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Linewidth and visocity measurement covering the single phase and two phase region were made. Comparison 
of the data with the mode-mode coupling results of Kawasaki show good agreement with no adjustable 
parameters. In the one phase region measurements of autocorrelation functions indicate small deviations from 
a single exponential when IT - T, I ~ 0.05 ·C. The shear viscosity exponent ¢! was found to be 0.077 ± 0.002, 
somewhat larger than the theoretical estimates. 

I. INTRODUCTION 

In a previous paper1 results from static light scatter­
ing measurements and studies of the coexistence curve 
near the critical point of the system isobutyric acid/ 
D20 have been reported. This system is very interest­
ing because of the presence of isotope exchange reac­
tions. 2 In this paper we present the results of dynamic 
light scattering measurements and shear viscosity stud­
ies in the neighborhood of the critical point for the same 
system. 

Far away from the critical point of a binary mixture 
the half -width r of the Rayleigh line is given by 

(1) 

where D is the mutual diffusion coefficient, k = 41T sine e / 
2)/X, with () and Xbeingthe scattering angle and the wave­
length of light in the medium, respectively. 

Equation (1) is valid only when the correlation length 
; of the concentration fluctuations causing the scattering 
is much less than the reciprocal of the scattering vec­
tor k (1. e., k;« 1). Development3 and extansion4 of the 
mode-mode coupling theory have made it possible to 
predict r as function of k; over the entire kH = X) range. 
Kawasaki first predicted 

(2) 

where kB is the Boltzmann constant, T is the thermody­
namic temperature, T/* is the high frequency shear vis­
cosity, and the function Ho(X) is given by 

Ho(X)=t[1+XZ+(X3 -x-l)arctanX] (3) 

In the critical region, X »1, the linewidth is given by 
r(K) = kB T k 3 /16r)*. Far away from the critical point, 
X« 1, Eq. (2) reduces to Eq. (1). Kawasaki later in­
troduced several improvements and obtained an expres­
sion for the high frequency viscosity5 

alAuthor to whom requests for reprints should be sent. 

(4) 

Numerical values of the ratio Ho(X)/H(X) are given in 
Ref. 5. Further improvements, such as correlation 
function correction, vertex correction, etc., improve 
the already good agreement between theory and experi­
ment. 6 

The shear viscosity of a binary liquid mixture near 
the critical mixing point exhibits an anomalous increase. 
Since the measured maximum increase tl.T//T/ is about 
30% very near the critical point, it has not been possible 
to determine whether tl.T/(=T/ -1)0 with 1)0 being the non­
devergent part of the shear viscosity) exhibits a power 
law divergence, a logarithmic divergence or just a finite 
cusp. Theoretically the predictions also range from a 
finite CUSp7 to a weak power law. 8 

II. MATERIALS AND METHODS 

A. Materials 

Isobutyric acid (abbreviated IC02H) with a purity of 
99% was fractionally distilled in a concentric tube column 
of 75 theoretical plates. Deuterium oxide (D20), which 
was used without further purification, was of Merck 
Uvasol quality with a degree of deuterium of 99.75%. 
The samples used for the light scattering experiments 
were the same as that used in our previous study. 2 All 
the samples had compositions very close to the critical 
composition; mass fraction of the acid (Ye) = O. 356. 

B. Light scattering 

The experimental arrangement of our digital light 
scattering photometer has been described elsewhere. e 
In order to insure long term thermal stability and uni­
formity, three cascaded temperature controllers were 
used for temperature control. In addition, the final 
controller was housed in a thermostated box in order 
to eliminate drifts due to room temperature variations. 
Temperature of the sample was controlled to 0.001 °C 
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and measured with a resolution of 0.0001 °c. 

