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The concept of a “moving unit”—a group of molecules which move together for the time much longer than
the velocity auto-correlation time, 7—was introduced in order to obtain information about cooperative translational

motions of molecules in associated solution.

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 solutions

measured by Rayleigh scattering.

It was shown that the mean number of alcohol molecules which constitute a

moving unit is much smaller than the mean association number of alcohol, especially in the high concentration

range of alcohol.
changing the polymer shape within the time 7.

Local fluctuations of concentration afford information
which is useful for understanding the mixing of liquids
from a molecular viewpoint. As the mean-square
amplitude of concentration fluctuations is related to the
spatial correlation between the positions of different
molecules, it affords information about the local struc-
ture formation in solution. In the 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 ordinary mean association
number.

In order to discuss the state of mixing from a
dynamical standpoint, however, the life-time of local
structures should be taken into account in addition to
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. The correlation time of concentration fluctuations,
which is specified by a mutual diffusion coeflicient, is
considered to afford information about the life-time
of the local structure. It is not possible, however, to
obtain the life-time of the local structure directly from
the mutual diffusion coefficient because too many
parameters are necessary for the description of collective
motions of molecules.

In the present report, we propose the existence of a
group of molecules which move together for the time
much longer than the velocity auto-correlation time of
component molecules. We call this group of molecules
a “moving unit.” The mutual diffusion coefficient,
which is obtained from the analysis of the Rayleigh
scattering spectrum, can be expressed in terms of the
number of moving units.

Binary solutions of methanol-carbon tetrachloride
and ethanol-carbon tetrachloride were chosen as
appropriate systems in which to determine the existence
of such moving units. In these systems, the mean
association numbers of hydrogen-bonded alcohol mole-
cules increase with increasing alcohol concentration.
Our main interest is to know whether these hydrogen-
bonded alcohol molecules can be a moving unit par-

This indicates that the hydrogen-bonded polymer of alcohol molecules cannot move without

ticularly in the high concentration range of alcohols.
Theoretical

Mutual Diffusion Coefficient and Molecular Velocity Correla-
tion. The spectrum of the Rayleigh light iso-
tropically scattered by a binary solution can be
approximated by two Lorentzian curves.® One of these
corresponds to the scattering arising from the entropy
fluctuations and the other to that from concentration
fluctuations. Since the half-width of the latter spectrum
is narrower than that of the former by a factor of about
a hundred, these two curves can be identified separately,
even though the band centers are overlapped. The
spectrum for concentration fluctuations is expressed as®

|k|2D 1)
o+ (|¥[*D)*
where k is the scattering vector and D is the mutual

diffusion coefficient. The time correlation function for
concentration fluctuations is related to D:

I(k, w)
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Ac(k, t) = S [e(r, t) —<{c)lei*rddr 3)
when temperature and pressure fluctuations are

disregarded.l® In Egs. 2 and 3, ¢(r,t) is the concentra-
tion at the point r at time ¢ in the scattering volume V
and the pointed brackets indicate an equilibrium
ensemble average.

D is expressed in terms of the time derivative of
Ac(k,t) 1Y

- 1 1 ® A , ~st

D = 1:2} lLliI: W— WSO <A0(k, t)AC(k, 0)>e dt. (4‘)
We now consider a binary solution whose components
are molecules A and B. If the concentration is expressed
in the mole fraction of A, AX,(r,t) can be approximately
expressed as

AX,(k,t) = — ;k-[XBmk,t)—XAJB(k, nl ©)

with
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where p is the number density, X, and Xg are the mean
mole fractions of A and B, respectively, and n, and ng
are the mean numbers of molecules A and B in 7,
respectively. v,(¢) is the velocity of an a-th molecule
of A, and v,(¢) that of a b-th molecule of B at time ¢.
In the limit of small |k|, <|AX,(k)|2> can be written as

lim (| AX, () [*> = ;VN (AX)? ™)

where N is the mean number of total molecules in a
region which is very large compared to the distances
between molecules and X, is the concentration fluctua-
tion in the region. Substituing Eqs. 5—7 into Eq. 4,
we can obtain

