. For instance, compared to
that in water, the thermal lens enhancement provided
by a nonionic surfactant such as hexaethylene glycol
mono-n-dodecyl ether (C,,E;) was only 2.3 times for
9-nitroanthracene but up to 7 times for 11-(9-anthroyloxy)
undecanoic acid (ANU).14? Tt was suggested that the
long hydrocarbon tail in ANU makes it possible for this
compound to interact strongly with the nonionic micelles,
which, as a consequence, leads to a higher thermal lens
enhancement. While it is possible to achieve enhance-
ment in the thermal lens signal by use of aqueous micelles,
the enhancement factor in all cases has never exceeded
10x relative to that in pure water. This is lower than
the enhancement achieved in reversed micellar media
as described below. A number of reasons might account
for this difference, but the most likely one is due to
the difference in the respective enhancement mecha-
nisms. Aqueous micelles increase the thermal lens signal
of a solubilized substrate because, as explained in the
previous section, the surfactant molecules are known to
modify the specific refractivity and dn/dT of the solu-
tion as well as to alter the hydrogen bond networks
of water. This, according to Equation (16), leads to an
increase in the thermal lens signal. While surfactant
molecules can change properties and structure of water,
they cannot, however, completely change it to an envi-
ronment similar to that of a nonpolar solvent. Thus, it
is hardly surprising that the enhancement provided by
aqueous micelles is relatively lower than those observed
for reversed micelles.



THERMAL LENS SPECTROSCOPY

4.4.2 Sensitivity Enhancement by Reversed Micelles

Table 5 shows the effects of solvents and reversed
micelles on the thermal lens signal intensity of terbium
chloride.’®» The lanthanide ion was chosen because
of its high hydrophilicity, namely, it is very soluble in
water, sparingly soluble in polar solvents, and insoluble
in nonpolar solvents.'*¥ As expected, the thermal lens
signal amplitude of Tb’* in methanol is 10 times
higher than that in water. The enhancement is further
increased to 15 times when Tb** is in 1-butanol.
Substantial enhancement was found, however, when
Tb3* is solubilized in AOT reversed micelles. Sodium
bis(2-ethyl hexyl) sulfosuccinate or Aerosol-OT (AOT)
was used to investigate the effect of reversed micelles
because this anionic surfactant can form reversed micelles
in a variety of nonpolar solvents and can solubilize large
amounts of water.3%

It is interesting to note that, in spite of the fact that
the Tb*" ions are soluble in the water pool of the
reversed micelles, the thermal lens signal intensities of
the Tb>* are much higher than those in pure water.
The enhancements were found to be dependent on the
particular nonpolar solvent in which the reversed micelles
are formed. Under identical conditions, Tb>* was found
to exhibit 38-fold enhancement when it is solubilized in
AOT/CCI, reversed micelles as compared to that in pure
water. The enhancement factor decreases to 23 in AOT/n-
pentane, 20 in AOT/cyclohexane, 21 in AOT/n-heptane,
and 15 in AOT/nonane. 3%

Taking advantage of the fact that AOT forms reversed
micelles in dioxane® and terbium chloride is soluble
in this solvent, thermal lens measurements were also
performed for Tb** in pure dioxane and for Tb**
solubilized in the water pool of AOT/dioxane reversed
micelles. The thermal lens of Tb’* in pure dioxane
is 22 times more than that in pure water and is the
same, within experimental error, with that of Tb**

Table S Relative thermal lens signal intensity of TbCl; in
different media. Taken from Tran!3%

Surfactant Solvent (Relative (Relative
intensity)expu intensity)caied

- Water 1 1

- Methanol 10 17

- 1-Butanol 15 21

- Dioxane 22 27
AOT Dioxane 25 27
AQOT n-Nonane 15 28
AOT n-Heptane 21 33
AOT n-Pentane 23 40
AOT Cyclohexane 20 36
AOT CCly 38 47
SDS Water 1 1
CTAB Water 1 1
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in AOT/dioxane (25x; Table 5). These results clearly
demonstrate that the surfactant molecules do not produce
an observable effect on the dn/dT and k values of the
dioxane solution. Additional information can be obtained
from the relative thermal lens signal intensity of Tb** in
AOT/CCl,, AOT/hydrocarbons, and AOT/cyclohexane
reversed micellar systems compared to that in pure water.
It is known that AOT forms its largest reversed micelle
in cyclohexane as the aggregation number, N, in this
solvent is between 45 and 65.13 Medium-sized micelles
can be found in hydrocarbons (N = 25-31) with the CCl,
providing the smallest (N = 17).3 Any micellar effect,
if existent, is expected to provide a larger enhancement
for the medium leading to large-sized micelles, whereas
smaller enhancements are expected for the smaller size
micelles. However, the observed enhancement values are
in the reversed order: AOT/CCl, > AOT/hydrocarbons
> AOT/cyclohexane.

