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Thermodynamic Study on Acetone Solutions of Cellulose
Diacetate by Rayleigh Light Scattering

Hidematsu Suzuki*, Kenji Kamide** and Yukio Miyazaki**
{Received 9 February, 1980)

Rayleigh light scattering measurements were carried out on acetone solutions of a
cellulose diacetate fraction at five different temperatures ranging from 12.6; to 50.3,°C.
The second virial coefficient 4, was found to decrease almost linearly with increasing in
temperature. After determining the temperature derivative of A,, the enthalpy parameter £,
and the entropy parameter ¢, were estimated: £, = —0.105 and ¢, = —0.05;. The results
obtained indicate that (i) the present system is exothermic, (ii) in view of the negative sign
both for &, and ¢, some specific interaction between solute and solvent is present, and
(iii) acetone is a ‘“‘configurationally” poor solvent, but is nevertheless a “thermally” good
solvent for cellulose diacetate. The exothermic nature of the present system was considered

from the standpoint of solvation due to hydrogen bonding.

1. INTRODUCTION

Light scattering is well known to be the unique
method by means of which the size and shape of
large molecules in solution can be determined. In
the preceding paper,!) we reported its application
to a study on the conformation of cellulose
diacetate molecules in acetone solutions. Since the
scattering intensity is related, as is shown in eq. (1),
to the chemical potential of the solvent, light
scattering is also one of the important tools for
determining thermodynamic properties of solu-
tions, The present article communicates the results
of such a thermodynamic study on the system
cellulose diacetate-acetone.

In general, the solubility of cellulose derivatives
is limited to certain solvents and depends upon
various factors such as the degree of substitution,
chemical structure of solvent, procedure of dis-
solution, and so on.?) Because they are partially
crystalline, less flexible, and polar polymer mole-
cules. Several types of solvation specific to the
chemical structures of substitute and solvent must

effect complete dissolution of cellulose derivatives.
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This is obvious from a finding that the molecular
characteristics of cellulose derivatives are by no
means intrinsic to their structure, but do vary with
solvent. Those specific interactions are discussed
through the phenomenological thermodynamic
parameters in the present study.

Thermodynamic data of the present system are
available in the literature only in higher polymer
concentration range. Jeffries’) obtained from
measurements of both vapour pressure depression
and osmotic pressure a result that the heat of
dilution was, though positive, very close to zero
up to the polymer weight fraction of about 0.70
and then became definitely negative in the fraction
range of 0.80 to 0.95. Moore and Shuttleworth®
succeeded to measure vapour pressure depression
and stated in their paper that their signs of
both the heat and entropy of dilution differed
from those given by Jeffries. However, the dis-
agreement is only apparent. In actual, their
results are consistent with those of Jeffries quali-
tatively. Yet some quantitative problems remain
unsettled. Moore and Shuttleworth observed that
the lowest polymer weight fraction at which the
heat of dilution became negative was as low as 0.2.
In view of a fact that errors are likely to be great
at lower concentrations in this type of measure-

ment of the solvent activity, it seems appropriate



to adopt Rayleigh light scattering which affords
us thermodynamic information of dilute solutions
with accuracy.

2. THEORETICAL

According to the fluctuation theory of light
scattering, the reduced intensity of scattering, i.e.,
the Rayleigh ratio R(0,¢) and the difference of
chemical potentials per mole between the solvent
in solution and in pure phase A#, are interrelated

by the following equation:

Ke 1 OA L,
B0~ RI7, O ae dor (1)

Here, R(0, ¢) denotes %133 R(6,¢), 6 is the scatter-

ing angle, ¢ the solute concentration (g/cm?), K
the familiar light scattering constant including the
Cabannes factor of depolarization, V, the partial
molar volume of the solvent, p the pressure, R and
T have the usual significance. Sometimes Az, is
called the partial molar Gibbs free energy of
dilution. As the osmotic pressure /7 has a relation-
ship with Az,

—Auy Vi =[T=RTc¢(M A c+ ) (2)
equation (1) can be re-written as
Kc/R(0,¢) =M=+ 24,¢c + ... (3)

where M is the molecular weight of the solute
molecules, and A, the second virial coefficient,
whose dependence on temperature is characteristic
of thermodynamic properties of the solution.
Inasmuch as the terms higher than ¢? can be
neglected for dilute solutions, one may express the
second virial coefficient in the excess chemical
potential of the solvent AxFf= Au;— RTIn X,
(X, : the mole fraction of solvent):