D= Q[XB{Vu'I‘ (na—1) Vaa’}
+ Xa{Vep+ (15— 1) Vi } — 2(ns+ 1) X X Vop]
(axxa’ bxb’) (8)
with
= XXs
= TAXTS ®)

A A RCCEAO

0
(10)

where i and j represent a, a’, b, or b’. Q is a so-called
thermodynamic factor expessed in terms of mean-square
concentration fluctuations, N< (AX,)2>, which can be
obtained by analyzing integrated intensities of Rayleigh
scattering spectra.? (X Xp) is the magnitude of
N<(AX,)%> expected for an ideal binary solution.
It can be seen from Eq. 10 that V,, and V}; correspond
to the self diffusion coefficients of A and B, respectively;

Vaa = Dy Vip = Dg (”)

Vaas Vobs and V,y are related to the velocity correla-
tions between different molecules. In the case where
these pair-correlations are negligible, D can be written
as
D = Q(XgD,+ X, Dg). (12)
Moving Unit and Diffusion Coefficient. We consider
a solution in which strong intermolecular interactions
such as hydrogen bonding exist. In such a solution,
the velocities of these interacting molecules are expected
to be strongly correlated, that is, V,,., Vpp and Vg
can not be neglected. It is very difficult to express these
quantities in terms of microscopic parameters such as
intermolecular forces. Instead of studying the details
of these dynamical interactions, we assume that some
numbers of molecules move together as a group for
a time much longer than the velocity auto-correlation
time. We call this group of molecules a “moving unit.”
In the binary solution of A and B molecules, moving
units can be represented by A;, B,,, and A;B,, where [
or m is the number of molecules A or B which constitutes
a moving unit. We further assume that the velocity
correlation between molecules belonging to different
moving units can be neglected, because it is much
smaller than the velocity correlation between molecules
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belonging to the same moving unit. Then, the velocity
correlation function can be written as

o) -2(0)> = 2IPKwi(t) -vi(0))
() -vy(0)> = 2IPiwi(2) -v5(0)>
= 2IPCvi (1) -v{(0)>

(i, j=a, a’, b, or b)

(13)
(14)

where P{ is the probability of finding an i-th molecule
in a moving unit a (a=A,; etc.), Pf{j the probability
of finding both the i-th and the j-th molecule belonging
to o, and of is the velocity of an i-th molecule belonging
to . Under these assumptions, V;; in Eq. 8 is expressed
as

Voo = Dy = ZLPQ'DM + $§P£1BmDALBm
Vp = Dg = EL}PI?LDBL + ?gpﬁﬂanAth

Vi = SIPDyy + SITPIID, (15)
Vw: = ELP o Dy, + ZLE%‘IP BPmD g
Vo = SISPAPDs,
with
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m m—1
PiPm = nypy g ng—1
I m
PiPm = Mama,

Substitution of Eqs. 15—17 into Eq. 8 yields the follow-
ing equation:

X,
D=0 [—n: (EzlznAzD nt ?%lznAleD ABm)
X,
+ . A (Etlz”mD bt ElzmanBmDMBm)
B m

2
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and
1
D, = —ﬂA (ﬁlnAlDAl-,-?ElnAleDALBm)

(19)
1
DB = n—(?hlmDm+¥2m”AleDALBm)'
B m

Moving Units in Alcohol-Carbon Tetrachloride System.
In the binary solutions of methanol(A)-carbon tetra-
chloride(B) and ethanol(A)—carbon tetrachloride(B), the
existence of the moving unit of Aj-type is expected. In

this case, Eq. 18 is reduced to
D = Q(XyD} + X,Dp) (20)

with
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SPnuDy _ S¥mD
;lnAL - ;lnALDAL .

