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Rayleigh scattering spectra were observed for the binary solutions of t-butyl alcohol(TBA)-water and 2-

butoxyethanol (BE)-water.

The observed line-widths were reduced to mutual diffusion coefficients.

The observed

concentration dependencies of the mutual diffusion coefficients were well explained by postulating the existence
of “moving units”— a group of molecules which move together for a time much longer than the velocity auto-

correlation time.

The structure of the moving units which are formed in the TBA-water solution was (H,0),,TBA

for Xp5,50.05, and 4(H,0),,TBA for Xyg,7->0.05, where Xyg, is the mole fraction of TBA. For the BE-water
solution, the structure was found to be (H,O)5BE for X5;<50.02 and 3(H,0);BE for X5;=>0.02. These results
were compared with the results which had been obtained from the concentration dependencies of the mean-square

concentration fluctuation values.

Local fluctuations of concentration afford information
which is useful for understanding the mixing of liquids
from a molecular viewpoint. Since the mean-square
amplitude of concentration fluctuation is related to the
spatial correlation between positions of different molecu-
les, it affords information about the local structure
formation in solution. In our previous reports, we have
discussed the local structures in various solutions on the
basis of the quantitative analysis of the mean-square
concentration fluctuation obtained from the Rayleigh
scattering intensities.)=®  The local structures were
expressed in terms of the mean association number in
the ordinary sense.

In order to discuss the state of mixing from a
dynamical standpoint, however, the life-time of local
structures should be taken into account along with the
mean association number. Here, we define the “life-
time” as the time during which the relative positions
of molecules in a local structure change very little.
Instead of observing the life-time directly, we introduced
the concept of a “moving unit”’—a group of molecules
which move together for a time much longer than the
velocity auto-correlation time—in our preceding report!?
as a useful concept for describing dynamical aspects
of local structures. The mutual diffusion coefficient
was theoretically expressed in terms of the self
diffusion coefficients and the number of moving
units. The theoretical results were applied to the study
of the mutual diffusion coefficients for methanol-
carbon tetrachloride and ethanol-carbon tetrachloride
systems obtained from the intensity distribution measure-
ments of Rayleigh lines. It was shown that the mean
number of alcohol molecules which constitutes a moving
unit was much smaller than the mean association
number of alcohol, especially in the high concentration
range of alcohol. This indicated that the hydrogen-
bonded polymer of alcohol molecules cannot move
without changing shape within the velocity auto-
correlation time.

The present report concerns itself with the extension
of this line of approach to the aqueous solutions of ¢-butyl
alcohol (TBA hereafter) and 2-butoxyethanol (BE
hereafter). Our expectation is that the life-times of the

local structures formed in these solution are much longer
than those in the ordinary binary solutions like
methanol-carbon tetrachloride and ethanol-carbon
tetrachloride.l®

Recently, Iwasaki et al. have observed the light
scattering spectra for the binary solution of -butyl
alcohol and water.””®  They have concluded that
clathrate hydrate-like structures of the type
g[(H,O0)5, TBA] (g=1-—5) exist in the solution, from
the analysis of the observed concentration dependence
of the mean-square concentration fluctuation. By
considering the results of X-ray diffraction analyses for
the structure of solid clathrate hydrate, it has been
suggested that a TBA molecule is surrounded by water
molecules which form a polyhedron. This result
indicates that the life-time of these local structures in
the TBA-water solution might be much longer than
those observed in the carbon tetrachloride solutions of
alcohols.’®  This expectation is confirmed by the
measurement and analysis of the concentration depend-
ence of the mutual diffusion coefficient, which is obtained
from the line-width of Rayleigh line. The binary
solution of water-BE is also included in the present
study.

