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bonyl group-containing 1,3-dioxolanes 2i and 2j were higher 
(93%) than that of />-toluenesulfonic acid.1

A few carbonyl compounds were also examined to the cor
responding 5,5-dimethyl-l,3-dioxanes 4 with 2,2-dimethyl-l,3- 
propanediol in the presence of 1-3 m이% of 3.

3a-c
benzene, toluene, 
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a Ph H g Ph Ph

d -(C 니 2)5 一 h MeOOCCH2 Me

f Ph Me

Results 아iown in Table 2 demonstrate 나lat 3b effectiv이y 
catalyzes the acetalization to give high yields of various 1,3- 
dioxanes 4 under the xylene reflux conditions.

Thus, a new class of acid catalysts for acetalization is de
veloped which have high activities in the acetalization not 
only of arylketones but also of acid-sensitive carbonyl group- 
containing ketones. The significances of these catalysts are 
easy to use owing to their less hygroscopic nature and che

mical stability toward air, water, and organic solvents.
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Time profile of the transient grating signal induced by a nanosecond pulsed laser excitation of methyl red is investiga
ted in alcohols and toluene at several solvent temperatures. The signal decays biexponentially with well-separated 
time constants; the faster decay is identified as due to thermal diffusion of the solvents and the slower one as 
mainly due to translational diffusion of the solute. The measured translational diffusion constants of methyl red in 
tohiene are close to a hydrodynamic prediction with a slip boundary condition while those in alcohols are larger 
by 30% and increase slightly with the size of alcohols. We compare the results with modified hydrodynamic models.

Introduction

Transient grating (TG) technique,1 also known as laser-in
duced dynamic grating,2 forced Rayleigh scattering,3 hologra
phic relaxation spectroscopy,4 and many other names, is a 
sensitive method of measuring molecular relaxation and dif
fusion. The time scale that the TG technique covers is from 
femtoseconds to minutes. In the ultrashort time scale (shor
ter than a nanosecond),4 the depopulation,5-6 the vibrational 

dynamics,7 the overall rotation,6,8 the local structural relaxa
tion,9 the ultrasonic wave propagation,10 the electron trans
fer,11 etc in liquid or solid phases have been studied with 
state-of-the-art instrumentations of ultrafast lasers combined 
with precise control over optical and electronic timings. In 
the other extreme (slow) time scale, the TG method employs 
conventional instrumentations : cw lasers, a mechanical shut
ter and common detection electronics. The method probes 
mainly the translational diff나sion of a dye in rigid hosts such 
as polymers,12~14 liquid crystals,15**17 or polymeric solu
tions. 18~20 The time resolution of such experiments is limited
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Scheme 1.

by the opening duration of the mechanical shutter for the 
laser excitation, that is some milliseconds.

In recent works by Terazima and coworkers,21~23 a nano
second pulsed laser has been employed for the TG to study 
the relaxation dynamics and the translational diffusion in 
solution, which occur in the time scale of microseconds to 
milliseconds. Many interesting measurements in the dyna
mics of photochromic molecules in solution were possible 
with the advantage of their short excitation pulse. Especially 
noteworthy but yet to be proved is the suggestion from their 
data that the translational diffusion of certain photogenerated 
radicals is several times slower than that of neutral counter
parts.22 This contrasts with a hydrodynamic picture and em
phasizes specific interactions between the solute and the sol
vent. This suggests that microscopic friction models that take 
a s이나e-solvent interaction into account should be respected 
for predicting the diffusion of reaction intermediates. Be
cause the lifetimes of the reaction intermediates are short, 
their diffusion rates are not measured readily by conventio
nal techniques and should be predicted by a reliable micros
copic model. In these respects, the importance of the TG 
technique is realized since it can provide accurate and syste
matic experimental data for the prediction of the translatio
nal diffusion.

We also expect that the TG t&:hnique with the nanosecond 
excitation can probe sensitively various solution phase rela
xation dynamics which take place in the microsecond time 
scale. They may include the relaxations of photoinduced twi
sted state, charge transfer state, proton transfer state, and 
isomerized molecules. With 아lese motivations, we have set 
up the TG experiments based on a nanosecond pulsed laser 
and have been studying systematically the molecular relaxa
tion dynamics and diffusion in solution phase. We have sele
cted methyl red in elution as the first test system since 
its trans-cis photoisomerization under a visible light is exten- 
siv이y studied and widely used as a photochromic probe in 
the TG experiments as well as in other nonlinear laser expe
riments. In the following few paragraphs, we will introduce 
briefly the methodology of the TG experiment and its appli
cation to methyl red system.