D}

(21)

D, 1s written as

D, = %’(lvAtl2>TAL (22)
with
e[

In the above equations, <|v,?|> is expected to be
inversely proportional to ! at constant temperature,
because this relation holds:

1

FMlonl> o= T (24)
where M,, is the mass of the moving unit A; (oc {)

and T'is the temperature. If we assume 7,; is independ-
ent of [, we have

D,, % (25)
Substituting Eq. 25 into Eq. 21, we obtain
D = Q[XpD{1>5+X,Dg) (26)
= ik 27)
T ?nAl

where </>¢ is the mean number of A molecules which
constitute one moving unit. By substituting the experi-
mentally observed values for D, Q, D,, and Dy into
Eq. 26, we can obtain the </>>§ value at each con-
centration.

Experimental

The light scattering spectrometer (heterodyne detection)
used in the present study was designed and constructed in our
laboratory.'» The light source was an Argon ion laser
(Spectra-Physics model 165-09) which produced 100-800 mW
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 was focused into a rectangular
scattering cell. Scattered light and a local oscillator beam
(scattered from the cell walls) were collected onto the surface
of a photomultiplier tube (HTV R-374). The photocurrent
was amplified and then fed to a spectrum analyzer (Takeda-
Riken TR 4120S). This analyzer is designed for the analysis
of the spectral region 50 Hz-30 MHz. Details of the spec-
trometer have been reported elsewhere along with the
reliability of the observed data.!?

Light scattering spectra were observed by using this spec-
trometer at the temperature of 24+0.5 °C in the scattering
angle range of 6°<<0<11°,

All the chemicals were commerical products. The sample
solutions were made dust-free by the use of a millipore filter FG
of 0.2 pm pore size.

Results and Discussion

Light Beating Spectra and Mutual Diffusion Coefficients.
Figure 1 shows a typical example of an observed
spectrum. All spectra were found to fit a Lorentzian.
By plotting the observed half-widths against [k|2, the
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Fig. 1. Heterodyne beating spectrum of light scattered

by methanol-carbon tetrachloride solution (0.3 mole
fraction of methanol). Scattering angle is 7.25°.

theoretical prediction of linear dependence of a half-
width on |k|2 was confirmed. A mutual diffusion
coefficient was obtained from the slope of the linear
plot. The mutual diffusion coefficients thus obtained
are plotted against the mole fractions of methanol and
ethanol, respectively, in Figs. 2 and 3 (see the circles).
The dashed lines in these figures indicate the mutual
diffusion coefficients calculated for Eq. 12, where Q
is obtained from the observed values of N<(AX,)2>
reported elsewhere.®) Literature values were used for
D, and Dg.2%1 It is seen from these figures that the
observed values of diffusion coefficients are larger than
those predicted from Eq. 12. This disagreement between
the observed and theoretical values shows that velocity
pair-correlation between different molecules cannot be
neglected. As the observed values are larger than the
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Fig. 2. Observed mutual diffusion coefficients for metha-
nol-carbon tetrachloride system (Q).
The dashed line corresponds to mutual diffusion coef-
ficients calculated from Eq. 12.
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Fig. 3. Observed mutual diffusion coefficients for
ethanol-carbon tetrachloride system ().
The dashed line corresponds to mutual diffusion
coefficients calculated from Eq. 12.

theoretical ones, it can also be concluded that the
velocity correlations between the molecules of the same
species are stronger than between those of different
species.

Moving Units and Mean Association Numbers in Alcohol—
Carbon Tetrachloride System. The mean numbers,
<I>%, were obtained from Eq. 26 using the observed
mutual diffusion coefficients, D, the observed diffusion
coefficients, D, and Ds, and the observed mean-square
concentration fluctuations, N<{(AX,)2>>. In Figs. 4
and 5 the mean numbers, </>2, thus obtained are
plotted against the mole fraction of alcohol for the
methanol-carbon tetrachloride and ethanol-carbon
tetrachloride systems, respectively.

