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Circular Dichroism Spectroscopy by Four-Wave Mixing Using Polarization
Grating-Induced Thermal Gratings
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A novel four-wave mixing technique for the measurement of circular dichroism in optically active liquid
samples is demonstrated. When two cross-polarized continuous-wave laser beams are crossed at a small
angle in a circular dichroic liquid, a weak thermal grating is produced with a phase depending on the sign of
the circular dichroism. The polarization of one of the beams can be modified to allow coherent interference
with an intensity grating-induced thermal grating. A probe beam scattering from the composite grating results
in a coherent signal beam that reveals the sign and the magnitude of analyte circular dichroism. The use of
this technique to optimize the signal-to-noise ratio in the presence of scattered light and laser noise is discussed.

Introduction geometry and were able to make sensitive CD measurements
by employing a Pockels cell for polarization modulation.

In this paper we investigate the use of a continuous-wave
laser-based four-wave mixing technique to detect circular

The laser has played a revolutionary role in the advancement
and the development of modern optical diagnostic methods. It
has improved many conventional techniques, while aiding in '© - S ) A i
the creation of entirely new diagnostic practices that are only dichroism of liquid samples using polarization gratifgs
possible using the laser light. An important example of a new 2ddition to thermal gratings. The DFWM signal is produced
technique is four-wave mixing (FWM), also commonly referred PY Scattering of a probe laser beam from the effects of a thermal
to as laser-induced grating spectroscopy (LIGSjour-wave grating in t_he samp_le induced by periodic variations in absorp-
mixing has proven to be a powerful tool for probing the chemical tion in the mtersectlon_vo!ume of two coherent excnatlon_lasgr
and physical properties of numerous different sample types. A P@ms. When the excitation beams are of the same polarization,
particularly useful technique is degenerate four-wave mixing @ intensity modulation is produced at their intersection, and
(DFWM) which has been demonstrated as a sensitive analytical2"Y OPtical absorption results in a thermal grating. When the

spectroscopic methdih many different environments, includ- ~ €Xcitation beams are cross-polarized, however, only the polar-
ing low-pressure hollow-cathode discharge c&tfs,flame ization is modulated at their intersection, and there is normally

atomizer$° and liquid flow cellsl®l! In the gas phase, sub- O thermal grating produced. In samples that exhibit circular
Doppler spectral resolution allows hyperfine structure measure- dichroism, a weak thermal grating is produced even with cross-
ment and stable isotope ratio analysis at trace concentrationP0larized beams because the absorption is polarization depend-
levels? For condensed-phase analytes, attomole-level detection€Nt: Nonchiral samples do not produce such a signal. As
sensitivity has been obtained using continuously flowing liquid described later, the polarization of one of the cross-polarized
cells12 Two-color variants of DFWM have been used for gas- beams can be modified to allow coherent interference with an

phase excited-state spectroscébiftfor measurements of small ~ Ntensity-grating-induced thermal grating. A probe beam scat-
absorptions in liquid4s16 and for the study of molecules in  t€ring from the composite grating results in a signal beam that
free-jet expansions. These methods offer unique advantages reveals the sign and the magnitude of analyte circular dichroism.

over many conventional optical spectroscopic techniques includ- Récently, a pulsed laser cross-polarized LIGS exp;lir(i?:nent for
ing excellent laser-limited spectral resolution, convenient and CD detection was demonstrated in a letter by Terazimén

efficient optical signal collection on a virtually “zero” back-  OUr report, the use of a continuous-wave laser-based FWM
ground, and excellent detection sensitivity. technique to optimize the signal-to-noise ratio in the presence