Ay=—Auf/RT 2V, (4)

When the excess chemical potential of the solvent
is splitted into an enthalpy term A, (the heat of
dilution, or relative partial molar Gibbs free energy)
and an entropy term  ASF (the excess relative
partial molar entropy), the two corresponding
terms for A,, A, i and A, g, can be obtained in

the forms of

oA

E
Ay =Ay g tAss (5)
Ay =—AH/RT*V, (6)
Ay 5= ASEIRCV, (7)

These quantities can be evaluated by determining
the temperature dependence of A, at constant

pressure experimentally: 5)

Ay =Tad, —T(0A3/0T), (8)

Ay s =Ay(1 —aT)+T(0A4,/0T), (9)

In the above equations, « stands for the coefficient
of thermal expansion of the solvent. Once the
values of A,y and A, g are determined, it be-
comes possible to estimate the enthalpy paramerter
£, and the entropy parameter ¢ in the Flory
nomenclature® from the following relations:

Ey=—A, yVi/v? (10)
@ =4y sV1/0° (11)

Here, » is the partial specific volume of the solute
molecules. The above equations afford a practical
way of the estimation of £, and ¢, in the range

of very low concentrations.
3. EXPERIMENTAL

3.1 Polymer sample and solvent

A ceilulose diacetate fraction coded as EF3-8
was employed in this study. The detailed descrip-
tion on the starting material, the procedures
of acetylation reaction and successive solutional
fractionation have already given elsewhere.”) The
molecular characteristics of this fraction are as
follows: the weight-average molecular weight M,,
as determined by light scattering is 9.44 x 10%, the
ratio of molecular weights My /M, (M,: the
number-average molecular weight) as determined
by gel permeation chromatography is 1.3;, and
the limiting viscosity number [7] is 154 cm®/g
in acetone at 25.0°C.

A guaranteed grade acetone (Nakarai Chemicals
Co., Kyoto) was dried over molecular sieves 4A
and then fractionally distilled through an efficient
column.

3.2 Light-scattering photometry
Use was made of a Fica 50 light scattering

NETSUSOKUTEI 7(2) 1980



Thermodynamic Study on Acetone Solutions of Cellulose Diacetate by Rayleigh Light Scattering

photometer (Sofica, Paris). The light scattered
trom the sample molecules in acetone was meas-
ured at five different temperatures ranging from
12.6; £0.05 to 50.34 £0.15°C with blue (436 nm)
light. Vertically polarized components of the light
were used both for illumination and detection.
The photometer was calibrated at 25°C against
benzene (spectroscopy reagent) by using the litera-
ture values,® 46.4x107* m™! for the Rayleigh
ratio and 0.42 for the depolarization ratio o, of
the unpolarized light. The conversion of the
Rayleigh ratio value from that for unpolarized
light to that for polarized light was carried out by
multiplying the former by the factor (2—0,)/
(1+0,).

The scattered-light intensity corrected for the
scattering volume [ was recorded at eleven scatter-
ing angles ranging from 30 to 150°. The ratio
I{0)/I(90°) observed for pure benzene was found
to be 1.000+0.009 at each scattering angle, and
no correction was necessary for the imperfectness
of the optical system and the cylindrical glass cells
used. Neither reflection correction was made,
since the refractive index of vat liquid, xylene, was
very close to that of the glass cells.

The sample solutions and the solvent were
clarified by filtering them through a Sartorius
Membranfilter SM 11607 of 0.2 4m pore diameter
directly into cleaned glass cells, each of which is
ficted with a ground-glass stopper. Light-scatter-
ing data obtained were analyzed by the usual
double-extrapolation procedure of Zimm.®) Five
concentrations ranging from 0.077g to 0.3884
x 1072 g/lem? at 25.44°C were employed in carrying
out the analysis.