When two replica pulses of coherent laser light are overla
pped spatially and temporally, a sinusoidal interference pat
tern of electric field forms. Once a sample that absorbs pho
tons at the laser wavelength (入四)is placed at the interaction 
region, a spatially modulated distribution of the excited and 
the unexcited molecules is created (Scheme 1) with a fringe

spacing d, given by

d= 2 sin(6/2) ⑴

where 0 is the crossing angle of the two excitation pulses.

The differences in the phase refractive index (Aw, defined 
as nbright-ndark) or the extinction coefficient (△如 defined as 
kbright-kdark) between the excited and the unexcited molecules 
induce a transient grating which disappears through various 
relaxation processes. When a cw laser beam is introduced 
for probe into 나le interaction region, the transient grating 
diffracts a small fraction of 나le probe with the efficiency 
or the intensity of the diffracted signal (/(/)) being proportio
nal to the square of the complex refractive index change.

Kt) oc (Am + zA^)2 (2a)

=(△刀)2 + (zM)2 (2b)

Methyl red exists in its trans form in the dark but con
verts to cis form under the illumination of wav이ength shor- 
ter than ~590 nm (Scheme 2). The trans^cis photoisomeri
zation involves the singlet nn*  st간e, 나le triplet nn*  state, 
the twisted phantom state.24'25 The relaxations in these states 
and finally to the ground electronic states of the trans or 
the cis are mostly completed within a nanosecond. Then, 
the back conversion of the cis to the trans in the ground 
electronic state takes place in much longer time 3顷 in 
Scheme 2).

Since both cis- and trans-methyl red do not absorb photons 
at wavelengths longer than 590 nm, the term in equation 
(2) can be neglected if a He-Ne laser is used for the probe. 
Therefore, only contributions of △龙 to the diffracted signal 
are considered. In the time scale of nanoseconds and longer, 
the refractive index differences due to the thermal process 
(△如)and the population relaxation (△的)are the main con
tributions. That is,

Kt) 3 (△沥2=(△伽 + △臨2 (3)

The thermal grating (the contribution of 也)is produced 
by the dissipation of excess energy from various m이ecular 
r시axation processes (e.g. internal conversion, vibrational re
laxation, etc) into solvent thermal energy. Since the refrac
tive index decrease with temperature, Ant/] is negative. It 
rises at the rate of the thermalization process and decays 
exponentially with a time constant of xth(=d2/4n2Dth, where 
以 is the thermal diffusion constant of solvent). The popula
tion grating (the contribution of Anp) rises at 나此 rate of 
the cis formation and decays exponentially with a time cons
tant tp. Both the depopulation time of the cis (i祁)and the 
translational diffusion time of methyl red (cP/^n2D) are res
ponsible for the decay of the population grating. That is
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Figure 1. Optical layout of TG experiments.

1_ 1 , 4n2Z)
+ ,2 (4)

where D is the translational diffusion constant of methyl 
red. In our experimental condition, both the thermal and 
the population gratings rise instantaneously within the laser 
excitation. Therefore, 1(f) has the following form:

A0 = [&力 exp( — t/s)+/*  exp( — g) + C (5) 

where the coherent background (B) and the incoherent back
ground (C) are included for generalization.

Experimental

The optical layout of the TG experiment is shown in Fig
ure 1. The 2nd harmonic (532 nm) pulse from a Q-switched 
Nd : YAG laser [Continuum, Surelite II] is split by half and 
recombined at the sample, creating the transient grating. We 
have not focused the laser beam but reduced the diameter 
of the beam at the sample to 3 mm by using apertures. 
The beam crossing angle can be varied between less than 
1° and more than 10° and are measured accurately by projec
ting the beam over 1 meter away. The energy of the exdta~ 
tion pulse is about 1 mJ and the repetition rate is kept below 
1 Hz. 5 mW of cw He-Ne laser (632.8 nm) is introduced 
for the probe at the Bragg angle. The polarizations of both 
the excitation and the probe are perpendicular to the laser 
table. The diffracted signal is spatially separated, colorly fil
tered, and attenuated before being detected by a photomulti
plier tube [Hamamatsu, R928]. The signal voltage from the
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Figure 2. TG decay for methyl red in ethanol. The sample tem
perature was 50 °C. The beam crossing angle was 5.8°. The early 
part of the decay is 아lown in (a) and the late part is shown 
in (b). Dot points are the experimental data and the solid lines 
are the best fit to the data. The data and the fit in semilogarith- 
mic scale are shown in each inset. The fit function of (a) is

