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Abstract

Mask pattern transferred transient grating, which is a convenient new technique in the class of optical heterodyne detected tran-
sient grating, is applied to photochromic molecule (spiropyran) in 2-propanol solution. The spatial modulations of optical properties
of the material is generated by transferring an ultra-violet light pattern directly from a metal film grating into the sample solution
and detected through the diffraction of a probe beam. The thermal conductivity of the solvent and the diffusion coefficients of the
solute molecules were obtained and compared with the calculated values. This method has many advantages compared to the

conventional techniques.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The transient grating (TG) technique, which is one of
the third order nonlinear spectroscopies, has been a use-
ful and powerful tool for studies in photonics and in
photochemical processes of solutions [1-6]. This tech-
nique has many unique advantages. For example, this
technique is capable of monitoring molecular dynamics
of short lived chemical species in solutions [7-10]. How-
ever, there are several difficulties in this technique. The
diffracted signal intensity (/tg) is given by the sum of
the square of refractive index change (6n; phase grating)
and absorbance change (dk; amplitude grating) induced
by the optical interference pattern. Quadratic nature of
the signal intensity makes the analysis of the signal com-
ponents complicated. Also, contributions of the phase
and amplitude gratings are difficult to separate from
each other. Another difficulty of this technique is its
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weak signal intensities, so that a highly sensitive optical
detection technique has been required.

In order to improve these difficulties, the optical het-
erodyne detected transient grating (OHD-TG) has been
devised [11,12]. In this technique, a local oscillator field
is mixed coherently with a signal field on a detector. The
local oscillator enhances the signal intensities up to a
factor of 100, and 6n and 8k can be separated by
controlling the phase difference (A¢) between the local
oscillator and the signal. Moreover, it has a linear rela-
tionship between the signal intensity and on (or 6k).
However, the experimental setup of the OHD-TG is
more complicated and difficult. A primary difficulty is
to keep the phase stability between the local oscillator
and the probe beam. A new simple OHD-TG setting
has been reported [13-16] using an optical diffractive
element to achieve sufficient phase stability. Terazima
[17,18] reported the much improved and simple setting
of the OHD-TG by using a tilt angle controlled neutral
density filter to control the relative A¢ by changing the
light path length. Katayama et al. [19-21] developed a
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lens-free OHD-TG technique by using a transmission
grating structure in a 3 mm glass.

Recently, we have reported [22] the mask pattern
transferred transient grating (MPT-TG) technique,
which is a convenient new technique of the OHD-TG
class with a metal film grating fabricated in our labora-
tory. We also showed that this technique is well applica-
ble for highly sensitive molecular detection for micro
fluidic devices [23]. In this Letter, this technique is
applied to study the chemical reaction and molecular
dynamics of photochromic molecule (spiropyran) in
2-propanol solution.

2. Method

Fig. 1a shows the pump and probe beams alignments
for typical OHD-TG technique. Two pump beams
(intensity: I,, wavelength: A.) are crossed with angle
(0.) to make optical interference pattern (optical grating,
dI) at the sample. The fringe spacing (A) of the optical
grating is given by A = A./2sinf,. After that, on and
dk of the solution are also modulated along the optical
grating. Both modulated 6n and 3k behave as diffraction
gratings and can be detected by the first order diffracted
beam of the probe beam (intensity: /,,, wavelength: 4,).
In order to enhance the diffracted signal intensity (),
the signal is superimposed to the reference beam (/)
which provides a local oscillation field. As shown in
Fig. 1a, four laser beams (two pump beams, a probe
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Fig. 1. Pump and probe beams alignments for (a) traditional optical
heterodyne detected transient grating (OHD-TG) technique and (b)
the present mask pattern transferred transient grating (MPT-TG)
technique.

beam, and a reference beam) must be tuned one by
one in order to focus at the same spot in the sample.
Two pump beams must be controlled by an optical delay
to maintain coherence. Thus the optical alignment of
this technique is very complicated and difficult. More-
over, probe beam and reference beam must be tuned
to keep A¢ stable. These tunings are tedious and
unstable.

In contrast, Fig. 1b shows a schematic diagram of
MPT-TG technique, which is both simple and stable
by inserting a metal grating, eliminating one of the
pump beams and the redundant /. input. The tunings
of delays or angles of these beams are not required,
while it has the same advantage of the usual OHD-
TG. The grating pattern is thus transferred from the
metal film to the sample solution such that a similar
optical grating is created. More details of the pattern
transfer are shown in Fig. 2. At the bright region, many
molecules are excited and chemical products are gener-
ated by this photochemical reaction. Therefore, molecu-
lar concentrations of chemical products are also
spatially modulated (concentration grating, §C). Tem-
perature in solution is also spatially modulated (thermal
grating, 87) by the energy released though nonradiative
relaxation from the excited molecules. Both 3C and 8T
contribute to induced 6n and &k. Further simplicity of
this optical setting is that two types of the diffracted pat-
terns are generated from the probe beams, namely dif-
fraction from the metal grating and that from the
transient grating. The former is an invariant diffracted
light whereas the latter is variable since all 8C, 37, on,
and Ok are functions with time (f) and space (x). The
invariant beam acts as a reference beam (/;) to provide
a local oscillation field and enhances the variable signal
beam (/) by orders of magnitude. The conditions requi-
red for heterodyne detection are automatically satisfied,
since both beams have completely the same originality,
position and direction. In this setup, A¢ is decided only
by the thickness of the metal grating. Therefore, the
phase stability of this setup is excellent contrasted to
the tuning difficulty and the unstable A¢ that characte-
rize the usual OHD-TG.