Taking advantage of these unique features, Nunes and®ong of scat_tered light and Iaser_amplitude_ noise is discussed. The
reported a DFWM technique to measure circular dichroism Potential advantages of using a continuous-wave FWM tech-
(CD), the differential abSOfption of right- and left-handed nique to make CD measurements aS. Co_rnpared tO conventional
circularly polarized light that chiral molecules exhibit. Circular €D methods and the potential applications for time-resolved
dichroism spectroscopy is an optical method for analyzing the €D SPectroscopy using pulsed lasers are also discussed.
chirality of molecules. It has become the method of chice
over polarimetry and optical rotary dispersion for the study of Background
inorganic and organic molecular structural configurati$tthe Circular Dichroism. CD is defined as the difference in
study of conformational properties of proteffisand the  apsorbance of left circularly polarized light (LCPL) and right

analytical detection of optically active substan&&$* Nunes  circularly polarized light (RCPL). The absorption-based CD
and Tong demonstrated the first CD measurements based on &jgnal can be described in terms of molar absorptivities for

forward scattering degenerate four-wave mixing (F-DFWM) | CPL and RCPL as
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E +1 cell is sufficiently short (i.e., 0.5 mm), and hence, the probe
beam can be directed into the sample at any angle as long as it
is overlapped with the grating excitation beams. This Raman
Nath or “thin-grating conditior?® produces scattering of the
02 B 4 probe beam into multiple diffraction orders, one of which is
o E directed into the photodetector.

Thermal Grating. A thermal grating can be generated when
two laser beams are crossed at a small angle inside an absorbing
liquid. Crossed beams with the same linear polarizations create
E +1 an intensity pattern (i.e., an intensity grating) in the crossover

S region of the two beams. The pattern resembles a conventional

diffraction grating composed of light and dark interference
fringes. This intensity modulation can be imprinted on the
absorbing medium in the form of a thermal modulation or
“thermal grating” that is spatially coherent with the intensity
pattern. Absorption and subsequent radiationless relaxation in
the sample produces a thermal grating with higher temperature
fringes aligned with the higher intensity fringes in an intensity
1 grating. The temperature fluctuations result in corresponding
Es spatial modulations of refractive index which act as a phase

Figure 1. Two- and three-dimensional representations of the four- grating® It 'S_th's_ SPa“a”y nonuniform refraCt'V? index that
wave mixing geometry used in the experiment. The two pump waves, Scatters the impinging probe laser beam. This process for
Ep and By, are in the same plane, and they have crossed polarizationsparallel polarizations is depicted in Figure 2a, where the top
with respect to one another. The thin grating scatters the probe beamportion shows the resultant grating electric field and the bottom
Eprobe into two signal beams, B and E's. section represents the thermal response by the absorbing sample.

wheree_ and ez are the molar absorptivities for LCPL and ~ When the same crossed input beams have perpendicular linear
RCPL, respectively, ande is the differential molar absorptivity. ~ Polarizations, a very different situation arises. No longer can
Equation 1 can be related to conventional absorbance measurethe two beams interfere to form an intensity pattern. Since there

ments by substitution into the Beetambert law, is no generated intensity pattern, there can be no intensity-
grating-induced thermal grating. This is easily demonstrated

AA=A — Az = AebC= ¢ bC — ezbC (2 experimentally by rotating the electric field polarization of one
the pump beams in a thermal grating experiment b, 9bhe

whereb is path length (cm)C is concentration (M)A. andAr observed scattering signal is completely quenched when the
are the absorbance for LCPL and RCPL, respectively,®d  pump polarizations are exactly orthogonal.

is the differential absorbance.
Four-Wave Mixing. FWM is a process that can, among
other ways, be described in terms of the creation and scattering

from laser-induced gratmgis_.. T_he spatlz_ally (and po_ssmly interference pattern shown at the top of Figure 2b describes
temporally) modulated electric fI§|d resultlng from the interfer- how the resultant electric field in the pump beam crossover
;ehnce li[)_etv;/een tWt(.) crofssed 3?(0“6‘“2” or plu.mp beaTSdaﬁﬁCtsregion changes in polarization, but not in magnitude across one

€ optical properties of a medium. A signal Is generated wnen grating fringe. The polarization changes from right circular to
a third probe beam is diffracted from the modulation grating

induced by th b This | iall ful | linear, then to left circular, back to linear (96hifted), and back
Induced by the pump beams. IS IS especially useiulin cases,, right circular. In between these polarization states are the