— exp( —t/q淑)+Zh如了 with 나此 fit parameters 厶她 = 6.90,
以야 = 9.60 ps, A血 =L64, and that of (b) is I(f)=[A蛔 exp( — 〃 
VsfoJJ + C with the fit parameters 4血=L90,匚血= 460 卩s, C-7 
XW10.

photomultiplier tube is then recorded by a 8 bit, 100 mega
sampling transient digitizer [Gagescope, CS250]. Typically, 
100 transient signals are recorded and mathematically avera
ged. The background signals are also obtained by blocking 
one of the excitation beam, and then averaged and subtrac
ted from the transient signal. We observed the photomultip
lier tube signal deforms significantly due to the anode cur
rent overdrain when the outputs over 2 mV are to be fed 
into a 50 O termination. Therefore, we had to use a mismat
ched termination (1 Kfl) to withdraw enough output voltages 
for the transient digitizer. In sacrifice for it, the rise and 
the fall times of the signal become worse (but still tolerable) 
to 0.5 |is and 1 ps, respectively.

Methyl red [Aldrich], the photochromic probe in this 
study, was used without further purification. Toluene LSam- 
chun, GR grade] and alcohols [methanol, ethanol, 1-propanol, 
2-propanol, 1-butanol, 1-hexanol, 1-octanol from Aldrich or 
Junsei] were the solvents and used after distillation over 
drying agents. About 1 mM of methyl red dissolved in each 
solvent was placed into a cuvette cell of 2 mm pathlength. 
The sample cell is held inside an aluminium block that is 
temperature controlled with a circulating water bath with 
an accuracy better than 1 t in the range of 10-50 °C.
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Figure 3. Plot of l/r^s( versus 4tt2/^2 for toluene (■), 1-butanol 
(△), 2-propanol (•).
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Table 1. Thermal diffusion constants of methyl red in various 
solvents as determined by the TG experiment in this work, by 
equation (7)f and by other experiments (in reference 23)

Solvent
Dth (in IO'8 m2 s-1) determined by

this work equation (7) reference 23

methanol 9.34 10.06
ethanol 8.44 8.93 9.33
1-propanol 7.69 7.94
1-butanol 7.05 7.77
1-hexanol 6.40 8.55
1-octanol 7.82 7.88
2-propanol 6.17 6.81 7.81
toluene 8.07 8.90

In applying equation (7), the solvent parameters 入丁，p, Cp 
are obtained from reference 28.
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Figure 4. Plot of 1/匸血 versus 4带用 for ethanol (□), 2-propanol 
(•), 1-butanol (△), 1-octanol (▼) when the s이vent temperatures 
are (a) 283 K and (b) 303 K.

Results and Discussion

Characteristic time profile of TG signal. A typical 
decay profile of TG signal is 아】own in Figure 2. The TG 
signal in this particular example was obtained for methyl 
red dissolved in ethanol at the temperature of 50 M and 
at the beam crossing angle of 5.8° (M. d=5.3 卩m). The signal 
decays biexponentially with well-separated time constants. 
Therefore, we 아low the decay in the two time windows in 
Figure 2(a) and 2(b). The decay can be fitted to a function:

Kt) = [&陌 exp( 一 t&Q +，血 exp(- 〃侦血)了+C (6) 

where we include only the incoherent background C because 
we believe that under the experimental condition of a Q-swi- 
tched laser forming the interference the incoherent backg
round be more important than the coherent one. However, 
in most signals, the contributions of any background are 
found negligible and the inclusion of it into the fit function 
is mainly for precaution. The large d迁ference in Tfast and 
Ts[f)w makes it possible to fit the fast decay with 1(f) — [_Afast 
exp(一t/功砒)+4殯彻]2 an(l 나冶 slow decay with I(f)—\_Asiow exp 
(一"臥印)了 + 6 The best fit decay times for Figure 2 are 
found as ^—9.60 ps and xslow — 460 卩s.

Fast decay component. We have accumulated and 

analyzed the decays by varying the solvents, the solvent tem
peratures, and the beam crossing angles. The fast decay ti
mes are found less sensitive to the solvents or the solvent 
temperatures. When 1/t血아 are plotted versus 4n2/^2, good 
linearities are found with no interceptions (Figure 3). These 
facts suggest that the thermal grating is responsible for the 
fast decay. That is, ■以涮=■다如 Then, the slope of the plot 1/t^ 
versus 4n2/rf2 should give the thermal diffusion constant Dth 
of the solvent. In thermal diffusion theories, Dlh is related 
to the density (p), the heat conductivity (*),  and the isobaric 
heat capacity (Q) of solvent as in equation (7).26

The thermal diffusion constants of methyl red in various 
solvents determined by the TG experiment and by equation 
(7) are summarized in Table 1. The excellent agreement 
between the experimental and the theoretical values in Table 
1 strongly supports the assignment of the fast decay compo
nent to the thermal grating.