Linewidth measurements were made as a function of 
time and height. In the one phase region, a minimum of 
3 h was allowed for thermal equilibrium. In the two 
phase region, the final data were taken after it was 
established that the linewidth of the autocorrelation 
function was not changing with respect to time. This 
meant an average of 24-36 h of waiting after changing 
the sample temperature. Close to the phase separation 
temperatures waiting times were much longer. As an­
other check of equilibrium, linewidth of the autocorre­
lation function was also measured as a function of height 
difference from the meniscus. 

C. Viscosity 

The Vbbelohde type viscometer used in this study is 
shown schematically in Fig. 1. It allows measurements 
of the kinematic viscosity of the homogeneous mixture 
as well as that of the coexisting fluid phases in a closed 
system. The viscometer, filled with about 20 cms of a 
mixture of critical composition, was flame sealed. The 
change in compOSition of the mixture in the viscometer 
due to evaporation into its dead space could be neglected. 
It was mounted on a rack which allowed the viscometer 
to be turned by an angle of 360° and positioned again re­
producibly in the vertical pOSition. The rack with the 
viscometer was immersed into a carefully controlled 
thermostat (long time temperature stability aT = 2.10-3 

K in a temperature range 25° -60°C). By rotating the 
viscometer, it was possible to move the mixture from 
the lower part of the viscometer to its upper part be­
fore starting a measurement. The crucial part of the 
viscometer is the stopCOCk which was used for separat­
ing the two coexisting fluid phases at temperatures be­
low the phase separation temperature. The stopcock 
(Corning, Rotaflo) consists of a hollow, thin walled 
Teflon stopper which fits into a precision-bore glass 
tube of slightly bigger diameter. The stopper contains a 
rubber plug which can be pressed together between two 
metal O-rings by turning a screw. In this way the di­
ameter of the plug is increased and the wall of the 
stopper is pressed against the interior of the glass tube 
making a tight seal. The glass tube is provided with a 
thread at its upper end. The head of the stopper func­
tions as a nut for the glass thread moving the stopper 
back and forth. To make sure that no thermostating 
fluid could penetrate into the interior of the viscometer 
the Teflon stopper had an additional tightly fitting O-ring 
in its upper part. In this way another seal between the 
stopper and the glass tube was made. The fact that 
temperature of phase separation of the sample within 
the viscometer did practically not change during the 
experiments (at the beginning Tp = 44. 947°C; at the end 
Tp = 44.943 °C) indicates tightness of the seals. 

The viscosity of the mixtures was calculated from the 
experimentally determined efflux time of the fluid con­
tained in the volume above the capillary using Eq. (5): 

T//p=at-b/t2 , (5) 

where T/ is the viscosity, p is the density, t is the efflux 
time, and a and b are constants. The viscometer was 

'\.---2 

1+-------5 

------6 

------7 

f------8 

------9 

FIG. 1. Modified Ubbelhode capillary viscometer used for 
measuring viscosities. I-volume -20 cm3

, 2-stopcock, 3-
timing marks, 4-timed volume ~ 3. 5 cm3

, 5-capillary tube 
0.43 mm diam. 6-tubing, diam 1 cm, 7-tubing diam 0.5 cm, 
S-volume ,., 20 cm3• 

calibrated with water. The efflux time of water at 30°C 
was about 250 s and at 60°C about 140 s. The constants 
a and b had the values a= 3.528x 10-5 cm! S-2 and b= 1.200 
x 10-2 cm2. It was found that a and b did not change with 
temperature in the temperature range given. 

D. Density 

The densities of the mixture above the phase separa­
tion temperature and the densities of the coexisting fluid 
phases below the phase separation temperature were 
measured, respectively, in a digital preCision densime­
ter (Paar, Typ DMA 02). They were calculated from 
the electronically measured frequency of a mechanical 
oscillator filled with the mixture. The oscillator is a 
V-shaped glass tube (volume about 0.7 cmS