Whe.re thermal gratings are the Important mechgmsm, as theycorresponding transitional elliptical polarizatiof¥s.Thus, a
are in the present work. . The re'a"OF‘ 9.f the grating piciure to “polarization grating” superimposed upon an absorbing chiral
that of the nonlinear optical susceptibility has been dlscussedCompounol exhibiting circular dichroism results in a thermal
by Meyers and Hochstra}s§éand Fourkas et & Meyers and . grating (Figure 2b, bottom) that is produced by the differential
Hochstrasser reported time-resolved four-wave mixing experi- absorption of right and left circularly polarized light (CPL). This
ments for the st_udy of ground_— and exmt«_ed-stat_e molecular can be illustrated as follows. Consider an optically active
rotatlona_l dynar_mcs, where the induced optical anisotropy acts sample that possesses a negativaalue; i.e., it absorbs RCPL
as a grating to diffract the probe pulse and create a signal flulse. more than LCPL. Figure 2b shows the difference in absorption
In this paper, we report a mechanism in which the signal aCross one grati.ng fringe (i.e., frome= 0 tox = d), and it is

component of Interest resglts from tberm_al grating that apparent that at = 0, where the electric field polarization is
ordinarily does not exist using cross-p_olarlged pump beams, RCP, there is maximum absorption by the sample x Atd/2,
uniess the sample exhibits circular dichroism at the pump here the electric field polarization is LCP, there is a minimum

Wa}l\_/ﬁlength, as dfslcrlbed btelow. din thi Kis depicted i in the sample absorption. Finally at= d, the polarization is
Ei € iXp_?_”menl‘? ge(ime r)t/ ltj.se Im ';’ wor 'Sf eplcle I?h again RCP, and the sample absorption is again at its highest
igure . Two coherent excitation 1aser beams of waveleng point. This differential absorption results in a nonuniform

Aexintersect at an angle. The laser-induced grating modulation spatial temperature distribution, i.e., a thermal grating. This

at the intersection is transverse to the excitation beams and ha?hermal grating, although weak, can still generate a relatively
a spacing given by strong DFWM signal detectable with a photomultiplier tube.

d=1,/2 sin@/2) (3) Further study reveals that the polarization of one the beams

can be modified to allow coherent interference of a CD-induced
The direction of the probe laser is typically determined by thermal grating (CDTG) with an intensity-grating-induced
phase-matching conditions. The path length through the samplethermal grating (IGTG). It is important to note that a CD-
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CD-Induced Thermal Gratings. There is, however, a way
in which cross-polarized laser beams can produce a thermal
grating in a liquid that exhibits circular dichroism. The
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Figure 2. Relative phases of gratings relevant to this experiment. (a)
Pump beams with parallel polarizations create an intensity grating; i.e.,
the resultant electric (top portion) field varies in intensity across the
grating. In an absorbing medium, a thermal grating (lower) is formed.
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(b) Pump beams with crossed polarizations create a polarization grating

where the resultant field varies in polarization, but not in intensity across
the grating. In a chiral sample, this polarization grating gives rise to

a CD-induced thermal grating where the grating peaks and troughs

correspond to the different circular polarizations across the polarization
grating fringes. Note that the intensity-induced thermal grating and
the CD-induced thermal grating are®9ut of phase.
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Figure 3. Phase representation of circular dichroism-induced thermal
grating (CDTG) and intensity grating-induced thermal grating (IGTG)
interference. (a) Polarization grating shown in an electric field
representation with only the circular portions drawn (top) and an optical
field representation (lower). (b) A normal (i.e., unshifted) intensity
grating is 90 out of phase with the polarization grating. (c) A°90
phase-shifted intensity grating will produce a thermal grating that will
interfere with a CDTG. A sample with a positivee will result in a
grating that destructively adds to the phase-shifted IGTG. A negative
Ae results in constructive interference. (d) An oppositely phase-shifted
IGTG reverses the resulting interferences for the different samples.

induced thermal grating is 9@i.e., d/4) spatially phase shifted
relative to an intensity-grating-induced thermal grating as shown
in Figure 2. The direction of the shift depends on the sign,
positive or negative, ofAe of the particular sample under
investigation. IfAe has a positive sign, the sample absorbs
LCPL more than RCPL, and the absorption maxima will thus
be at the LCP regions of the polarization grating. Al is
negative, the opposite is true. By introducing & $hase-