Slow decay component. Figure 4 illustrates the plots 
of 1/t血 versus 4n2/t/2 for several solvents and solvent tem
peratures. The slopes are sensitive to the solvents and the 
temperatures, and the intercepts show nonzero values. These 
suggest that the slow component of the decay be due to 
the population grating. Therefore, 5 = 1淑 According to



Transient Grating in Solution Bull. Korean Chem. Soc. 1996, Vol. 17, No. 4 369

Table 2. The measured translational diffusion constants (in IO-9 
s ') of methyl red in various solvents and at several solvent 

temperatures

Solvents
Temperatures

10.0 20.0 t 30.0 t 40.0 1 50.0 t
ethanol 0.692 0.688 1.11 1.20 1.44
1-propanol 0.371 0.467 0.670 0.720 0.870
1-butanol 0.231 0.310 0.420 0.600 0.720
1-hexanol 0.130 0.140 0.250 0.344 0.461
1-octanol 0.096 0.104 0.180 0.270 0.380
2-propanol 0.304 0.402 0.630 0.840 1.03
toluene 0.921 1.11 1.37 1.60 1.55

equation (4), the 이ope and the intercept should give the 
translational diffusion constant of methyl red (D) and the 
reciprocal time of the cis^trans isomerization (1/t湖)，respec
tively. In Table 2, we list only 나】e D values determined from 
the slope.

The intercepts are unexpectedly large when considering 
the w이l・known relaxation time (an order of seconds) of the 
cis^trans isomerization. We considered three possibilities 
of experimental 죠rtifacts and have conducted several tests. 
The first possibility is that the intensity and the repetition 
rate of the excitation pulse are so high that during the data 
collection the accumulation of the cis may develop seriou아y 
and the transient grating may become inefficient as time 
goes by. This tends to 아lorten 나le decay times. However, 
when we attenuated the intensity of the excitation pulse or 
reduced the repetition rate, no apparent change in ts1ow was 
noticed. Be응ides, during the data accumulation the shape 
and efficiency of the TG signal do not change appreciably 
from the first to the last shot of the excitation pulses. The 
second possibility is that the high intensity of the probe laser 
(~5 mW) may open a different channel (possibly through 
the triplet state) of the cis^trans isomerization. As a matter 
of fact, there were reports that 난le TG decay for methyl 
red in liquid crystals】" or in polymer13(d) takes longer as 
the probe intensity is reduced. However, no such retardation 
is observed in our test of the probe attenuation. The third 
possibility is regarding experimental uncertainties in the 
measurements of the beam crossing angles or the solvent 
temperatures. The error in the time constant (Ar) due to 
the beam crossing angle uncertainty (A9) is given by

_ A0
~T tan(6/2) ⑻

Therefore the degree of the error may become significant 
at small angles (2. at small values of 4n2/fi?2). With the 0.5 
mm uncertainty in measuring a projected interbeam spacing, 
Ar/r is 0.05 when 0=1.56° and is 0.007 when 0=6.0°. This 
error would result in a large uncertainty in the intercept 
of the plot but would affect little the slope since the values 
at larger angles are given higher weights in the least square 
analysis. The error due to the solvent temperature uncertain
ty 07) is given by

Tab,c 3. Activation energy of translational diffusion (EQ, activa- 
energy of diffusion (Fn) for the solvents in this experiment, 

f determined from1 the plot of Figure 5, fsw calculated with the 
Spernol-Wirtz model (equation (13) and (14))

Solvent
(kj/mol)

E 
(kj/mol) 7

ethanol 15.4 15.0 0.424 0.44-0.46
1-propanol 16.3 17.7 0.418 0.45-0.48
1-butanol 22.3 19.2 0.413 0.43-0.45
1-hexanol 26.0 22.3 0.407 0.43-0.45
Loctan 아 28.0 26.9 0.350 0.44-0.46
2-propanol 24.2 23.4 0.396 0.42-0.44
toluene 10.8 8.91 0.571 0.40-0.42

■ &determined from In D versus 1/7、plot. •晶 is determined 
from In t] versus 1/T plot. The solvent viscosities at various 
temperatures are obtained from references 28 and 33. f: In app- 
lying equations (11) and (12), the hydrodynamic radius of methyl 
red is estimated to be 5.50 X. *： In applying equations (13) 
and (14), the radii of solvents are estimated from the density, 
the m이ecular weight and the free volume (74%) following refe
rence 34, and the difference of boiling and freezing points of 
methyl red is assumed identical to that of azobenzene. The lower 
limit is for 10 t and the upper limit is for 50 笔.

