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sign of (y-x_.) for aziridines.

In summary, values of (y,-x.) for the Siw;;Co com-
plexes of aziridine derivatives have been found to be po-
sitive by analysis of the isotropic NMR shifts, while that
for the SiW;;Co complexes of pyridine derivatives is ne-
gative. This result indicates that the ordering of d,, and d,,,
d,, orbitals in SiW,;Co complexes can be reversed by li-
gands.
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The nature and analysis methods of complicated decay profiles found in forced Rayleigh scattering (FRS) have
been investigated for the probe diffusion of methyl yellow in 2-propanol. The complementary shifted and
ground state grating effect, which is known to be the origin of non-single exponential decays, was analyzed by
non-linear regression fitting to a double exponential model function. We confirmed that the parameters were
highly correlated so that it was difficult to extract a unique set of parameters in the presence of experimental
noise. Nevertheless, a reasonable range of decay time constants could be estimated from the grating spacing de-

pendence.

Introduction

Recently the forced Rayleigh scattering (FRS) technique
has been widely used for the study of mass diffusion in vari-
ous media.""® The technique measures the decay of the
light intensity diffracted from a periodic concentration grat-

"Current address: Taedok Institute of Technology, Yukong Ltd.

ing created by the illumination of an optical fringe pattern
within a sample containing an appropriate photoprobe. In
order for the concentration grating to diffract light, the pho-
to-reaction product (shifted state) must possess different opt-
ical properties from the unshifted state either in absorptivity
(amplitude grating) or in refractive index (phase grating), or
both.'-** If the transient sinusoidal concentration profile de-
cays with a single relaxation time constant, the diffracted



Analysis of Complex FRS Signal

optical field decays exponentially and the diffracted light in-
tensity is

Id =[A exp(_t/1)+Broll]2+Bin( (l)

where 1, B, and B,, are the decay time constant, coherent
background and incoherent background, respectively. The
decay time constant T is a function of the probe diffusivity
and the shifted state lifetime so that information on the dy-
namics of the photoprobe can be obtained. If the photo-
probe is bound to a macromolecule of interest, one can ob-
tain the diffusivity of the macromolecule.'*"®

However, deviations from single exponential decays have
often been observed; such deviation is ascribed to the diff-
erence in the diffusivities of the opticaily shifted and un-
shifted state photoprobe.***"* Under these circumstances,
the time-varying diffracted intensity has been analyzed by
the following model function,

L,()=[A, exp(—1/1)~A, exp(=t /1)) + B, P +B,, @

coh

where T, and T, are the respective decay time constants of
two complementary gratings, and A, and A, represent the
amplitudes of the optical fields diffracted from each com-
plementary grating. If the two decay time constants are
identical, the single exponential decay of eq. 1 is obtained.
If two decay time constants are different, the decay profile
departs from a single exponential to two limits, growth-de-
cay (GD, for the case of 1)/T.>A /A, >1 or T)/T, < AJA; <
1) and decay-growth-decay (DGD, for the case of Aj>A,,
T,<T, or A <A,, T,>T,) signal.'*"*

With inherent noise existing in the decay signal, it is dif-
ficult to find a unique set of A's and t's from a nonlinear re-
gression curve fitting to eq. 2 since the parameters are high-
ly correlated.**""7 Recognizing the difficulties inherent in
the nonlinear fitting methods, Park et al.'® and Spiegel et al.”®
proposed methods to obtain the mean decay time constants
from nonmonotonic decays, although these methods cannot
provide fully satisfactory solutions. Meanwhile, fitting to
the double exponential model function has been pursued
with little attention to possible pitfalls, and we feel that a
more critical evaluation of the analysis method is desirable.
In this work, we selected simple dye/solvent binary systems
(methyl yellow in toluene and 2-propanol) displaying a sin-
gle exponential and DGD signal, respectively. We experi-
mentally removed a parameter, B, in eq. 2, so that we
could more critically evaluate and compare different data-
reduction methods for FRS signals. In so doing, we hope
not only to shed light on the diffusivity of an important
FRS photochrome, but also on the difficulties inherent in
the analysis of complex FRS profiles.

