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New experimental data for the refractive-index behavior in the homogeneous phase below the lower
critical solution point in critical-composition liquid mixtures of triethylamine and water are presented.
From a comparison with existing density data it is concluded that the critical anomaly in the refractive
index includes an intrinsic effect opposite in sign to the density contribution.
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The large fluctuations which develop near the conso-
lute point of binary liquid mixtures affect many physical
properties like density, dielectric constant, and refractive
index. The density p exhibits an anomaly which can be
related to the singularity in the heat capacity at constant
pressure and concentration Cp,x, which has a power-law
divergence with the critical exponent a. An anomaly is
also expected for the static dielectric constant € and the
refractive index n on the basis of thermodynamic’? as
well as microscopic>* theories. The thermodynamic ar-
guments of Sengers et al.? and Mistura! predict that in
addition to an anomalous contribution arising from the
density behavior, there should be an intrinsic anomaly in
€ and n related to dT./dE %, where T. is the critical tem-
perature and E the electric field. The intrinsic anomaly
of the static dielectric constant has been established
unambiguously for some binary systems.>~” The possible
existence of an intrinsic refractive-index anomaly has so
far, however, eluded experimental verification. An
anomalous behavior for n different from the density
anomaly, reported by Hartley et al.,® was apparently
caused by an experimental artifact.” As a matter of
fact, some authors!®!! have analyzed their refractive-
index data on the assumption that n reflects the behavior
of the density alone.

In this paper we report new refractive-index data as a
function of the temperature in the one-phase region near
the lower critical solution point of triethylamine+water
(TW). From a comparison with density!? and heat-
capacity'® data we arrive for the first time at unambigu-
ous evidence for an intrinsic refractive-index anomaly in
a critical binary liquid mixture. A comparison with the
previously published »n results for this system by Beysens
and Bourgou'® is also made. The possible existence of
an intrinsic critical anomaly in the refractive index of
TW was suggested previously by Furrow and Green'? on
the basis of a comparison of their density data with the
refractive-index results of Beysens and Bourgou.'® How-
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ever, no definite conclusion was possible because of sub-
stantial inconsistencies (see further) in the refractive-
index data.

Seven different experimental runs have been carried
out for two different samples with the critical composi-
tion of 32.1-wt.% triethylamine.'* This is the same com-
position as used by Thoen and co-workers'? for the heat
capacity, by Furrow and Greer'? for the density, and by
Beysens and Bourgou!® for refractive-index measure-
ments. The Hewlett-Packard (type 5525A) laser inter-
ferometer was used to measure the change of the refrac-
tive index'> over the temperature range between about
5°C and the critical temperature 7,=18.3°C. The
resolution obtained with our setup was about 3 ppm.
The temperature of the sample cell was controlled by the
circulation of a fluid mixture from a temperature-
controlled bath. The temperature of the sample cell was
measured with a quartz thermometer and the stability
was better than 1 mK.'¢

For our first critical sample three different runs have
been done. The first run was an exploratory run and not
very detailed near 7,. Run 2 is our most detailed run for
this sample and many data were obtained near the criti-
cal point. Run 3 was a faster control run. No systemat-
ic deviations could be found between the three runs.
Subsequently we prepared a fresh critical sample and
carried out four different runs for it. There is very good
agreement between each of these runs (4 to 7) and with
the results for the first sample. Figure 1 shows the
refractive-index difference An=n—n, as a function of
temperature for runs 2, 5, and 7. About fifty data points
were measured for each of these runs, but for display
reasons only a small fraction is given in the figure. Even
on this large-scale plot, the anomalous decrease in the
refractive index is clearly visible. The anomaly in TW is
more pronounced than is usually observed in other sys-
tems. !

Modern theory of critical phenomena predicts that the
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mass density and the refractive index in the one-phase region near a liquid-liquid critical point can be represented by

the following functions>!":

p=Ri+Ryt+R3t' T°+Rqt' T+ Rt "ot .
n=Ni+Ny+Nst! "o+ Ny ToFa4 N Tet284 .

where for a lower critical solution point ¢ is the reduced
temperature (T.—T)/T., a is the critical exponent
which characterizes also the divergence of the heat capa-
city Cpx, and A is the first correction-to-scaling ex-
ponent. The most recent renormalization-group calcula-
tions'® find «=0.11 and A=0.50. In Egs. (1) and (2)
one has R, =p, and N|=n,, with p. and n. the values of
the density and refractive index at the critical point. For
the heat capacity C, » one can write the following ex-
pression'>17;

Cpx=CiCat+C3t T+ Cqt ~*2+Cst ToF 224 -
(3)

Using the experimentally verified geometric analysis of
phase diagrams of multicomponent systems by Griffiths
and Wheeler,'® and rigorous thermodynamic relations,
one arrives at the following relation between R3 nand C;
in Egs. (1) and (3):

- pc2C3 ch

e @)

R;

The quantity d7,./dp is the slope of the critical line. For
triethylamine+water Eq. (4) can be verified with the
density data of Furrow and Greer,'? and heat-capacity
data of Thoen and co-workers,!? and the dT./dp result
of Timmermans?® and of Myers et al.?' Within an ex-
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FIG. 1. The refractive-index difference An=n—n. as a

function of temperature in the one-phase region below the
lower critical solution point in samples of 32.1 wt.% of triethy-
lamine in water. Data for three of the seven runs measured are
given: run 2 (solid dots), run 5 (open circles), and run 7
(plusses).
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perimental uncertainty of about 5% it is very well
satisfied.'? This gives confidence for the reliability of all
the experimental data involved.