Experimental

The light scattering spectrometer (heterodyne detection)
used in the present study was designed and constructed in our
laboratory.!) The light source is an argon ion laser (Spectra-
Physics model 165-09) which produced 0.1—1 W power at
488 nm. The scattering angle, 6, was defined by two pinholes
approximately 50 cm apart and 0.5 mm in diameter. The
laser beam is focused into a rectangular scattering cell. Scat-
tered light and local oscillator beam (scattered from the cell
walls) are collected onto the surface of a photomultiplier tube
(HTV R-374). The photocurrent is amplified and then fed
to a spectrum analyzer (Takeda-Riken TR 4120S). This
analyzer is designed for use in the spectral region 50 Hz—30
MHz. The out-put of the analyzer is averaged by a signal
averager (Kawasaki Electronica MS50E-TMC 600). The
averaged spectrum is squared prior to recording, so that
the final output signal is proportional to the power spectrum
of the scattered light. Details of the spectrometer have been
reported elsewhere along with the reliability of the observed
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data.lV

Light scattering spectra were recorded at the temperature
of 2541 °C in the scattering angle range of 5°<6<21°.

All the chemicals were commercial products (Tokyo Kasei’s
Extra Pure). 2-Butoxyethanol was purified by distillation
and t-butyl alcohol was used without further purification.
Water was triply distilled. The binary mixtures of TBA and
water were made dust free by the use of a Nuclepore filter
with a pore size of 0.1 pm.

Results and Discussion

Mutual Diffusion Coefficients and Velocity Correlation
between Different Molecules. The procedure for
obtaining the mutual diffusion coefficient from the
Rayleigh scattering spectra is the same as that described
in the preceding report.l® Figures 1 and 2 show the
concentration dependences of the mutual diffusion
coefficients for the binary solutions of TBA-water and
BE-water, respectively.

The mutual diffusion coefficient for the binary
solution whose components are molecules A and B is
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Fig. 1. Observed mutual diffusion coefficients for TBA~
water system at 25 °C.
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Fig. 2. Observed mutual diffusion coefficients for BE-
water system.

[Vol. 54, No. 4

expressed in terms of velocity correlation functions as
D=0QL 1)
with
L= XgD, + XDy + Xg(ny — 1) V.
+ Xy (ng— 1) Vipr — 2X, X (ny + 1) Vi, (2)

__ XaXs
2= FZaxrS @)

Vu= 3| <no-v>a 0

(i, j, = a, a’, bor b’).
The notations in these equations are the same as those
used in the preceding report.1?)

In the case where velocity correlation between
different molecules can be neglected, L is reduced to

L° = XD, + X,Ds. (5)
Equation 2 can be rewritten in terms of L° as
L=L°+ X,Xg(ny + ng) (Vaar + Vipr — 2Vi),  (6)
where we have taken n,—1~n, and ng—1=ng because
na, ns>1. Equation 6 indicates that L is larger than L°
when the velocity correlation between same species is
stronger than that between different species, that is,
Vn,/—f— Vbb/>2 V‘b. In the case where V,l/—*— Vbbl<
2V, on the other hand, L takes a smaller value than
Le.

Figures 3 and 4 show the concentration dependences
of L calculated from the observed values of D and
N<(AX)Z> for the binary solutions of TBA-water and
BE-water. The observed values of N<(AX)%?> for the
BE-water system are shown in Fig. 12. The observed
values for the TBA-water system were already
reported.”® It is seen from Figs. 3 and 4, that L takes
a minimum value at X~0.05 for the TBA-water system
and X=0.02 for the BE-water system, where X is the
mole fraction of TBA or BE.

The broken line of Fig. 3 shows the concentration
dependence of L° calculated from Eq. 5 where experi-
mental values of the self diffusion coefficients found in
the literature'®13 was used (see Fig. 5). It is seen from
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Fig. 3. Observed values of L (see Egs. 1—3) for TBA-
water system. The dashed line shows L° (see Eq. 5).
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Fig. 4. Observed values of L (see Egs. 1—3) for BE~
water system.
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Fig. 5. Observed self diffusion coefficients for TBA-water

system.

the figure that L is smaller than L° for 0<X<0.065 and
is larger than L° for 0.065<X. These results suggest
that (V,0+Vew—2Vaw) in Eq. 6 is not equal to zero
for the present system.

Moving Unit in TBA-Water Spystem. In the
previous report,!9 we have introduced the concept of a
moving unit in order to obtain information about the
cooperative translational motion of molecules in solu-
tion. We will try to explain the observed concentration
dependence of L by using this concept.