Experimental

The probe dye, 4-dimethylamincazobenzene (methyl yel-
low; MY) and the analytical grade solvents, toluene and 2-
propanol were acquired from Aldrich and used without
further purification. The solutions of MY were prepared at a
concentration of 0.1 mg/mL and filtered through 0.2 pm
pore PTFE membrane filter (Gelman) directly to a 5 mm
path length spectroscopic quartz cuvette for the FRS meas-
urements. The temperature of the cell was controlled at
25.0+0.1 °C.
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The FRS apparatus previously described in detail® was
modified by inserting a half wave plate (CVI laser) into the
path of one of the two writing beams for every other pulse
during the accumulation of the FRS signal in order to el-
iminate the coherent baseline contribution. The half wave
plate shifts the grating phase by m at every other pulse
while the phase of the coherent baseline remains unchanged.
As a result, after an even number of accumulations, one ob-
tains the decay signal as follows.

Li(t)=[A exp(-t/DF+B,, 3
or
L,()=[A,exp(-t/T1) - A, exp(-t/T))* + B, )

The schematic diagram of the modified instrument is shown
in Figure 1. We found that this method works well and is
much simpler than other methods previously reported.'>'®

The analysis scheme chosen for the decay profiles de-
pended on the shape of the signal. For single exponential
decay signals, a nonlinear regression fit to eq. 1 or eq. 3
was used. The results from the fit to eq. 1 and 3 were ident-
ical, confirming the efficient elimination of the B, with the
half wave plate. For the DGD profiles, the average decay
time constant was determined by the At method (At=t,,~tnin,s
i.e., the time lapse between the dip and maximum position)."®
Then the diffusivity of MY is obtained from the slope of 1/
T (or 1/Af) vs. ¢* plot according to the following relation-
ship,

1/t(or 1/Aty=Dq> + 1/1y, 5)

where Ty, is the lifetime of the shifted state, g=2n/d, and 4
is the spacing of the optical fringe pattern created by the
writing pulse. The spacing of the optical fringe pattern is
calculated from the crossing angle of the writing beams ac-
cording to d=A/[2sin(0/2)] where A and O are the waveleng-
th and the crossing angle of the writing beams, respec-
tively. We also attempted to obtain two individual decay
time constants in eq. 4 by a nonlinear regression fitting
method.

JL e
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ﬂ 7__Ar jon Laser 7

Shutter Shutter
Power |*— |Control DT 2821
Supply Unit A/D, DIO

Temperature
Controller

Figure 1. Schematic diagram of the FRS apparatus used in this
study. S: electronic shutter, BS: beam splitter, M: mirrors, HP:
half wave plate, PM: photomultiplier tube.
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Figure 2. FRS decay profiles of MY in toluene (A) and in 2-
propanol (B) at the same crossing angle of the writing beam,
2.79°. The solid lines drawn in the plots (A) and (B) are the best
fit according to the model functions of eq. 3 and eq. 4, respec-
tively.

Results and Discussion

Solvent dependence of FRS decay signal. Figure
2 shows the FRS decay profiles of MY in toluene (A) and
in 2-propanol (B) at the same writing beam crossing angle.
The decay profiles in the two solvents are distinctively dif-
ferent. The decay profile in toluene shows a clean single ex-
ponential decay following the fast thermal grating decay,'
while a typical DGD profile is observed in the 2-propanol
medium. The solid lines drawn in the plot (A) and (B) are
the best fits according to the model functions of eq. 3, and
eq. 4, respectively. The fitting to eq. 3 in (A) is found to be
unique and we can get a single decay time constant. A semi-
logarithmic plot (not shown) of the data in Figure 2(A) is
linear as the signal changes by nearly three powers of ten,
demonstrating that a single-exponential approach is approp-
riate. On the other hand, the fitting to eq. 4 strongly de-
pends on the initial guess of the parameters and a unique fit
was not realized. We will come back to this in more detail
later. The decay time constant in toluene is obtained by fit-
ting to eq. 3 while the Ar method is used for the 2-propanol
solution. The ¢* dependence of 1/t and 1/Ar according to eq.
5 is shown in Figure 3. As shown in the figure, an ex-
cellent ¢* dependence is found in both solvents and the dif-
fusivities of MY from the ¢ dependence are 1.4X 10 ° cm?%
s and 4.6x10°° cm¥s in toluene and 2-propanol, respec-
tively. From the Stokes-Einstein relationship, D=kT/(6rmR),
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Figure 3. Grating spacing dependence of 1/t (<, in toluene)
and 1/At (O, in 2-propanol) at 25 °C. Both show excellent q de-
pendences. From the slope of the plots (eq. 5), diffusivities of
MY are obtained in toluene and in 2-propanol as 1.40x 10" ° cm®/
s and 4.57x10°° cmz/s, respectively.