Ar EaAT
—=一点矿 (9)

where Ea is 나le activation energy of the decay process. The 
activation energy of the thermal diffusion is near zero and 
that of 나le translational Effusion is determined from the 
Arrhenius plot and listed in Table 3. Using the Ea values 
and estimating Z\T=1 K, At/t is calculated between 0.01 
and 0.04. This experimental error induces negligible scatte- 
ring in 以 values and larger scattering in 司 values as seen 
in Figures 3 and 4. Possibly, a combination of these three 
possibilities occurs simultaneously and makes 나le systematic 
tests difficult. At this point, we gave away identifying the 
unexpectedly fast relaxation times. Emphases are rather pla
ced on interpreting the slope of the plot, which is presumably 
unaffected by the possibilities mentioned above.

A closer examination of the population decay in Figure 
2(b) raises a question whether the single exponential func- 
tion 1(f) — \_Asl0W exp(-〃匚如)¥+C fits the data perfectly. In 
other words, the semilogarithmic plot in the inset of Figure 
2(b) 아lows a 이ightly downward curvature. This curvature 
results from two out-of-phase gratings that decay with diffe
rent time constants: so-called a complementary grating effect. 
27 In this case, the population grating is better described 
by

1(f)—\AX exp( —Z/rO—exp(—Z/t2)]2 + C (10a)

= Mi exp( — 〃一一李厂K드二끄顼(iob)

The factor ~히/) in equation (10b) determines

the curvature. When Ti<t2 for A1>A2, there exists a positive 
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time •「二 '口？) when the two out-of-phase gratings 

cancel each other completely and therefore a decay-rise-de
cay curve appears. When ri>r2 for/lQ/h, such a cancellation 
time is negative, and therefore a downward curve appears. 
When ii = s, equations (10a) and (10b) reduce to a single 
exponential. The population grating must be in phase with 
the thermal grating since the decay-rise~decay curve is not 
shown for Ath>Ap and Tth<Xp. In other words, Anp is also 
negative.

The downward curvature appears in the data for the alco
hol solvents but is absent for nonpolar solvents, as was poin
ted out by Terazima et al.23 Since Snp is negative, the refrac
tive index of the cis form must be smaller than the trans 
form and Aeis<Atrans. Therefore the diffusion of the cis must 
be faster than that of the trans in alcohol solvents
but is almost identical in nonpolar solvents. This explanation 
is plausible if the trans makes hydrogen bonding with alco
hols more effectively than the cis. Park et al.27 have simulated 
for the complementary grating effect, especially with optical 
parameters relevant to azobenzene. Following their analysis 
for our data, we estimate an upper limit of to be 
5% of the average in akx)hols. Unfortunately, the accurate 
determination of and seems impossible with the sig- 
nal-to-noise ratio of our data and we try to get the average 
value by fitting it with a single time constant.

Translational diffusion and hydrodynamic models.
The translational diffusion constants determined from the 

slopes of Vtsi0U) versus 4n2/^2 plots are summarized in Table
2. For comparison, Terazima et al.23 reported D of methyl 
red in room temperature ethanol and 2-propanol to be 0.90 X 
10"9 m2 s-1 and 0.56X10"9 m2s_\ respectively. In hydrody
namic models, the solute is assumed spherically shaped with 
a radius R and the s이vent a continuum with the viscosity 
q Then the translational diffusion constant is given by 

with the solvent friction < given by

<=6ttt餞 (12)

where / is a correction factor considering a solute-solvent 
boundary condition. In the original hydrodynamic model by 
Stokes and Einstein,29 only the stick boundary condition is 
considered and fstICk = 1. In the stick boundary condition, the 
normal components of velocity vectors for the solute and 
the solvent cancel each other while their tangential compo
nents conserve each other. However, the stick boundary con
dition holds for a large enough solute and an ignorable size 
solvent. For the solutes of molecular size, the slip boundary 
condition,30 where the conservation of the tangential compo
nents of velocity is dependent on the solute shape, would 
be more adequate. In rotational diffusion, f脚 is zero for a 
sphere, fstick for a needle, and w이 1-tabulated for other sphe
roids.31 In translational diffusion, the very rapid overall rota
tion approximates the solute to be a rough sphere. In this 
case 丿册= 2/3,