The analysis? of the Rayleigh intensities for the TBA—
water system has shown the existence of clathrate
hydrate-like structures of the type (H,;0);TBA for
0<X<1/22 and of the type 5[(H;0)z TBA] for 1/22<X.
Therefore, we consider first a moving unit of the AB-
type where A and B represent water and TBA molecules,
respectively. Then, L is expressed as
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X
L= n—:[rznArDAr + lz”AlBDAgB]

DA;B’ (7)

X NaB
-+ 7:[”31D31 + "AzBDAzBJ_ 2lnA+l

where na(a=AB efc.) is the number of moving units of
a-type and D. the self diffusion coefficient of a moving
unit «. In Eq. 7, 2 moving unit of the Aitype has also
been assumed to exist. Since the relations

Ny = INy, + l"A;B

ng = ng, + nyB (8)

hold, Eq. 7 is reduced to

L= XygD, + X,Dy + XAlB[“;{ z(wm rDAT>
Xs(D, , — Dy ) — 2D 9
+'X—B s — DVpy | — 4lDyp 9)
— Mam
XA;B 'R + ns (10)

(a) L for a Model System Composed of A;, A;B, and B,.
In order to determine the /-dependence of L, we consider
the special case where r=[ and D,,s=Ds,=Ds =Ds.
We further assume that for 0<Xp<1/(/+1) there exist
only those moving units of the types A; and AB and
for 1/({4-1) <Xz only those of the types A;B and B,.
This corresponds to the conditions X,s=JXps for
OSXBSI/(I'{—I), and XAZB:XA/Z for 1/([+1)SXB.
Figure 6 shows the concentration dependences of L for
Ds=1 and for various values. It is seen from the figure
that there exists a specific concentration, X;, at which
L is zero. X;is equal to 1/({+1), which is the number
ratio of B molecules to all the molecules in the moving
unit AJB. By comparing Fig. 6 with Fig. 3, we can see
that the theoretical curve for /=20 in Fig. 6 explains
the observed concentration dependence of L in the
sense that L takes a minimum value at Xg~0.05.
However, the observed value of L does not go to zero
at any concentration. This suggests the existence of
other types of moving units than AB even at Xz=

0 0.1 0.2 0.3 0.4

Fig. 6. Theoretical values of L calculated from Eq. 9 for
D, z=D, =Dy =1 (r=l) and for various ! values.
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1/({41). Therefore, we consider the coexistence of the
types A;, AB, and B,. In order to determine the
concentration dependence of X,,s, we further assume
the relation
o8 N, Mg
y Szt il
N' = ny + ngp + ng,. (11)
This corresponds to assuming the association equilibrium

K
A, + B, == AB, (12)

where K is an equilibrium constant. Then, X,,s can be
expressed in terms of X as

Xyn= 311_[ (XA + 1X,,> - {(XA+ IX,,) :

K 1/2
K+1 X‘X"} ]
Figure 7 shows the concentration dependences of L
calculated from Egs. 10 and 13 for [=r=20 and for
various K values. It isseen from the figure that L takes a
minimum value at Xz=0.05.

— 4!

(13)

DA‘= Dg = DA‘B
=1

Fig. 7. Theoretical values of L calculated from Egs. 10
and 13 for /=r=20 and for various K values.

(b) L for a Model System Composed of A., A;B, and B;.
In the above analysis, we have assumed that the self
diffusion coefficients of the moving units (Dy,, Dy,
and Ds,) are equal and independent on concentration.
This assumption, however, is not quite reasonable, for
the following reasons. The self diffusion coefficients,
Dy,, Dys, and Dg, can be related to the self diffusion
coefficients, D, and Dg, which correspond to the species
A and B by the equations

™y Ing,p
D, = n: D,, + n: Dyp
n n
Dy = :B Dy + %DBI. (14)
B B

Therefore, the above assumption is equivalent to
assuming D,=2Dg at any concentrations. Actually, the
observed D, and D values are different and depend
on concentration (see Fig. 5).
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In order to take into account the observed concentra-
tion dependences of D, and Dy properly, we rewrite
Eq. 11 by using Eq. 14 as

L =1rXgDy+ XDy — IX,,3Dy

At

As Eq. 15 has four unknown parameters, /, r, Xa;8, and
Dy, on the right hand side, it is difficult to determine
these parameters from the observed data uniquely.
Fortunately, however, we can restrict the probable
magnitudes of these parameter values as follows.