3. Experimental

The experimental setup of the MGT-TG has already
been published elsewhere [22,23]. A frequency-tripled
Nd:YAG laser (Ao =366 nm, I, = 0.3 mJ/pulse) and a
cw-He-Ne laser (4, = 633 nm, I, = 0.05mW) are used
as the pump and the probe beams, respectively. The
pulse width and repetition rate of pump beam are
10 ns and 10 Hz, respectively. Both pump and probe
beams are focused by a lens on the sample solution.
The pump beam is not tightly focused (spot size ~ 1 mm)
on the sample to avoid any multiphoton process, higher
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Fig. 2. Schematic diagram of the permanent metal grating and induced spatial modulation of light intensity. Spiropyran molecules were photoexcited
and transformed from merocyanine form (MF) to spiro form (SP) along the bright-dark pattern.

order reaction, or transient lens contribution [17,18].
Two types of diffracted signal 7. and I are isolated from
pump beam with a pinhole and a glass filter and detected
with a InGaAs photodetector. Time profiles of the sig-
nals were measured with a 100 Hz digital oscilloscope.

To make a metal grating, chromium layer (100 nm)
was deposited by the vacuum evaporation on the quartz
substrate. A fine grade photo resist was deposited on a
Cr layer by spin coating. Micrometer-scaled pattern
are written by the lithography of a direct writing laser.
Finally, metal grating structures are engraved by chem-
ical etching. The grating period is 4 =9 um.

Sample solution used is spiropyran [1/,3’,3'-trimethyl-
8-nitrospiro (2H-1-benzopyran-2,2’-indoline)] in 2-pro-
panol. The concentration is about 5 mM. Photochemical
reaction scheme of this molecule is shown in the bottom
row of Fig. 2. The excited molecules produce colored
isomer (merocyanine form; MF) while the ground state
(spiro form, SF) is transparent at the probe wavelength.
That is the reason why this molecule is called photocho-
mic molecule. The spiropyran (Eastman Kodak) was
purified by recrystallization. Spectroscopic grade solvent
2-propanol is used as received.

4. Results and discussion

Fig. 3 showed the time profiles of the TG signals in
microsecond time scale (a) and millisecond timescale
(b). The dashed line in each figure is the signal intensity
of the reference beam (I;). After excitation, the dif-
fracted beam intensity rose rapidly and decayed with
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Fig. 3. Time profiles of the diffracted signals (TG signals) in
microsecond timescale (a) and millisecond timescale (b). The dashed
lines denote the initial intensities of the reference beam (I;).
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microsecond timescale. The signal decayed lower than
base line (¢ = 0). This negative signal component decays
with millisecond timescale and tends to the baseline
finally. The total signal intensity (/o)) 1S given by [12,
15-19]

Towi (t) = I + 2a[y® (t) cos A + 1" (1)
x sin A@)Lel, + 7% () P12, (1)

where 5(¢) and y®(¢) are the real part and imagi-
nary parts respectively of the third order nonlinear
electrical susceptibility »*)(7), and a is a real constant.
The third term indicates the TG signal with usual hom-
odyne detection and is negligible because y** in solu-
tion should be very small. Thus, only the second
term of Eq. (1) indicates [, and this provides a large
enhancement of the signal intensity and a linear rela-
tionship between the output signal and y*. Obtained
time-variable signal is the TG signal (Itg(z)) corre-
sponding to the second term of Eq. (1). In this case,
73(1) and V(1) are equal to dn(r) and 8k(¢) induced
by the transient grating, respectively. Thus, the second
term of Eq. (1) can be written by

It (f) = Sn(f) cos A + ASK(r) sin Ag. )

The origin of the fast decayed positive signal and the
slow decayed negative signal observed in Fig. 3 should
be different. As mentioned above, thermal grating (7))
and concentration grating (6C) can contribute to the
signal time-profile. These contributions are given by
the following relationships [9

[ 6

)2 <c>
Sk = Kg’;) % ]BT
N [(g_ﬁ)cg_g (35) Joc ob)

where p is density of the solution. Since both Egs. (3a)
and (3b) are linear, the relationship between Itg()
and 67, dC should be also linear. By solving diffusion
rate equations, the space and time behavior of both
0T(x,t) and 8C(x,?) can be obtained as exponential
functions. Therefore, the following relationship is
obtained:

It6(t) = aToexp(—Drq’t) + BCo exp(—Dcq’t), (4)

where Dt and D¢ are the thermal diffusion coefficient of
solution and concentration diffusion coefficient of solute
molecule, respectively, o« and f are constants. Ty and C
are the initial values of the raised temperature and
excited molecular concentration just after excitation

(t = 0). ¢ is the grating constant described by the grating
period (A) as ¢ = 2n/A. Thus, time-profiles of the TG
signals are predictable from this equation. Usually ther-
mal diffusion processes are much faster than concentra-
tion diffusion processes (D> Dc) in solutions.
Therefore, the fast and slow decay components in
Fig. 3 should be attributed to the thermal and concen-
tration gratings components, respectively. It explains
why observed thermal grating signal has positive sign
whereas, the concentration grating signal has negative
sign.