) placed in 
a metal block whose temperature was controlled. The 
instrument was calibrated in the temperature range 
30° -50°C USing water and air as reference substances. 
Special care was taken to seal the oscillator tube air­
tight in order to prevent evaporation of its contents. 
The densities of the coexisting fluid phases below the 
phase separation temperature were measured in the fol­
lowing way. Samples of critical composition were pre­
pared by weighing in the appropriate amounts of the two 
components into suitable tubes and sealing them with 
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silicone rubber caps to make them airtight. These sam­
ples were kept at a different temperature T* below the 
phase separation temperature T p. After establishment 
of the phase equilibrium between the coexisting fluid 
phases samples of the two phases were taken using Ham­
ilton syringes whose glass bodies and pistons were kept 
at a temperature above the temperature T*. The den­
sity of each sample was measured as a function of tem­
perature in the temperature range t:.. T = T - T* up to about 
1°C above T*. The density at T* was obtained by ex­
trapolation so t:.. T = O. 

III. DISCUSSION AND RESULTS 

A. Light scattering results: single phase (T> Tc) 

All of the one phase linewidth measurements obtained 
in five different experimental runs are shown in Fig. 2. 
Also shown in Fig. 2 is a plot of Eq. (2) including the 
nonlocal viscosity correction given by Eq. (4) using ex­
perimentally determined values of the correlation length 
~ and the viscosity 1). We see that over the temperature 
range covered (20:::-: t:.. T:::-: O. 004 °C), the agreement be­
tween theory and experiment is fairly good. We should 
point out that there are no adjustable parameters either 
in the theoretical curve or the e,xperimental data. There 
is some scatter around K~ -1 as has been observed be­
fore. 6 

One of our aims was to try to detect whether the the­
oretically predicted deviation of the autocorrelation 
function from a single exponential could be observed. 
Deviations from a single exponential curve could be 
measured quantitatively by fitting the autocorrelation 
function to a modified nonlinear cumulants expansion 
in order to obtain the variance of the distribution of ex­
ponentials about the mean. 10 The results are shown in 
Fig. 4. For t:.. T values greater than O. 5 Q C, the vari-

1(5 13 ~ 
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, 

/0 
.. 
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.:~. , 
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/0° /0

1 

I( 

FIG. 2. Plot of linewidth data in the one phase region. The 
solid line represents Eqs. (2) and (4) using experimentally de­
termined values of ~ and 1'/. 

TABLE I. Measurement of linewidth in the one-phase region 
as a function of height. Total sample height = 20 mm. Height 
of the visible section 12.5 mm. Heights are given from the 
bottom of the observation section. 

e (deg) 

36.4 
36.4 
36.4 

t:..T (oe) 

4.5 
1. 85 
0.020 

r (5mm) 

2515±20 
787±8 
123 

r (7.5 mm) r (10 mm) 

2545 ± 20 2543 ± 20 
793±8 799± 10 
123 

ance reaches a limiting value of 2% which is equivalent 
to the error introduced due to statistical uncertainties. 
As t:.. T decreases, the variance increases by about five­
fold to 10% at t:.. T = 0.004 °c. For this scattering angle 
(e = 144°), the linewidth r changes by less than 30% over 
the t:..T range shown. Therefore we feel that the ob­
served increase in the variance of the autocorrelation 
functions is real and cannot be due to short term fluctua­
tions (±0.0005 °c or less) in the sample temperature. 
There is a small possibility that multiple scattering 
could have caused the deviation from a single exponen­
tial behavior. The maximum attenuation in our system 
was"'" 10% for t:.. T "'" 0.004 °C. As a result the multiple 
scattering effects are expected tobe negligible. 11 

In order to minimize the effects of heating by the laser 
beam, we used a 15 mW He-Ne laser and regulated the 
intensity reaching the sample by a polarizer right be­
fore the sample. The power going through the sample 
was never more than - 7 mWand close to the critical 
point the power was lowered to about - 0.5 mW. The 
magnitude of heating by the laser beam was checked at 
several temperatures by measuring the linewidth. We 
obtained the following representative results: at t:.. T 