As the sizes and weights of A, and B, are both
smaller than those of A;B, the lower limit of the Dy;s
value may be defined as: Dyz<D,, and D,p<Ds,.
We can also define the upper limits of D, and Ds,, so
that the probable magnitudes of these parameters are
restricted by the relations

DA,BSDA,.SaDA,B

DA;BSDBleDAlB' (16)
The constants a and b of Eq. 16 are arbitraly. However,
it is improbable that D, is larger than 10D,;s because
the self diffusion coefficient of a moving unit is inversely
proportional to its weight, approximately,14 and because
the weight of A/B is about six times as large as that of
B,. So, we set b=10. Similarly, we may set a=40/r
because the weight of B, is about 4/r times as large as
that of A,. D,, and Ds, can be expressed in terms of
D,, Dg, and Dy;p as
_ D,X,— lXA;BDA;B

(15)

D
Ar X,— X, (172)
DgXyg — X, gD
D. =— B<*B A;B AlB.
RN A v (170)
Combination of Eqs. 16 and 17 gives the relations
X,D
D,>D,p> A4 18
AN T T, ) T K, (1B
Dy> Dy 2z (18a)

> .
b (Xg~ Xy + Xyun

Therefore, we can define the smallest value, Lin, and
the largest value, Lyay, of L as

Ly =M — X,3D\H (19)
X,D,X
Ir, = M— Aa4d o8 H
* a(X,— IXAlB) + X A/B (202)
XgDgX
L, =M — BB 4B H 20b
* b(XB—XAlB)—l_XAlB ( )
M = XgrD, + X, Dy
H=1I2— Xg(l —1)/X,] (a=40/r, b=10)

if H>0. The values of L%,x and L%,, are determined
from Eqs. 18a and 18b, respectively. The values of
L, in are determined from Eq. 18 and the relation that
Dy>Dsg (see Fig. 5). For H<O0, L,;, in Eq. 19 becomes
a maximum value and L., in Eq. 20 becomes a
minimum value. Figures 8—10 show the domain of L
calculated from Egs. 19 and 20 for some values of r
and K, where the concentration dependence of X A;B
is assumed to be determined by Eq. 13. It is seen from
these figures that the observed L values satisfy the
inequality represented by Eqgs. 19 and 20 for r=4 in the
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Fig. 8. Domain of L calculated from Eqs. 19 and for [=
20, r=1, and K=10 (shaded area).
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Fig. 9. Domain of L calculated from Egs. 19 and 20 for
1=20, r=4, and K=10 (shaded area).
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Fig. 10. Domain of L calculated from Egs. 19 and 20 for
1=20, r=4, and K=100 (shaded area).

Cooperative Motions in Aqueous Solutions of TBA and BE 995

low concentration range of TBA (X<{0.03). In the
high concentration range, however, the domain calcu-
lated for any r or K value does not cover the observed L
values. This implies that the present model is not
applicable in the high concentration range.

(¢) L for a Model System Composed of A., gAB, and
B,. In the Rayleigh intensity analysis, the existence
of the local structure of the type 5[(H,O),TBA] has
been proposed for 1/(I'41)<Xp(I'~21). So we assume
the coexistence of the moving units of the types gA,B
(g=2, 3,..), A,, and B, for Xg>1(/+1). Then, L is
expressed as

L= M+ XygDpupH'

e =Gl )- (e )

XA,B = ngA,B- (21)
In this case the relations corresponding to Eq. 16 are

Dppp <Dy, < aTg Dyypn (22a)
Dypp < Dy < bgDgy . (22b)
Therefore,
Loy =M — DX, zH' (23)
X,D,X
Le, =M — aad 4B o 24
o ag(X, — lXAzB) + IXA,B (242)
X
Lhy=M 2Ds X H (24b)

Cbg(X— Xapp) t Xam

for H'>0. The domain of L calculated from Eqs. 23
and 24 for r=1, K=10, and g=4 is shown in Fig. 11,
where the domain of L for Xp<{1/(l+1) is calculated
from Egs. 19 and 20. It can be seen from the figure that
the calculated domain covers the observed values of
X>0.02.