In this case, thermal grating only contributes to 6n,
and (0n/0T), term in Eq. (3a) is negligible. Also, (On/
0p)1(0p/0T) <0 should be satisfied because solution
densities generally decrease with increasing of tempera-
ture. Thus, dn(f) in Eq. (2) should have negative sign
when observed thermal signal has positive sign. This
suggest that cos(A¢) < 0 in Eq. (2). On the other hand,
the concentration grating in this solution mainly con-
tributes to dk because MF has large absorbance at the
probe wavelength (633 nm). In contrast, the contribu-
tion of SF is negligible because the absorption band of
SF is located at UV wavelength region. This fact has
been reported using homodyne [24,25] and heterodyne
[18] detected TG technique. Since molecular absorbance
has positive sign, 6C(¢) in Eq. (2) should have positive
sign while observed thermal signal has negative sign.
This suggest that sin(A¢) < 0. Therefore, it is concluded
that 180° < A¢ <270°. The metal grating provides a
permanent amplitude grating, which has 180° phase dif-
ference to the transient amplitude grating. The low
absorbance regions of the metal grating (window) corre-
spond to the high absorbance regions of the transient
grating, because MF molecules were generated at these
regions by the photochemical excitation. The other
phase shift should be due to the optical pass length dif-
ference provided by the 100 nm thick metal grating film.
This phase shift ranges between 0° and 90°, which seems
reasonable because metal film thickness (100 nm) is
smaller than 1/4 of the probe wavelength (633 nm). By
changing the metal film thickness, on(z) or 6k(¢) can be
clearly separated with A¢ =0°, 180° or 90°, 270°,
respectively. The controlling of A¢ is also available by
the previous techniques [13-21], however, A¢ was very
unstable. By using our technique, A¢ is almost perma-
nently stable and still easy to control.

Since the decay time-scale of 7" and 6C are so differ-
ent, each decay profile can be fitted by a single exponen-
tial function. Fig. 4 depicts the semi-log plot of the
corresponding time-profiles of 67(¢z) and dC(t). Each
profile shows a good exponential decay and the straight
lines are fitted lines. By each signal decay rate, Dt and
D¢ are obtained as Dr=7.1+0.5x10"%m?s™! and
Dc=30+02%x10"""m?s™". Dr can be calculated
by the thermal conductivity (x), heat capacity (Cp),
and p as Dr = k/pC,. The calculated value of Dt of
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Fig. 4. Semi-log plots of the TG signals in microsecond timescale (a)
and in millisecond timescale (b). The straight lines are best fits.

2-propanol is Dt = 6.8 x 108 m? s~'. The experimentally
obtained D value is very close to the calculated value.
D¢ of MF in 2-propanol was previously obtained by the
homodyne TG technique as Dc=2.7x10"""m?s™!
[25]. This value also agrees with D¢ obtained by
MPT-TG here. Theoretically, concentration diffusion
coefficients are given by the following Stokes—Einstein
equation with solute molecular radius (r), solvent vis-
cosity (1), Boltzmann constant (kg), and 7.

Dy = 2L (5)

anr

where a is the constant which denote a boundary condi-
tion between solute and solvent. This depend on the
molecular size/shape, solvent structure, and solute-
solvent interaction, etc. and usually ranges between 4n
(slip boundary) and 6x (stick boundary). The calculated
Dsg values with slip and stick condition are 3.8 x
107" m?s™" and 2.5x 107" m? s', respectively. The
obtained D¢ value by MPT-TG is rather close to Dgg
with stick condition. This fact has been already reported
elsewhere [18,24]. The MF of spiropyran has large di-
pole moment due to the intramolecular charge separated
feature as shown in Fig. 2. This property causes a strong
intermolecular interaction with polar solution molecules
such as 2-propanol [25]. Such strong interaction would
bring a stick boundary condition between solute and

solvent. Accordingly, we concluded that both the ob-
tained Dt and D¢ values are reasonable.

5. Conclusion

We used the MPT-TG technique for spiropyran in
2-propanol solution to observe the chemical reaction
and molecular dynamics. We measured Dt and D¢ val-
ues by the time-profile of the TG signal. Both observed
values are in good agreement with the calculated value
or and previous reported value. The MPT-TG tech-
nique has the same advantage to the usual OHD-TG
techniques such as high sensitivity, well analyzable,
and linear relationship of signal intensity vs. #*.
Moreover, this technique’s merits also include a very
simple setting, easy alignment, and excellent phase sta-
bility. Also A¢ should be controlled accurately by
changing the metal grating thickness. The MPT-TG
technique is expected to find broad applications in
physics, chemistry, material, and biological study.
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