we obtain the Stokes radius of the dye as 2.810.2 A and
2.4+0.1 A in toluene and 2-propanol, respectively. The
agreement, while reasonable, is slightly outside the experi-
mental uncertainty, which is calculated from the 95% con-
fidence limit of the Student's #-distribution. Since it is rather
well established that the diffusivity is not inversely pro-
portional to the solvent viscosity when the molecular sizes
of the diffusant and solvent are comparable, this result is
not very surprising.'” More extensive work on the relation-
ship between small-molecule diffusivity and medium viscos-
ity is being carried out in this laboratory.

On the other hand, we do not at the moment have a ri-
gorous quantitative explanation for why MY shows dif-
ferent decay profiles in two solvents. Deviation from single-
exponential decays has been observed by others with a dif-
ferent azo dye, methyl red, although the DGD profile was
not as evident as for methyl yellow.”* We suspect that the
solvent polarity is responsible for the different decay pro-
files since the DGD profile is observed in many alcoholic
solvents such as methanol, ethanol, etc, while single expon-
ential decay is observed in hydrophobic solvents such as to-
luene, hexane, and CCl,. It is likely that the dipole moment
of cis MY induces stronger solvation of the molecule in al-
coholic solvents, which leads to a slower diffusion than
trans MY, with its smaller dipole moment. Since the re-
fractive index of the cis form is known to be smaller than
the trans form of azobenzene derivatives, the slower dif-
fusion of cis MY results in the DGD type signal.*'*!® A de-
tailed study on this issue is in progress and will be reported
elsewhere later.

Extraction of individual decay time constants.
Our next question concerns whether we can extract the two
individual decay time constants of the complementary grat-
ings. Difficulties in obtaining a unique set of A's and T's,
due to the high correlation between the parameters, have
been previously reported.>'*'*!” However these early con-
clusions were made without the benefit of more recent ad-
vances in the FRS method; for example, most of the works
used eq. 4 for the data fitting without elimination of the
coherent baseline. In our laboratory, we have repeatedly ob-
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Figure 4. Five different non-linear regression fit results of an
DGD type profile of MY in 2-propanol shown in Figure 2 (B).
The solid lines represent the fit results according to eq. 4 with
different initial input of 1, and 1, for the nonlinear regression.
The numbers in the figure denote the initial input of 1,/T, while
the each set of initial T, and T, was chosen to have the same
(1,7.)"*(= Ar) value. The final fit results are nearly identical with
the initial input when T,/t, is not too large (as summarized in
Table 1), and the quality of the fits is hard to distinguish.

served that even a small B, makes a significant difference
in the final result. The addition of an extra parameter also
makes a nonlinear regression fit result much less repro-
ducible. Therefore we remove a parameter, B, using a
half wave plate as described above. Nonetheless, we found
that it was still very difficult to find a unique set of 5
parameters from the non-linear regression fit. This is ela-
borated in Figure 4, where the five different fits of an FRS
profile using different sets of initial guesses for 7, and T,
are displayed. The experimental decay profile is the one
shown in Figure 2(B) and the numbers on the plot represent
the value of T,/T, used for the initial guess. The initial sets
of 1, and 1, were chosen to have the same (T,1,)"*(=Ar)
value.'® A typical nonlinear regression routine by the uns-
caled Marquardt algorithm was used, and the quality of the
fits are hard to distinguish from one another with the ex-
isting noise. The final values of A's and t's are found to be
very sensitive to the initial guess of the non-linear re-
gression routine as shown in Table 1. When we take initial
7, and T, values which differ by less than 20%, we obtain
the final fit results with 1, and T, close to the initial guess.
In other words, eq. 4 can fit the experimental profile well
by adjusting A; and A, without modifying 1, and 1, much.
Therefore the final T, and T, obtained from the fit as in Fig-
ure 4 are not exactly equal but very similar to their respec-
tive initial input values. On the other hand, there seems to
be an upper limit such that the value of 7,/t, does not exce-
ed a factor of ca. 2 for a much larger initial input of T,/1;.
In any event, the decay profile itself can be fitted nicely to
the model function, eq. 4 as shown in Figure 4. Therefore,
it does not seem possible to extract individual diffusivities
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Table 1. Initial Guess vs. Final Fit Result of Figure 3