=0.338°C, r(e=36.4, [0=1.5 mW)=434±3 and r(0.7 
mW)=430±4 with dr/d(t:..T)-700. This change in r 
corresponds to-0.7 mK/mW. Att:..T=0.034, r(e 
=36.4, [0=7 mW) = 143 and r(0.7 mW)=134 with dr/ 
d(t:.. T) - 1200; this again yields a heating due to the laser 
beam of - O. 6 mK/mW, which is comparable to other 
reported values. 12 We made routine measurements of 
the autocorrelation function as a function of height in 
the sample cell in order to check whether there were 
vertical temperature and/or concentration gradients. 
The results, as shown in Table I, indicate that vertical 
gradients wi thin the scattering c ell are negligible. 

B. Two phase region 

All of our linewidth measurements in the two phase 
region are shown in Fig. 3 along with the theoretical 
predictions of Eqs. (2) and (4). Again neither the data 
nor the theoretical function have any adjustable parame­
ters. Due to the fact that it is more difficult to get a 
reliable data point in the two phase region, the amount 
of data is less and there is some scatter. The taking 
of data at t:.. T values less than 0.05 ° C was practically 
impossible due to long equilibration times of three to 
four days during which time even a temperature drift of 
1 mK or short term fluctuations created concentration 
gradients around the interface. Intensity in the one 
phase region was high enough to measure a correlation 
function at t:.. T - 20 ° C. In comparison, the largest t:.. T 
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FIG. 3. Plot of linewidth data in the two liquid phase region: 
o upper phase, .lower phase. The solid line represents Eqs. 
(2) and (4) using the experimentally determined values of ~ 
and 1/. 

value at which we were able to make a linewidth mea­
surement is 4°C in the two phase region. This is not 
surprising because each phase is moving from the criti­
cal composition and the critical temperature simulta­
neously. Finally we want to point out that for the same 
t:. T, the lower phase (D20 rich) has the larger linewidth 
but due to the much higher viscosity of the upper phase, 
the product pry* is larger for the upper phase. 

C. Viscosity results 

The shear viscosity of isobutyric aCid/D20 mixtures 
of critical composition shows a weak anomaly approach­
ing the critical temperature from the one fluid phase 
region (as shown in Fig. 5). This behavior is similar 
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FIG. 4. Plot of variance of the autocorrelation function as a 
function of AT = (T - T J. 
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FIG. 5. Plot of viscosity data as a function of temperature. 
o Single phase region; Q upper phase and .lower phase. 

to that of one component systems13 and other binary and 
ternary critical mixtures. 13,14 The shear viscosity of 
the coexisting fluid phases below Tc also shows a weak 
anomaly approaching Tc (see Fig. 5). Only the viscosity 
data obtained at temperatures above Teare analyzed in 
terms of the theory of dynamic critical phenomena.7•s•15 

An analysis of the viscosity data of the coexisting fluid 
phases is not possible at present because the composition 
of the coexisting phases is not known. The system iso­
butyric aCid/D20 is a binary mixture of a special kind. 
Isobutyric acid is a weak acid so that isotope exchange 
reactions occur between the proton of the acid and the 

0.1. 

In .:9. 03 'i'f . 

0.2 

-9 -7 -5 

In e: 
FIG. 6. Double logarithm plot of viscosity versus reduced 
temperature difference t: =[(T -T J/Tcl. The solid line is 
given bY1/=t:-o·048 exp(-6.32t:+O.32). 

J. Chern. Phys., Vol. 74, No. 10, 15 May 1981 



5846 Kalbskof et al.: Viscosity of isobutyric acid-D2D 

~ 
o 
.g 
Fa... 
...!..u 
x 

.2 
F 

-5 

3 

E102 

FIG. 7. Residuals of the curve fit shown in Fig. 6. 

deuterium of the deuterium oxide. Consequently more 
than two species are present in the system in appreci­
able amounts (DzD, HDO, DA). Nevertheless, the sys­
tem remains a two component system thermodynamically 
at temperatures T > Te. 2 But at temperatures T <Te• each 
of the coexisting phases is a three component system. 