Information of the micellar effect on the thermal
conductivity, k, is relatively scarce and inconclusive. In
the absence of aggregation such as that for AOT in
CCl, without any solubilized water, the surfactant had
no observable effect on k because the k values were
found to be the same with and without the surfactant.13%
Adding water to the solution leads to the formation
of AOT reversed micelles in CCl,.13» The thermal
conductivity of the mixture was found to be dependent
on its chemical composition.3® The results suggest that,
at low solubilized water concentration, the k value for the
mixture is higher than that for the pure CCl, solution.13®
This, according to Equation (16), would result in lowering
of the thermal lens signal intensity. Because the observed
thermal lens signals were, in fact, enhanced by AOT/CCl,
reversed micelles, the reversed micellar effect on the
k value of the solution is very small at low solubilized
water concentration.

Collectively, these results suggest that the effect of the
reversed micelles on the dn/dT and k values of the bulk
nonpolar solvents is rather small. The thermal lens signal
magnitude of Tb*>* in AOT reversed micellar systems
is governed mainly by the thermo-optical properties of
the nonpolar solvent even though the metal ions are
solubilized in the water pool.

4.4.3 Sensitivity Enhancement by Crown Ethers

It was demonstrated recently that by using crown
ethers as the extractant, it was possible to enhance
not only the sensitivity but also the selectivity of
the thermal lens detection of such metal ions as
lanthanide ions.'*¥ This is because crown ether (host)
can selectively form an inclusion complex with a metal
ion (guest) and this complex formation will introduce
the hydrophobicity into the analyte (i.e. metal ion).
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As a consequence, the complex is extracted from the
thermo-optically poor water into a nonpolar solvent
that has relatively better thermo-optical properties. The
thermal lens signal intensity of the extracted inclusion
complexes is expectedly higher than that in pure water.
The selectivity enhancement in this case would depend
on the size selectivity of the macrocyclic host, i.e. the
formation of inclusion complexes between the crown
ethers such as 18-crown-6, 15-crown-5, and 12-crown-4
and the lanthanide ion can only be achieved when the
size of the metal ion is comparable to the cavity size of
the crown ether.!*® For instance, it was shown that by
using 15-crown-5, Nd** ion was extracted from aqueous
solution into organic phase such as ethyl acetate, heptanol,
octanol, 1,2-dichloroethane, methylene chloride, and
chloroform.*3 Compared to that in water, the thermal
lens signal intensity of Nd** was found to be substantially
higher when it was extracted into the organic phase: up to
24-fold enhancement was observed in dichloroethane,
20 x in CHCl,, 18 x in CH,Cl,, 14x,13x and 11 x in
octanol, heptanol, and ethyl acetate, respectively.143

The enhanced selectivity (i.e. selective extraction) was
observed when a series of lanthanide ions ranging from
Pr’* to Er’* were extracted from the aqueous phase
into the organic phase using different crown ethers,
namely, 12-crown-4 (12-C-4), 15-crown-5 (15-C-5), and
18-crown-6 (18-C-6). It was found that only small amounts
of lanthanide ions (between 8 and 12%) were extracted
into the chloroform phase when 12-C-4 was used as the
extracting agent. The low extraction yields were probably
due to the mismatching in the sizes of the crown ether
and the lanthanide ions, i.e. the cavity of 12-C-4, which is
between 1.2 and 1.5 A, was too small to accommodate the
lanthanide ions whose ionic diameters were between 1.76
and 2.02 A.14Y Substantial improvement in the extraction
yield was observed when 15-C-5 or 18-C-6 was used as
the extracting agent. For instance, up to 39 and 41% of
Er** ions can be extracted from the aqueous phase into
the chloroform phase with the use of 15-C-5 and 18-C-6,
respectively. The enhancement in the extraction yield was
probably due to the fact that the cavities of these crown
ethers were sufficiently large (the cavities of 15-C-5 and
18-C-6 were 1.7-2.2 and 2.6-3.2 A, respectively)d4 to
accommodate the lanthanide ions and thus enabled them
to be selectively extracted into the organic phase.