3.3 Specific refractive index increment

Refractive index increments of acetone solutions
ot the sample for blue light were measured on a
Shimadzu DR-4 differential refractometer (Shima-
dzu, Kyoto). The apparatus was calibrated against
aqueous potassium chloride. The specific refractive
index increment dn/dc of the system was found

to be fairly well represented by the relation
dnjde = 0.112+3.3x 10~ (7 — 25°)

where ¢ is the temperature in Celsius.
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4. RESULTS

Figure 1 illustrates the Zimm plots for the
sample, cellulose diacetate fraction EF3-8 in
acetone at 25.45°C. Here, a negative value —250
for the plotting constant & is employed for a better
spacing of points. Within the concentration range
examined, points extrapolated with respect to the
scattering angle are seen to fit closely to a straight
line, allowing accurate determinations of an inter-
cept of the ordinate and a slope. Since the sample
is heterogeneous, the molecular weight as deter-
mined by eq. (3) becomes M,,. We got the value
of 9.44x10% for M,, from this analysis.) From
the slope of the line, on the other hand, 4, was
estimated to be 3.85x107% m® mol/kg?.
reticulate diagrams were obtained at the other four

Similar

temperatures. It was found from the results of
analysis that the values of M, were coincident
with each other within experimental error, show-
ing that no association occurred in the solvent.
Another point noticeable is that 4, deceases with

increasing in the temperature of measurements.

18 T T T

Ceilutose Diacetate £73-8 |
~ Acetone, 2544°C

sind(8/2) - 250¢

Fig. 1 The Zimm plots of light scattering data
obtained with blue light for cellulose diacetate
fraction EF3-8 in acetone at 25.44°C.

Table I. Thermodynamic parameters of cellulose
diacetate fraction EF3-8 in acetone

T Ax10° A, yx10° A, gx10°

°C m?mol/kg?  m3 mol/kg? m? mol/kg2
12.6, 4.1, 6.9, 2.8,
25.44 3.8 7.14 ~3.3,
37.74 3.65 7.3, —3.7,
45.0, 3.5, 7.4, ~3.9,
50.3, 3.4, 7.5, _4.1,




All the experimental values of A, are listed in
column two of Table L

5. DISCUSSION

Figure 2 shows plots of 4, against 7. Within
the limited range of temperature, 4, may be
approximately seen to decrease linearly, the tem-
perature derivative (0A,/0T ), at one atomosphere
being evaluated to be —1.85x 107°. This negative
sign of (§A,/8T), suggests a possibility of ap-
pearance of lower critical solution temperature
(LCST) and indicates that the solutions under
study are exothermic. As stated in Introduction,
the present system is known to be exothermic at
high polymer concentrations. On that account it
is interesting to see that at the extreme concen-
trations, very low or high, the heat of dilution is
negative. The exothermic nature of the present
system will be discussed later, and we first aim to
determine the two thermodynamic parameters £,
and ¢.

Substituting the (94,/67T), value determined
above into egs. (8) and (9), we calculated the
enthalpy part and entropy part of 4,. For the
calculation, the literature value, & =1.423x 1073
was employed. The values thus estimated for 45 y
and A, g are listed in columns three and four of
Table I. It is seen from those results that the values
observed for A, may be ascribable predominantly
to the enthalpy part of 4,, while the contribution
of its entropy part is negative, though small in
absolute number. We next estimate the parameters
k, and ¢, by using the values of Ay g and A, s
with egs. (10) and (11).
ture value of v,,”) 0.692 for the present system is

When the averaged litera-

taken to convert ¢ into the volume fraction X,
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Fig. 2 Temperature dependence of 4, for cellulose
diacetate fraction EF3-8 in acetone.
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the following results yield at 25.45°C:
£, =—0.103 and ¢ =-0.05,.

Although theoretical considerations based on
the lattice arrangement yield the approximate
value of one-half for ¢,,'0"'?) it has been well
known that ¢,’s of real polymer solutions take
values lower than the theoretical one and vary
depending upon the chemical structure of the
solvent used. For instance, the value as low as
0.006 was estimated for the system polystyrene-
2-butanone.®) However, the occurrence of negative
value for ¢ is unexpected. Because entropy
should favour the mixing process in general. This
finding elucidates, therefore, that dilution is ac-
companied with an ordering process which makes
the excess entropy negative. Such a case is rather
unusual, but has been reported on several polymer
molecules such as poly(methacrylic acid),'® poly-