An empirical function [see Eq. (6)1 proposed by Debye 
et al. 16 is fitted to the experimental viscosity data ob­
tained at temperatures above Te using a weighted non­
linear least square fit program. The data were not cor­
rected for nonlinear shear gradient effects. 

7)/1'(: E-~ exp(BE+ C) . ( 6) 

7) is the shear viscosity measured in units of 7)+: 1 cP 
and E is the reduced temperature E = (T - Te)/T e' cP is 
a critical exponent. Band C are constants independent 
of temperature. Equation (6) implies a power law of the 
form 7)/Ti = E-~. 1) is the shear viscosity in absence of 
any critical anomaly. Furthermore, it is assumed that 

TABLE II. Viscosity TJ of an isobutyric aCid/DzO 
mixture of near critical composition (y = 0.3552; 

y = mass fraction of isobutyric acid) at different tem-
perature differences (T - T ,,) above the phase sepa-
ration temperature T" (Tp=44.945°C). 

(T-Tp)/K 1)/cP (T-To)/K TJ/cP 

12.176 1. 2623 0.300 1. 9016 
11.140 1.2930 0.262 1.9123 
10.153 1. 3242 0.206 1.9338 

9.169 1. 3571 0.192 1. 9443 
8. 137 1. 3931 0.161 1.9565 

7.138 1.4308 0.133 1. 9735 
6.119 1.4716 0.102 1. 9970 
5. 101 1. 5162 0.092 2.0111 
4.102 1. 5619 0.079 2.0177 
3.105 1.6154 0.056 2.0459 
2.116 1. 6775 0.045 2.0603 
1.596 1. 7173 0.034 2.0743 
1.119 1. 7633 0.023 2.0925 
0.888 1.7884 0.014 2.1121 
0.596 1. 8331 0.009 2.1224 
0.569 1.8377 0.004 2.1322 
0.467 1.8569 0.001 2.1401 
0.385 1.8763 

TABLE III. Viscosities TJ of coexisting 
phases of an isobutyric acid/D20 mix­
ture of near critical composition (y 

= O. 3552; y = mass fraction of isobutyric 
acid) at different temperature differences 
(Tp = T) below the phase separation tem­
perature T" (Tp =44. 945°C) u-phase 
=upper phase (high isobutyric acid COD 

tent), l-phase=lower phase (low iso­
butyric acid content), 1 cP=105 Jscm-I

• 

(Tp-T)/K TJ/cP 

u-phase l-phase 
0.018 2.1044 1. 9367 
0.041 2.0586 1.8366 
0.090 2.0182 1.7454 
O. 142 2.0012 1. 6850 
O. 192 1.9920 1. 6412 
0.248 1.9863 1. 6148 
0.357 1. 9812 1. 5710 
0.505 1. 9851 1. 5155 
0.910 1. 9946 1. 4521 
1. 433 2.0072 1. 4057 
1. 896 2.0352 1.3752 
2.892 2.0837 1. 3412 
3.886 2.1316 1. 3267 
4.898 2.1879 1.3207 
5.897 2.2333 1.3224 
6.858 2.2931 1. 3295 
7.903 2.3414 1. 3403 
8.900 2.4050 1. 3547 
9.852 2.4470 1.3701 

10.889 2.5079 1.3899 
11. 838 2.5612 1.4110 
12.881 2.6361 1. 4348 
14.917 2.7503 1. 4910 

TABLE IV. Density p of an 
isobutyric acid/DzO mixture of 
near critical composition (11 
=0.3552; y=mass fraction 
of isobutyric acid) at different 
temperature differences (T - Tp) 
above the phase separation tem-
perature Tp (Tp =45. 05°C). 