We could not find any other r and g values which
give a domain of L which covers the observed values
for X<{0.1. However, for X<0.075, for example, the
domain calculated for r=1 and g=3 also covers the
observed L values. Similarly, for X<{0.07, we can find

L/10-% cm? s

0 0.05 0.10
XTBA

Fig. 11. Domain of L calculated from Eqs. 23 and 24 for
=20, r=1, K=10, and g=4 (X>0.02) and that
calculated from Eqs. 19 and 20 for /=20, r=1, and K=
10 (X<0.02).



996

that three sets of values: (r, g)=(1, 4), (1, 3), and (2, 2),
can produce domains which can cover the observed L.
These results may suggest an increase of g and decrease
of r with the increasing concentration of TBA.

From the above analysis, the following types of
moving units can be expected in the TBA-water
solution:

A, (r = 4—10), Ay,B, and B, for 0 < X3 <5 0.05
A, 4A,B, and B,, for 0.05 < Xj.

An approximate [ value can be determined from the
concentration at which L takes a minimum value.

Moving Unit in BE-Water System. We have
analyzed the observed mean-square concentration
fluctuation for the BE-water system by the same way
as was used for the TBA-water system.”? Our conclusion
is that there are local structures of the type (H,0);BE
for 0<Xpe<1/56 and of the type 3(H,O);s; BE for
1/56 > Xge.

For the BE~water system, the self diffusion coefficients
have not been reported. However, the observed concen-
tration dependence of L in Fig. 4 suggests the existence
of moving units similar to these in the TBA-water
system, that is, the (H,O),BE type. From the concen-
tration at which L takes a minimum value, the [ value is
obtained to be about 50.

Concluding  Discussion. We have shown that
moving units of the types g[(H;O),,TBA] and
g'[(H,0)4,BE] exist in the binary solution of TBA-water
and BE—water, respectively. The analysis of the concen-
tration dependences of the mutual diffusion coefficients
gave these results. In the study of the mean-square
concentration fluctuations for these systems, on the
other hand, the existence of local structures of the
types g"[(H;0),,TBA] and g"'[(H,O)sBE] has been
suggested. With the help of the results of X-ray diffrac-
tion analyses for the structure of solid clathrate
hydrate,'® the following picture can be drawn for the
mixing state of TBA—water mixtures. In the concentra-
tion range of 0<Xyp,<(1/22, a TBA molecule forms a
polyhedron surrounded by water molecules and the
polyhedra are dispersed in water. In the concentration
range of 1/22<Xpss<{0.1, the aggregates of five
polyhedra are dispersed in TBA. Because the ratio of
water molecules to a TBA molecule in a moving unit is
nearly equal to that in the above polyhedron, it can be
concluded that the life-time of the clathrate hydrate-like
structure is much longer than the order of the velocity
auto-correlation time (10-13—10-%s). This is in
contrast with the results obtained for the binary solutions
of methanol-carbon tetrachloride and ethanol-carbon
tetrachloride. In these systems, a group of hydrogen-
bonded alcohols cannot be a moving unit, especially
in the high concentration range of alcohol (Xaicono>
0.1). This result has been explained as follows. Consider
the velocity correlation between two alcohols which
form a linear hydrogen-bonded polymer. If these two
molecules are adjacent to each other, the velocity
correlation between them is expected to be strong. If
these two molecules are not adjacent to each other, on
the other hand, the velocity correlation between them
becomes relatively weak. Therefore it is expected that
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Fig.12. Observed mean-square concentration fluctua-

tion for BE-water system.

the number of alcohols which form a moving unit
cannot exceed a certain number, no matter how large
the association number of hydrogen-bonded polymer is.
In other words, the long hydrogen-bonded polymer
cannot be a moving unit.

The present results are not inconsistent with this
viewpoint. In the TBA-water solution, the distances
between the TBA molecule and each water molecule
which form a polyhedron are almost the same. There-
fore, the velocity correlation between the TBA molecule
and each water molecule is expected to be strong. For
the BE-water system, no picture for the mixing state
has been drawn. We suggest the picture is similar to
that in the TBA-water systems, because the present
study has shown that the local structure predicted by
the Rayleigh intensity analysis can be a moving unit
itself.
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