15} In those

acrylonitrile,m) gelatin and collagen.
cases, strong interactions owing to the dipole
moment and/or the hydrogen bonding play a
significant role. Tt is known that negative sign
both for £, and ¢, are the characteristics of
exothermic solutions in which some specific inter-
actions between the solvent and the solute
molecules are present. From the two parameters
determined, the thermodynamic quality of the
solvent may be assessed: in view of a fact that ¢,
is negative, acetone is a “configurationally” poor
solvent, but is nevertheless a “thermally” good
solvent, for a negative value of «, is found. In
connection with the above assessment, it cou.d be
worthwhile to mention an interesting phenomenon
that a mixture of cellulose triacetate with acetone
can form a solution only when cooled to about
—40°C or below and then warmed to ambient
temperature with shaking.?) ~Acetone must be
much thermally better a solvent for cellulose
triacetate than for cellulose diacetate.

The thermodynamic parameters are related to
the O temperature as @ = £, 1/¢, .
relation, the © temperature (in this case, LCST)

may be calculated to be 358°C. This is only a

From this

rough estimate unverified experimentally. Here
we would like to mention briefly the LCST
phenomenon. At the time when LCST was first
discovered for normal systems of hydrocarbon

polymers-hydrocarbon solvents'®) and subsequent-
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ly was recognized as a widespread phenomenon
in polymer solutions, it had been considered for
the time being that the (classical) Flory-Huggins
theory of solution®'?) had no ability of telling
about this phenomenon as well as the volume
change of mixing, However, it has been proved by

Koningsveld!” and Eichinger!®)

that without ignor-
ing the specific heat term, the Flory-Huggins
theory does predict the LCST phenomenon. Since
their studies have been referred to scarecely, a
brief comment was given for appreciating the
classical lattice theory of polymer solutions.

Now we consider the exothermic nature of the
present system. Since the contacts between solute
and solvent cause a heat change of solution, the
heat of dilution, ie., the partial molar heat of
mixing should have the same sign as the heat of
mixing of solvated polymer with solvent AH,.
In real solutions, various intermolecular forces may
be supporsed to work. They are due to dispersion,
dipole orientation, dipole induction, hydrogen
bond, and so on. When the interactions except
the dispersion forces are absent, the heat of mixing
is, as is well known, always positive or zero. Even
if the interaction due to dipoles are included as
an additional effect, no possibility can be found

to predict evolution of heat.’?)

A possible cause
might be ascribed to hydrogen bonding. The trend
of hydrogen bonding can be deduced by the
electronic character of the substances in question.
In other words, it may be appropriate to charac-
terize the substances from the standpoint of
the proton-donating and proton-attracting capaci-

ties.20-21)

When the proton-donating and proton-
attracting powers of a liquid are expressed by two
parameters o and 7 respectively, the cohesive
energy due to hydrogen-bond formation is con-
sidered to be some function of ¢ and 7. Since
the function is obviously zero when either o or
7 is zero, the product o7 is the simplest such
function. If in a liquid mixture, o and 7 should be
added on a mole fraction basis, the contribution
to the heat of mixing due to hydrogen-bonding

effects is written as!®=22

Ay = X1 X5 (61— 02) (71— 72) (12)

Since acetone is a strong proton-attractor, it
follows 0;=0 and 7;>0. On the other hand,
cellulose diacetate has a complex character: both
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o, and 7, are not zero due to the hydroxyl and
acetyl groups respectively. It is obvious, however,
that acetone is stronger a proton-attractor than
the acetyl group in cellulose diacetate, i.e., 7, > 7,.
Substituting these relations into eq. (12), we find
AH,, negative. This is only a qualitative expla-
nation. However, it is plausible, for evidences of
the solvation due to hydrogen bonding have been
shown for cellulose diacetate in a number of

23-26) Pproton-donors such as acetic acid,

solvents.
nitromethane, and p-cresol are bound by hydrogen
bonds to acetyl groups, while proton-attractors
such as aniline, pyridine, and «-picoline solvate
hydroxyl groups, giving rise to breaking intra-
bonds

hydroxyl and acetyl groups on neighboring rings.

molecular hydrogen between

primary

These differences in the type of solvation may be

understood to reflect the observed solvent de-

pendence of the flexibility of cellulosic chain.?7)

Hitherto we considered the solvation problem by
use of only phenomenological results. Much more
direct information will be obtained from suitable
spectroscopic investigations. A study by nuclear

magnetic resonance has been carried out and will
27)

be published elsewhere shortly.
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