The form of equations (11) and (12) provides the motiva
tion to plot D versus T/y\ as shown in Figure 5 for some 
solvents. Linearities in the plots are found within a given

T/n (K cp-1)

Figure 5. Plot of D versus T/x\ for various solvents : ethan이 

(口)，1-butanol (a), 1-octanol (▼), toluene (■).

solvent but the slopes vary from solvents to solvents. The 
slopes for the ale사lol solvents are between 3.14 X1015 J 
m-1 K-1 (for ethanol) and 3.81X10 15 J m-1 K1 (for 1-octa- 
nol) while increasing slightly with the size of the alcoh이s. 
The slope for nonpolar toluene is much smaller : 2.33 X10 15 
J m-1 K-1. The trends that the diffusion rate versus T/x\ 
is linear in a given solvent but increases with the size of 
the solvent have been also observed in the rotational reorie
ntation of ^raw5-stilbene in normal alkane series32(a) and DO- 
DCI in normal alcohol series.32tb} In Table 3 we li아 나}e f 
values calculated by using the slopes and estimating the hy
drodynamic radius of methyl red to be 5.50 A. This value 
is the average radius of trans- and cw-methyl red along the 
longest molecular axis. The hydrodynamic radius is estima
ted along the longest molecular axis because rapid overall 
rotation displaces the solvent volume determined by the lo
ngest molecular axis. This may be valid when the overall 
rotation is faster than the collisional lifetime. Actually, the 
two time scales are comparable and therefore the solute ra
dius and the f values are upper and lower limits, respecti
vely. Anyhow, note that f value (0.57) for the nonpolar to
luene solvent is close to fsUp (=2/3). The smaller f value 
than the theoretical one may be due to die overestimation 
of the hydrodynamic radius as explained above or by the 
microscopic friction effects as explained later. The averaged 
f value for the alcohol solvents is significantly smaller than 
that for toluene. This cannot be explained within the hydrod
ynamic picture because hydrodynamic radius of methyl red 
must be greater in the hydrogen bonding alcohol solvents. 
At this point, the lack of explicit expression in the hydrody
namic mod이s overwhelms its merit in the simplicity of the 
model and the ready availability of macroscopic data. The 
explicit expression necessitates the microscopic friction mo
dels that take into account characteristics of solvents.

Microscopic friction models for translational diffu
sion. There have been microscopic friction mod이s develo
ped in two different ways : the quasi-hydrodynamic models 
and the kinetic models. In the quasi-hydrodynamic models, 
the simplicity of equations (11) and (12) is still taken with 
elaborated f. In a quasi-hydrodynamic model by Spernol and 
Wirtz,34 effects of free volume created between finite sizes 
of solute and solvent are considered. Their semiempirical 
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f value is given by

厶甲=(0.16+0.4  刽(0.3 + 0.4TZ-0.25 心) (13)

where RA and rB are the radii of the solute and the solvent, 
respectively. Ta and T/ are the reduced temperatures calcu
lated by

s Q—T/)
(Txb-T/) (14)

where 77 and Txb are the freezing and the boiling points 
of the solute (尤=刀)and the solvent (r=B). The fsw values 
calculated with 나】e estimated molecular parameters are lis
ted in Ta미e 3. They seem to be in good agreement with 
the experimental ones for the alcohol solvents but are unac
ceptable for toluene. Most seriously, fsw does not reflect the 
more sensitive dependence of f on the solvents themselves 
than the temperatures within a given solvent.

In contract, the kinetic mod아s generalize the s이ute-sol~ 
vent boundary condition at the molecular level and have 
a potential to describe the microscopic friction better than 
the quasi-hydrodynamic models. However, the kinetic models 
have been developed for frictions induced by hard sphere 
collisions and thus need to extract m이ecular parameters ap
proximated to hard sphere collision. Undesirably, the appro
ximated molecular parameters would result in large uncer
tainties in the calculations. For this reason, we have not 
attempted to compare our experimental results with calcula
tions based on the kinetic models but introduce them for 
qualitative comparison. The kinetic models starts with the 
diffusion constant defined by

hT r
D=一厂=(1/3) (15)

where <vv(0> is a time correlation function of solute velo
city vectors that relaxes through various modes of collision. 
In the limit of uncorrelated collision (Enskog friction),35

4
ur g2 N g(o) jj (16)

where 卩 is the solute-solvent reduced mass, vr=(8^T/n|i)1/2 
is the average illative thermal v이。city, o is 나】e sum of 
the s이ute and the s이vent hard sphere radii, N is the solvent 
number density, and g(o) is the contact value of the solute
solvent radial distribution function. The success of most mic
roscopic kinetic models relies on the good evaluation of g(o), 
which requires an accurate intermolecular potential energy 
curve. For the hydrogen bonding methyl red-alcohol pairs 
the merit of the kinetic model is limited by the difficulty 
in getting reasonable intermolecular potential energy curve.