Final result

T, L, Hn @)’ T T, U (L)
554 576 104 565 522 541 104 531
537 593 11 564 508 556 109 531
508 622 12 562 485 584 120 532
395 807 20 565 428 674 157 537
325 983 30 565 420 689 164 538

Initial Input*

1/2

*Initial guess was made from Af=f,,-,,=5.65 msec.

of the two MY isomers unless we know the A's in eq. 4,
which could be experimentally determined,'> but has never
been seriously attempted for mass diffusion studies. We be-
lieve that the extraction of T, and 1, individually remains an
unresolved problem in the FRS technique and must be ap-
proached with proper caution. On the other hand, (1,1,)"*(=
Af) value remains practically the same regardless of the in-
put and final set of T, and T,, which is expected from the At
analysis scheme.'®

For the next step, the g* dependence of the four sets of
decay time constants obtained through the above mentioned
procedure is examined as displayed in Figure 5. In the fig-
ure we show the diffusivities obtained from the slopes to-
gether with the initial input values of T,/t, for the nonlinear
regression fit. We can see that the ¢* dependence starts to
deviate from eq. 5 as the initial input value of T,/T, exceeds
ca. 1.2. If we employ the ¢* dependence as an additional cri-
terion for a successful fit, we are able to claim that the dif-
fusivities of the trans and the cis form of methyl yellow in
2-propanol differ by no more than 15%. In any event, the
geometric mean of two diffusivities D, and D, are in good
agreement with the value obtained by the Atz method, 4.6 %
1078 cm?/s.

In summary, we found that methyl yellow in pure sol-
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Figure 5. Grating spacing dependence of T, and 1, determined
by fit to eq. 4 using different initial guesses for T,/T,. 1/, and V/
1, show a good ¢* dependence when they are not very different
each other.
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vents could exhibit a nonmonotonic FRS decay profile. Con-
sideration of permanent dipole moments and the polarity of
the solvent provides a qualitative explanation for this ob-
servation although a more systematic study appears to be
necessary to understand the behavior in detail. We also con-
firmed experimentally that the extraction of two individual
diffusivities from DGD type FRS decay profiles is very trou-
blesome. Nonetheless, we can measure the mean diffusivity
quite reliably, and we can at least infer a range for 1, and 1,
individually from the ¢° dependence of the T's. Difficulty in
deducing individual T's from nonmonotonic FRS decay sig-
nals seems to be inherent to FRS method, which evidently
mandates independent measurements of the amplitudes A,
and A,.
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Nucleophilic substitution reactions of (Z)-phenylethyl (X)-benzenesulfonates with (Y)-pyridines were in-
vestigated in acetonitrile at 60 °C under respective pressures. The magnitudes of the Hammett reaction con-
stants, Px, Py and p, indicate that a stronger nucleophile leads to a greater degree of bond formation of C-N
and a better leaving group is accompanied by a less degree of bond breaking. The magnitude of correlation in-
teraction term, p; can be used to determine the structure of the transition state (TS) for the Sy reaction. As the
pressure is increased, the Hammett reaction constants, px and |py|, are decreased, but correlation interaction
coefficient, px, and |py,|, are increased. The results indicate that the reaction of (Z)-phenylethyl (X)-ben-
zenesulfonates with (Y)-pyridines probably moves from a dissociative Sy2 to early-type concerted S,2 mechan-
ism by increasing pressure. This result shows that the correlation interaction term p; can be useful tool to de-
termine the structure of TS, and also the sign of the product pxz ' pyz can be predict the movement of the TS.

Introduction

One of the linear free energy relationships (LFER), the
notable Hammett equation, has been used as an empirical
means of characterizing transition-state (TS) structures.®
The Hammett p is first derivative of log k as shown in

equation (1) and reflects TS structures involved in a series
of reactions with structural changes affecting the reaction
center.

p=logk/dc ®

The magnitudes of the p values in the nucleophile and
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