(T-Tp)/K p/gcm-3 

5.022 1.403770 
4.488 1.044122 
3.993 1.044532 
3.489 1. 044896 
2.989 1. 045255 
2.479 1. 045617 
2.087 1. 045890 
1. 682 1. 046171 
1. 287 1. 046451 
0.873 1. 046736 
0.674 1. 046865 
0.483 1. 046994 
0.312 1. 047106 
0.319 1. 047105 
0.178 1. 047198 
0.069 1. 047266 
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TABLE V. Densities p of coexisting phases of an iso­
butyric aCid/DzO mixture of near critical composition 
at difrerent temperature differences (T, - T) below the 
phase separation temperature T,; Y =mass fraction of 
isobutyric acid. u -phase = upper phase (high isobutyric 
acid content), I-phase = lower phase {low isobutyric acid 
content). 

(T,-T)/K y p/gcm-J 

u-phase l-phase 
0.120 0.355z 1. 03359 1. 50874 
1.137 0.3551 1. 02739 1. 06493 
2.182 0.3551 1. 02412 1. 06891 
3.174 0.3561 1. 02206 1.07134 
4.185 0.3553 1. 02045 1.07334 
5.250 0.3553 1. 01875 1.07507 
6.257 0.3553 1. 01737 1.07646 
7.277 0.3551 1.01647 1.07812 
8.349 0.3550 1.01578 1. 07939 
9.362 0.3553 1. 01461 1. 08068 

10.425 0.3553 1. 01376 1. 08173 
11.592 0.3553 1.01307 1.08284 
12.632 0.355z 1.01251 1. 08382 
13.780 0.355z 1. 01191 1. 08470 
15.046 0.355z 1. 01136 1. 08571 

the temperature dependence of Ti can be described by an 
Arrhenius type equation (Ti = exp(B. + C)]. 

The best fit of Eq. (6) to the experimental data (X~ 
= 1. 71) was obtained with a critical temperature Tc 
= 44. 913°C. This value is 32 mK lower than the visual­
ly determined value of T,=44.945°C. The parameters 
E, C, and</> have the values C=0.32±0.01, B=-6.32 
±0.03, </>=0.048±0.00l. Figure 6 shows a plot of 
In1J/Ti vs InE. According to Eq. (6), a linear relation­
ship is expected. The critical exponent a is given by 
the slope of the straight line. The residuals of the fit 
of Eq. (6) to the experimental data are shown in Fig. 7. 
The </> value found for the system isobutyric aCid/D20 
is close to the best experimental estimate of </> = O. 0398 
±0.0005. 16-18 

More recent theoretical studies of the shear viscosity 
near the critical point suggest a relation of the form 

( 7) 

to describe the temperature dependence of the shear vis­
COSity.7.19,20 In Eq. (7), ~ = ~o E- v , where ~o is the criti­
cal amplitude and v the critical exponent of the correla­
tion length (V"" 0.62). q is an undetermined system de­
pendent constant. il is a background shear viscosity 
which remains finite at the critical point. Several al­
ternative attempts have been made to calculate the ex­
ponent </>' from theory. The theoretical values current­
ly available lay in the range 0.054 < </>' < O. 065. Equa­
tion (7) is equivalent to the empirical Eq. (6) with 

</>=</>'v, ,,]~.=exp(BE+9'), (~oq)=exp(C -C') • 

With v=0.62, </>' =0.077±0.002 for the system iso­
butyric aCid/DzO. This value is about 20% larger than 
the highest theoretical estimates of </>'. No explanation 
can be given for this finding. However, a similar high 
value of </>' has recently been reported for the system 
nitrobenzene/n -heptane with </>' = 0.073 (</> = 0.045 
±0.013).21 We also used a more general equation to 
analyze the viscosity data 

tl.1J =1J -Ti=(H/</>)(E~ -lhG . (8) 

Equation (8) corresponds to a cusp for 0< </> < 1, a power 
law divergence for </> < 0 and a logarithmic divergence for 
</> = O. 22 A nonlinear least squares fitting of Eq. (8) to 
the one phase data yielded </>=0.22±0.05 indicating a 
finite cusp behavior. The experimental values of vis­
cosity and density are given in Tables II-V. 
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