J. Phys. Chem. A, Vol. 101, No. 18, 1993281

4.00 7
| Quarter-wave
\ Plate Rotation
:‘ (+)sample 1
300~ - - - - r\,,,, Lo
L |
4 00 WA W S A
= A\ |
2 004 v\ R
1% o |
1. . R W W
S 1
100 - - - - R
4---- N . ‘
0.00 q 1 1 ¥ 7
-0.02 0.00 0.02

Rotation (radians)

Figure 4. Theoretical plot of the average FWM signal vs quarter-
wave plate rotation for aff) and () chiral sample. Depending on
the sign of theAe value, a minimum occurs in the signal when the
rotation is at® = Aele.

shifted IGTG of the correct magnitude, it is possible to
coherently interfere both thermal gratings in the sample.

This process is schematically depicted in Figure 3. Two
representations of a polarization grating are shown in Figure
3a. The top section is an electric field picture similar to that
shown in Figure 2 with only the circular portions drawn, and
below that is an optical field representation. The optical field
drawing conveniently shows the spatial transition between the
left and right circular polarizations across the grating. Figure
3b shows how the introduction of a normal (i.e., no phase
shifted) IGTG is out of phase with the polarization grating.
However, if an IGTG that is 90phase shifted is added, as
shown in Figure 3c, the two gratings are now correctly
positioned to interfere. In a situation where a chiral substance
that has a positivae (i.e., more absorption of LCP than RCP)
was under investigation, this IGTG would destructively interfere
with the corresponding CDTG. |If the correct amplitude of
IGTG is added, a complete grating cancellation would occur,
and the scattered signal will disappear. In the case of a chiral
substance with a negativ&e, constructive interference occurs,
causing the signal to increase in intensity. Figure 3d shows an
IGTG profile for an opposite phase shift.

Experimentally, the described interference processes can be
achieved by placing a quarter-wave retarder in one of the
excitation pump beams and slightly rotating it. It can be
showr?? that this rotation is directly related to the ratio of the
sample’s circular dichroisn\g) to the overall average absorp-
tion coefficient €) such that

Q= Dele 4)

whereQ (in radians) is the amount of quarter-wave plate rotation
required to minimize the signal.

Figure 4 is a theoretical plot of the average signal vs rotation
for a (+)/(—) chiral sample. Depending on the sign &€, a
minimum occurs in the signal when the rotation it Ae/
€. In the present work, these minima are experimentally
determined for separate enantiomers of a chiral substance and
compared to calculated values.

Experimental Section

The four-wave mixing experimental arrangement is shown
in Figure 5. Gratings are formed using a single-mode CW argon
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Figure 5. Four-wave mixing circular dichroism experimental setup.

ion laser (Spectra Physics, Model 171) operating at 488 nm.
The laser output is split into two beams using a 50/50 beam
splitter and recombined at the 0.5 mm path length liquid flow

Nunes et al.

TABLE 1: Theoretical and Experimental Results of
Circular Dichroism Measurements Using Circular
Dichroism-Induced Thermal Gratings

theoretical values experimental values

dissymmety rotation dissymmety rotation
sample ratio angle, deg ratio angle, deg
(+)-Co(en¥*t 7.4x10° +0.41 5.1x 1073 +0.4
(—)-Co(en}** —7.4x10° -041 6.2x 1073 -0.5

ties, since this ratio is immune to day-to-day experimental
variations (e.g., laser power, optical alignment, etc.). Ratio
comparison between chiral and nonchiral samples is the superior
method to verify that the scattered signals truly result from
circular dichroism effects and not from polarization impurities.
When the input pump beams have parallel linear polarizations,
strong equally intense FWM signal beams are observed for the
three equivalently concentrated Co(£n) samples. These
signals are expected to be identical for these solutions, since
the resultant field in the beam crossover zone that creates the
intensity-induced thermal grating has an unvarying polarization.
However, when the two argon ion laser pump beams are crossed

cell. One of the two pump beams passes through a mechanicaP?larized, the results are different. In this case, a polarization

chopper, operated at a frequency of 250 Hz that is part of the

amplitude modulation scheme for lock-in detection of the signal,
and then through a calcite polarizer to ensure “pure” linear