Evans and coworkers36 considered the effects of other mo
des of collision (i.e. the correlated backscattering collision 
or the collective momentum feedback collision) and the mo
dified friction is given by

^Evans-^EK—M J] dt R(t) ©Xp(—N)|q (17)

where M is the mass of solute and the integral represents 
the Laplace transformation of the memory function R(t) at 
its zero frequency (z=0). The evaluation of integral in equa
tion (17) is complicated but ^vans tends to overestimate the 

friction.37
In another modification of the microscopic friction, Hynes 

and coworkers38 have generalized the boundary condition so 
that an inner-shell of solvent exists where the friction is 
microscopic while outside the shell the friction can be desc
ribed hydrodynamically. According to their generalization,

D=Dek*D h (18)

where DEk is the microscopic Enskog diffusion constant 
(DEK=kT/— and DH is the hydrodynamic diffusion constant 
of the subshell (the s이ute plus the inner shell of solvent). 
In other words,

n 一一 kT
H 6nTi(7? + ry

(19)

where R and r are radii of the solute and the solvent (or 
solvent 아lell), respectively. Equations (18) and (19) can be 
rewritten to show the deviations of the original hydrodyna
mic expression (equations (11) and (12)), that is

D/Dh = (Dek/DQ — (1 + Y)' +1 (20)

where Dh is the original hydrodynamic diffusion constant 
0=bT/SvRf) and y=R/r. The first term on the right side 
of equation (20) is the contribution of the Enskog diffusion 
to the deviation from the hydrodynamics and the second 
term represents the finite solvent molecule size correction 
(in Dh) to the origin기 hydrodynamic value Dh. The third 
contribution of unity is the hydrodynamic prediction for D 
/Dh. In an analysis by Hynes and coworkers,38 the first two 
contributions tend to cancel each other and D/Dh remains 
close to but slightly larger than unity as long as y>2 and 
starts to increase (which implies the Enskog friction contri
butes more) as y decreases below 2. The Hynes model em
phasizes the level of the Enskog friction contribution depen
ding on the solute-solvent size ratio. This trend in the Hy
nes, analysis agrees qualitatively with our experimental 
trend. Since alcohols makes hydrogen bonding in themselves 
the thickness of the solvent subshell is expected to be grea
ter than that of toluene. Therefore y for the alcohol solvents 
is smaller and the contribution of the Enskog diffusion cons
tant increases.

Finally, we point out that the translational diffusion of me
thyl red in alcohols are faster 나lan the self-diffusion of the 
solvents that have much smaller molecular sizes than that 
of methyl red. Also we noticed that, although not included 
in this work, the translational diffusion of methyl red dissol
ved in very viscous ethylene glycol is almost as fast as in 
much less viscous 1-propanol. Viscosities of the alcohols are 
much larger than those of alkanes of the similar size due 
to the hydrogen bonding network. The hydrogen bonding 
network can be locally broken in the vicinity of the solute. 
Therefore, the solute in alcohols may experience the reduced 
friction from the viscosity estimations. This can also be an 
explanation of the larger diffusion constants in alcohols than 
the hydrodynamic prediction.