4.4.4 Sensitivity Enhancement by Room Temperature
Ionic Liquids

As described above, nonpolar, volatile organic solvents
(e.g. benzene, hexane, and CCl,) should provide good
media for thermal lens measurements owing to their high
dn/dT and low k values. Conversely, water and polar
solvents are poor media as they have low dn/dT and

high k values. This is very unfortunate because it limits
the utilization of the thermal lens technique as water, in
addition to its nonpolluted properties, is the most widely
used solvent. As a consequence, considerable efforts
have been made either to develop novel solvents that
have better thermo-optical properties than water but do
not produce pollution like traditional volatile organic
solvents. It is expected that room temperature ionic
liquids (RTILs) with their unique properties (nonvolatile,
no vapor pressure, high solubility power, adjustable
polarity) should serve as a greener solvent but with higher
sensitivity for thermal lens measurements.14

Tran and coworkers have successfully demonstrated
that RTILs can be used as attractive and superior solvents
for thermal lens measurements.!4> RTILs are superior to
water as they have relatively high solubility power and, by
judiciously selecting either the cation and/or anion, they
can dissolve many different types of compounds including
polar as well as nonpolar compounds. More importantly,
RTILs provide a relatively better medium for thermal
lens measurements than water. The authors show that not
only do the RTILs offer at least 20 times higher sensitivity
than water but that the enhancement can be appropriately
adjusted by changing either the cation and/or the anion
of the ILs.1* For example, the sensitivity in [BMIm]*
[Tf,N]~ is about 26 times higher than that in water.
It can be increased up to 31 times by changing the
anion to [PF¢]~ (i.e. [BMIm]" [PF,]7) or up to 35
times by changing the cation to [OMIm]* (i.e. [OMIm]*
[TE,N]7). % In fact, the sensitivity of thermal lens
measurements in RTILs is comparable to those in volatile
organic solvents such as benzene, carbon tetrachloride,
and hexane, but RTILs are more desirable as they
have virtually no vapor pressure. As described in the
previous section, the thermal lens technique is particularly
suited as the detection method for microfluidic devices
because it has high sensitivity and small-volume capability
(conventional spectrophotometric technique cannot be
used for such devices because not only does it have much
lower sensitivity but also its sensitivity is proportional
to the pathlength of the sample). The RTILs induced
thermal lens enhancement reported here can, therefore,
be synergistically used in microfluic devices by simply
replacing either water (to enhance detection sensitivity)
or the VOC solvent (to prevent pollution and also to
enhance the sensitivity) with ILs.

4.4.5 Sensitivity Enhancement by Exploiting Unique
Properties of Water

As described in the previous section, the magnitude and
sign of the thermal lens signal intensity were found to
be strongly dependent on the temperature of the aqueous
solution. Depending on whether the measurements are
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performed at temperatures lower or higher than —0.01°C,
the photoinduced thermal lens can have either a positive
(converging) or a negative (diverging) focal length.
At precisely —0.01 +0.04°C, no thermal lens signal
could be observed.3>139 This is because the dn/dT
values of water are positive at T < —0.01 "C, negative at
T > —0.01C, and equal to zero (i.e. maximum refractive
index) at T = —0.01 "C.13>139 This unique characteristic
was exploited to enhance the sensitivity of thermal
lens measurements in water. For instance, the thermal
lens signal of an aqueous solution was enhanced up
to 2.4 times when the temperature of the solution was
increased from +20.0 to +90.0°C.1"3® For thermally
unstable compounds, the sensitivity enhancement was
achieved by synergistic use of the bimodal characteristic
of the thermal lens technique and the temperature effect
on the thermo-optical properties of water. Typically, two
sample cells, one at —7.9°C and the other at +12.0°C,
were placed on both sides and symmetrically about the
beam waist. It was found that the sensitivity of this two-
cell system was 1.80 or (1 + T) time to that of the single
cell (T is the transmittance of the first cell).130)

S CONCLUSIONS

In summary, it has been demonstrated that the advantages
of the thermal lens techniques are not only limited
to their ultrasensitivity but also include other unique
features that no other techniques have, namely, their
small-volume sample capability and their dependency
on thermo-optical properties of solvents. Because of
these unique features, thermal lens techniques have been
very popular as they can be used for measurements and
studies, which is otherwise impossible using other existing
techniques. However, it would be misleading to conclude
this article with the idea that the thermal lens technique
has instrumentally reached maturity and that it does
not have disadvantages and defects. In fact, even now,
the field has not been fully developed. Disadvantages and
defects do exist, and much research needs to be performed
to further improve the selectivity and applicability and to
make it easier to operate and maintain the instrument.
Some of the possible improvements are discussed below.