grating is formed where the resultant field across the grating
changes in polarization as described earlier. When these three
samples are probed in this configuration, signal beams are

polarization. The other beam passes through a calcite polarizeroPServed only for the+)-Co(en)** and (-)-Co(en)*" solu-

and a half-wave plate that is used to control the type of grating

that is prepared in the sample solution. When the wave plate

crystal axis is aligned with the beam polarization axis, there is
no polarization rotation, and hence, both beams have paralle
polarization. With this configuration an intensity grating is
formed in the sample. When the wave plate is rotate tte

tions. As expected, no signal is detected for the racemic
mixture. Also tested are samples of CoSdd CoC). These
compounds absorb similarly to Co(gH) at the 488 nm argon

jion laser excitation wavelength, but they are not optically active.

Strong FWM signals are observed for both samples when the
pump beam polarizations are parallel, but as expected, no signals

beams are cross-polarized and a polarization grating is generatec®'® detected for perpendicularly polarized pump beams above

A 1.5 mW He-Ne laser operating at 632 nm is used as the
probe laser. The HeNe probe beam is introduced below the

plane occupied by the argon ion laser pump waves, and it is

diffracted by the grating into two signal beams. One of the
red-diffracted beams is passed through a blue color filter, a 25
mm pinhole, and a 632 nm laser line filter and finally directed
to a PMT for detection. The amplitude modulated signal is
sent to a lock-in amplifier that is frequency referenced to the
mechanical chopper. The demodulated signal is recorded on
chart recorder and digitized by a personal computer.
Optically active {+)- and ()-tris(ethylenediamine)cobalt-

(1l complexes, {+)-[Co(en}]ls and )-[Co(en}]ls, are syn-
thesized and prepared using standard metBbdRacemic
mixture solutions of these enantiomers are also prepared. All

solutions are prepared using a water:ethanol solvent mixture

(2:1 by volume) and used immediately after preparation.
Nonoptically active samples of Cog@nd CoC} are also
prepared and used as standards. All solvents are filtered befor
use (0.2 mm).

Results and Discussion

Circular Dichroism Signal. A half-wave plate in one of
the input pump beams allows selection of the type of grating

a

the scattered optical noise for these compounds with no optical
activity.

Table 1 compares calculated and experimental dissymmetry
ratios,Aele, for the two Co(erng™ enantiomers. The calculated

p'atios are determined using= 81 andAe = 0.6 L cnmimolL.

Both these values are experimentally measured for the solutions
of Co(en}** using commercial UV-vis absorption and CD
spectrometers. The experimental dissymmetry ratios are de-

termined using
Ac (Sg)l’?
\s

€

(5)

where &5 and §; are the signal intensities for perpendicular

(polarization grating) and parallel (intensity grating) polarized
pump beams, respectively. As shown in Table 1, the theoretical
and experimental values are in good agreement. The discrep-

ancy between the experimental and theoretical results can be

attributed primarily to the difficulty involved in measurirgy.
Since this signal is very small, it is often eclipsed by stray probe
laser light. The use of micropinhole spatial filtering can
overcome this problem effectively and allows the signal to be
measured more accurately.

Direct Determination of Ae/e by Grating Interference. As

that is generated in the sample, either intensity, polarization, or described earlier, it is possible to distinguish between different
a combination of the two. Data collection consists of monitoring enantiomers by “mixing” a CD-induced thermal grating and an
the signal intensities for different samples while changing intensity-induced thermal grating. In our experiments the
between gratings (i.e., rotating the half-wave plate). The ratio intensity grating is produced by placing a quarter-wave retarda-
of the signal intensity from the polarization grating scheme (i.e., tion plate in one of the pump beams. With the pump-beam
crossed pump polarizations) and the signal intensity from the polarizations crossed and the quarter-wave plate inserted with
intensity grating scheme (i.e., parallel pump polarizations) is its optic axis parallel to the pump polarization, the FWM signal
the main focus for each individual sample. This ratio is more remains essentially unchanged. Upon a small rotation of the
meaningful than comparing polarization grating signal intensi- wave plate in one direction, the signal intensity drops to the
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