In a previous paper,® we have analyzed the observed
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Fig. 4. Comparison of {I>¢ (O) with HE (——) for
methanol-carbon tetrachloride system.
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Fig. 5. Comparison of ()3 (O) with <DE (
ethanol-carbon tetrachloride system.

) for

mean-square concentration fluctuations, N<(AX,)?>,
by using the polymer chain model. In this model, a
group of hydrogen-bonded alcohol molecules is treated
as a polymer chain whose length is proportional to the
association number of alcohol molecules. The solid
lines in Figs. 4 and 5 shows the mean association
numbers!®

<DE = Sy ST8,

obtained from the above analysis, where n,;is the mean
number of alcohol l-mers (A;). An “l-mer” is defined
here as a group of / number of alcohol molecules which
are linked by (/—1) hydrogen bonds. We cannot
obtain information about the life-time of local structures
from <{I>% because the definition of an “/-mer” does
not include the concept of life-time. On the other hand,
<> is the mean number of alcohol molecules which
can move together for a time much longer than the
velocity auto-correlation time. Therefore, </>>§ may
be called a ‘“dynamical mean association number.”
These two quantities, <I/>§ and <[>}, are not
necessarily equal in magnitude, as can be understood
from their definitions.

It is seen from Figs. 4 and 5 that <!>>§ 1is only
slightly smaller than <>} in the low concentration
range of alcohol. As the alcohol concentration increases,
however, the difference becomes very large. If all the
hydrogen-bonded polymers of alcohol molecules can
move for a time much longer than the velocity auto-
correlation time without changing the polymer shape,
each polymer can be regarded as a moving unit. Then,
<I>% is expected to be equal to <I>E. The above
results indicate that a linear hydrogen-bonded polymer
of alcohol molecules cannot always be a moving unit,
especially in the high concentration range of alcohol.
The difference between <I>% and <I>} may be
explained as follows. Consider the velocity correlation
between two alcohol molecules which form a polymer.
If these two molecules are adjacent to each other, the
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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 </>>3 cannot exceed a certain
number, no matter how large the mean association
number, <[>F.

From these results, the following picture may be
drawn for the cooperative translational motion of
alcohol molecules. In the low concentration range of
alcohol, several alcohol molecules form a hydrogen-
bonded polymer. The polymer can move for a time
much longer than the velocity auto-correlation time
without changing the polymer shape. The number of
alcohol molecules moving together increases with the
increase of the alcohol concentration in this concentra-
tion range. In the high concentration range, however,
the polymer can no longer move without changing its
shape as long as it could in the low concentration range.
In other words, the number of molecules which can
move together is much smaller than the mean association
number.

Comparison with the Mean Association Number Obtained
by Using an Ideal Associated Complex Model. In our
previous paper,® the observed values of N<(AX,)%>
have been analyzed by using the ideal associated
complex model. The model includes an assumption
that alcohol molecules form an associated complex.
The solution is regarded to be an ideal solution whose
components are free molecules and the associated
complexes. In other words, all the associated complexes
are the same size as the carbon tetrachloride molecule
and the internal degrees of the complexes are mutually
independent. Under these assumptions, N <(AX,)2>
is expressed as

N(AXY)® = Xy(1=X){X,+<D5 (1= X,)}
Dy = ?lznf\z/;lncm

where n§, is the mean number of associated complexes
which are made up of / numbers of alcohol molecules.
In the previous paper, it has been shown that this
model cannot be applied to the present system (carbon
tetrachloride solution of alcohols) especially in the high
concentration range because the configurations of
linear hydrogen-bonded polymers are not mutually
independent. However, it has been also shown that
<I>¢% obtained from Eq. 28 is still a useful quantity,
because the following expression can be obtained from
the relation between N<(AX,)?> and the spatial
correlation of microscopic density:

(28)

Dy —1= SVPAgAA(')d3’ - SVPAgAB(’)dB’
* %

where A and B denote the alcohol and carbon tetra-
chloride molecules, respectively, p, is the number
density of alcohol, and gag(r) is the radial distribution
function of « and § molecules (¢, 3=A or B). pagag(r)d’r
is the mean number of « molecules in a volume element
d’r, at a distance r from the center of a  molecule.
Thus, (<I>%—1) represents the difference between
the mean number of alcohol molecules in the neigh-
borhood of a carbon tetrachloride molecule and that
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in a neighborhood of the same volume of an alcohol
molecule. If the correlations between the positions of
different alcohol molecules are rather strong in com-
parison with those between alcohol and carbon tetra-
chloride molecules, <I>% takes larger values than
unity according to the extent of the correlation. There-
fore, <I”>% represents the number of alcohol molecules
whose positions are strongly correlated.

In the case where the shape of each hydrogen-bonded
species is spherical and their sizes are the same as the
solvent molecules, <I>% is expected to be equal to

<I>4

DI
(D% = <577
;lnﬂl

This can be understood by considering that the positions
of molecules which form a hydrogen-bonded species are
strongly correlated in this case. In the case where the
shape of each hydrogen-bonded species is like a polymer
chain and various configurations are possible for the
polymer chain, on the other hand, the correlation
between positions of molecules which form an hydrogen-
bonded species becomes relatively weak. Then, <I>%
is expected to be smaller than </>>%.
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Fig. 6. Mean association numbers obtained from mean-
square concentration fluctuation by using an associated
complex model.

(: Methanol-carbon tetrachloride system, A: etha-
nol-carbon tetrachloride system.

Figure 6 shows the concentration dependences of
<I>% obtained from the observed N < (AX,)2> values
and Eq. 28. Comparison of <I>§ with <!>} and
<I>% shows that the concentration dependence of
<I>¢ is more similar to that of </>¢& than to that of
<I>%. These results can be understood by considering
that the velocity time correlation between different
molecules depends on the correlations of positions
between these molecules.

Concluding Discussion. We have introduced the
concept of a moving unit in order to obtain information
about cooperative molecular motions. For the binary
solutions of methanol-carbon tetrachloride and ethanol-
carbon tetrachloride, we have compared the mean
number of molecules which constitute an moving unit
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(dynamical mean association number), <I>§, with
two kinds of mean association number, </>§ and
<I>%. <I>B, the ordinary mean association number,
is the mean number of molecules which are linked by
hydrogen bonds. <> is the number of molecules
whose positions are strongly correlated. These param-
eters describe the local structure from different
standpoints. We have shown that the concentration
dependence of <I>§ is different from that of <U>}
for the present systems. This difference may be distinct
for the solutions in which associated species of short
life-time (the life-time is not much longer than the
velocity auto-correlation time (10-12—10-135)) exist.
For the solutions in which associated species of long life-
time exist, <[> is expected to approach <{I>g.
Incidentally, if all the associated species are spherical
in shape and of the same size in addition to having
long life-times, the relation that <I>§{=<I>ik=
LI>h=LI>8 is expected.

Although various techniques are available for studying
statical structures of liquids or single molecular motions,
there are few experimental methods which yield informa-
tion about collective molecular motions. The measure-
ment of mutual diffusion coefficients is useful for such
study. In most of the reports on the mutual diffusion in
associated solutions, however, little attention has been
paid to the life-time of associated species. The observed
mutual diffusion coefficients have usually been explained
by using the mean association numbers such as <>}
instead of <{/>>4.18,19)

We have shown that the magnitude of the mutual
diffusion coefficients depends on the life-time of the
local structures formed in the solution. Though the
moving unit is a fictitious concept at this stage, it is an
important quantity for drawing pictures of the coopera-
tive translational motions in associated solutions.
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