Summary and Conclusions

In this study, we have demonstrated that the transient 
grating method can be used to study the molecular relaxation 
and the diffusion processes. When methyl red dissolved in 
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alcohols or in toluene is tested, the transient grating signal 
consists of two decaying components : the faster one due to 
thermal process and the slower one mostly due to the trans
lational diffusion of methyl red. The translational diffusion 
constants obtained for alcohols are larger by 30% than predi
cted by the hydrodynamic model with a slip boundary condi
tion, while those for toluene are much close. The reduced 
friction for the alcohol solvents cannot be explained within 
the hydrodynamic picture. The quasi-hydrodynamic model 
by Spernol and Wirtz can be formulated semiempirically con
sidering free volume effects between the solute and the sol
vent but does not reflect the big difference in the reduced 
friction between alcohols and toluene. The microscopic fric
tion models based on the kinetic hard sphere collision theory 
provide the right boundary condition at the molecular level 
but usage of them is limited by the uncertainty of the mole
cular parameters approximated to hard sphere collision. We 
note a modification by Hynes and coworkers38 provides the 
generalized boundary condition not only at the molecular 
level but also at the macroscopic level and shows a qualita
tive explanation for the trend of our data.
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The bulk thermal and photopolymerization of methyl methacrylate (MMA) with phenylsilane were performed to pro- 
duce P이y(MMA)s containing phenylsilyl moiety presumably as an end group. It was found for both thermal and 
photopolymerization that while the polymerization yields and polymer molecular weights decreased as the relative 
phenylsilane concentration increases, the TGA residue yields and the relative intensities of SiH IR stretching bands 
increased with increasing molar ratio of phenylsilane over MMA. The polymerization yi이d, molecular weight, and 
TGA residue yield for the 나lermal polymerization were higher than those for the photopolymerization. Thus, the 
phenylsilane seemed to significantly influence on the polymerization as both chain initiation and chain transfer agents. 
However, an appreciable silane effect was not observed on the thermal and photopolymerization of 4-vinylpyridine, 
acrylonitrile, styrene, and vinyltrimethoxysilane. ，

Introduction

A wide variety of unsaturated vinyl derivatives can be 
induced to undergo free-radical chain polymerization.1 The 
capability to carry out a thermodynamically feasible polyme
rization r이ys on its kinetic feasibility on whether the process 
proceeds at a reasonable rate under a given set of reaction 
conditions. Initiator or promotor are often required to 
achieve 나le kinetic feasibility. Photopolymerization techno
logy applicable conveniently is widely employed on a com
mercial scale today in the areas of surface coatings, photore
sists, adhesives, and holography.1 Although any vinyl mono- 
mer that will undergo 사｝ain polymerization is basically sub
ject to photopolymerization or photosensitized polymerization, 
only a few unsaturated monomers are known to absorb 250- 
500 nm wavelength light which is the most convenient wave
length range for experimental work. The detailed mechanism 
of the formation of the propagating radicals in this case is 
not throughly understood, but it appears to involve the con
version of an electronically excited singlet state of the mono
mer to a long-lived excited triplet state.2

Hydrosilane is known to participate in versatile reactions 
such as free radical reduction of organic halides,3 nucleophi
lic reduction of carbonyl compounds,4 dehydropolymeriza
tion,5 cross-dehydrocoupling,6 and hydrosilation of olefins7 
with catalyst. The hydrosilation has been used to prepare 
many intriguing types of silicon containing p이ymers such 
as dendrimers8 and copolymers.9 We reported the bulk pho
topolymerization of methyl methacrylate (MMA) with various 
silanes.10 Here we wish to report the bulk thermal and pho
topolymerization of MMA with phenylsilane to give poly 

(MMA)s containing phenylsilyl moiety presumably as an end 
group. We also describe the silane effect on the bulk thermal 
and photopolymerization of various vinyl derivatives.

Experimental Section

MateH지s and Instrumentation. All reactions and 
manipulations were performed under prepurified nitrogen 
using Schlenk techniques. Dry, oxygen-free solvents were 
employed throughout. Glassware was flame-dried or oven- 
dried before use. Infrared spectra were obtained under the 
same conditions such as cell thickness, sample concentration, 
etc. using a Nicolet 520P FT-IR spectrometer. Proton NMR 
spectra were recorded on a Bruker ASX 32 (300 MHz) spect
rometer using CDCI3/CHCI3 as a reference at 7.24 ppm dow- 
nfi이d from TMS. Gel permeation chromatography (GPC) was 
carried out on a Waters Millipore GPC liquid chromatograph. 
The calibrant (monodisperse polystyrene) and the sample 
were dissolved in THF and separately eluted from an Ultras- 
tyragel GPC column series (sequence 103, 104, 105, 106 A 
columns). Molecular weights were extrapolated from the ca
libration curve derived from the polystyrene standard. Data 
analyses were carried out using a Waters Data Module 570. 
Thermogravimetric analysis (TGA) of polymer sample was 
performed on a Perkin Elmer 7 Series thermal analysis sys
tem under a nitrogen flow (50 mL/min). The polymer sample 
was heated from 25 to 700 t at a rate of 10 t/min. TGA 
residue yield (as a matter of convenience, read at 400 °C) 
is reported as the percentage of the sample remaining after 
completion of the heating cycle. For the photolysis experime
nts a Raynot photochemical reactor (model RPR-2080) made