A light source with Gaussian distributed intensity is
essential for excitation. As a consequence, instruments
that have been developed to date are based exclusively
on the use of laser as the light source for excitation.
Currently, lasers are much more stable and reliable
than those in the early days. Unfortunately, even now,
lasers are not available for the entire UV-visible,
near-, and middle- infrared but rather only for certain
wavelengths or narrow spectral tuning ranges. This
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is unfortunate considering the advantages that the
thermal lens techniques can offer. It is, therefore, of
particular importance that this restriction be removed
or ameliorated. Considerable efforts have been made in
the last few years to address this problem. Of particular
interest is the fiber lasers and optical amplifiers made by
doping fiber with rare earth ions (e.g. erbium-doped fiber
amplifier or EDFA), which were developed recently.149
These lasers are based on the use of fibers doped
with rare earth ions including erbium, neodymium, and
praseodymium as the lasing media.>14%-147 Ag these
lasers are pumped by diode lasers, their sizes are much
smaller compared to those of gas and solid lasers.
However, because fiber as long as several miles can
be used, these fiber lasers can provide output power
in the range of several watts. These features make them
particularly useful for the thermal lens technique, in
particular, for the miniaturized thermal lens instruments.
While it is true that, because of the strong interest in
telecommunication, these doped fiber lasers are currently
available only in the near-infrared region, i.e. 1.3 and
1.5 wm, it is, however, expected that other wavelengths,
especially those in the ultraviolet and visible regions, will
be readily available by doping the fibers with different
ions and/or using nonlinear techniques to double, triple,
and quadruple the frequency. Other recently developed
sources that are attractive in terms of cost are the so-called
superluminescence light-emitting diodes. These relatively
inexpensive LEDs are now commercially available at
many wavelengths in the visible as well as the near-
infrared regions. They are potentially suited as excitation
sources for thermal lens instruments because they can
provide up to milliwatts of CW light, which has a spectral
bandwidth of more than 100 nm.1*® As described in the
previous section, the AOTF can be used to spectrally
tune the wavelength and control the amplitude (i.e. to
keep it constant and to turn off the light completely
to enable the sample to return to its original thermal
state) of the LED. In addition to reducing the cost and
complexity of the instrument, such an AOTF-based LED
instrument is solid state, contains no moving parts, and
is very compact in particular. This undoubtedly would
increase the applicability of the instrument. Other notable
progress includes recent work,® which was described in
recent article, on the use of “hat top” beam profile for
excitation. This work is significant as it enables the use of
non-Gaussian beams for excitation.

ABBREVIATIONS AND ACRONYMS

AA Ascorbic Acid
AChE Acetylcholinesterase
AO Acousto-optic
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AOTF Acousto-optic Tunable Filter

CD Circular Dichroism

CE Capillary Electrophoresis

CEA Carcinoembryonic Antigen

CW Continuous Wave

DABSYL 4-(dimethylamino)azobenzene-4'-sulfonyl
chloride

DAD Diode Array Detector

DHAA Dehydroascorbic Acid

DPC 1,5-Diphenylcarbazide

DTT Dithiothreithol

EDTA Ethylenediaminotetraacetic Acid

ELISA Enzyme-linked Immunosorbent Assay

ET-AAS Electro-thermal Atomic Absorption
Spectrometry

FFAs Free Fatty Acids

FIA Flow-injection Analysis

GC-MS Gas Chromatography-Mass Spectrometry

HLA Human Leukocyte Antigen

HPLC High Performance Liquid
Chromatography

1C Ion Chromatography

IgA Immunoglobulin A

IeG Immunoglobulin G

IFN Interferon

IR Infrared

LCPL Left Circularly Polarized Light

LOD Limit of Detection

NIR Near-infrared

OP Organophosphate

PAR 4-(2-Pyridylazo) resorcinol
PDCA Pyridine-2,6-dicarboxylic acid
PTH Phenylthiohydantion

RCPL Right Circularly Polarized Light
RSD Relative Standard Deviation
THF Tetrahydrofuran

TL Thermal Lens

TLM Thermal Lens Microscope
TLS Thermal Lens Spectrometry
uv Ultraviolet

Vis Visible
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