According to theory,? the leading critical contributions
to the refractive index arising from the density anomaly
and from dT./dE? both have a ¢! ~¢ temperature depen-
dence, and there will thus be two contributions to the
amplitude N; in Eq. (2). If one makes the usual as-
sumption'®!! that only the density contribution is impor-
tant, one can relate V3 via R3 to the heat-capacity am-
plitude C; in Eq. (3). From the definition ap=—p !
% (8p/dT ), x for the thermal expansion and the exact re-
lation

) _fon] (o
aT ox dp o T pox
dn
=—p ru Qp x, (5)
[ap ]px g
it follows that
T
_ =("|8| |8n
p(1)=p(T) = [, [an ol ar
p.x p.x
3 reg
= ‘—3 [n(T) —n(T.)]. 6)
on
pP,x
In the last part of (6) the additional assumption'! of a

regular temperature-independent (8p/dn), . value is
made. From this it then follows immediately that

R3=(8p/dn)[8N. (7

A value for dp/dn is usually estimated via the Lorentz-
Lorenz (LL) formula analysis'""'? away from T.. The
LL formula gives a simple analytic relationship between
n and p, allowing one to calculate dp/dn in noncritical
systems with an accuracy of the order of a few percent.??
Since dp/dn values obtained in this way are nearly tem-
perature independent,?3 the LL value for 8p/dn can be
calculated away from T,. If there is, however, an intrin-
sic critical effect, the above procedure will result in a
violation of Eq. (7) and the R3 value derived from it will
not correspond with the experimental result from the
density data. Conversely, this then also implies that the
LL formula cannot be used for the proper calculation of
dp/0n near the critical point. Such a situation can be
made very clear graphically by the transformation of the
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direct p and n data into the following quantities:

P~ Pec - R4 Rs
= =R,+ a4 2o 2y |
Dp p R>+R;t 1 R3t R3t ]
reg reg
- N
DnE QB_ u= _a.ﬂ N2+N3t—a 1+_‘?_
on P t on pox 3

The right-hand sides of Egs. (8) and (9) have been de-
rived from Egs. (1) and (2). In a plot of D, as a func-
tion of x=t "¢ the limiting slope for x — o (— 0)
should be equal to R3. For D, the same limiting slope
should be obtained provided Eq. (7) is satisfied. In fact,
if there is no inherent critical anomaly in the refractive
index, D, and D, should then fall on the same curve.
Using our refractive-index data and the density results
of Furrow and Greer!? we have calculated values for D,
and D,. For dp/dn in Eq. (9) we used the value 2.44
g-cm 3 which was obtained via Eq. (5) from the tem-
perature dependence of p and n between about 7 and
12°C. This result agrees with the value of 2.45 g-cm ~3
estimated from the Lorentz-Lorenz analysis.'""'>%* In
Fig. 2 D, data (open symbols) and D, data (solid dots)
are plotted as a function of temperature. Far away from
T., D, and D, values are identical. On approaching the
critical point the D, results fall systematically above D,,
and the difference becomes larger and larger, which is
less visible near T. because of the linear T scale. In or-
der to account for a small difference in T, the D, data in
this figure have been shifted by +0.137°C. In Fig. 3 the
D, data (around curve a) and our D, data (around curve
b) have been plotted as functions of x=: “ (with
a1=0.11). The solid squares, plusses, and crosses are D,
from the three different density runs of Furrow and
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FIG. 2. Temperature dependence of the quantities D, (open
circles) and D, (solid dots), defined in Egs. (8) and (9), for the
homogeneous phase below 7. in mixtures of triethylamine and
water with critical composition.
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refractive-index runs. Curve a has been calculated from
the best fit with Eq. (1) to the density data.'? It has a
limiting slope of 0.69 g-cm ~3. Curve b is calculated
from a fit with Eq. (2) to the data of our run 5 (with
a=0.11, A=0.50, and T.=18.3011°C imposed). The
limiting slope here is 0.375 g-cm ~3, corresponding to an
N3 value of 0.153. Similar fits?* for all our runs resulted
in an average value N3;=0.148 +0.008. The data repre-
sented by the solid dots and the open circles are obtained
from two refractive-index runs of Beysens and Bourgou !°
sufficiently close to T, (their runs 2 and 3). The solid
dots (run 2 of Ref. 10) are in good agreement with our
results. The best fit by Furrow and Greer'? to these data
gave N3=0.158. The open circles (run 3 of Ref. 10),
however, show very large systematic deviations with the
other data. This large discrepancy between these two
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FIG. 3. The quantities D, and D, [Egs. (8) and (9)] plotted
as functions of the variable x=¢ !, with t =(T. —T)/T. and
a1 =0.11 the Ising value for the specific-heat exponent a. Data
for D, are calculated from the density data of Ref. 12: run 1,
plusses; run 2, squares; and run 3, crosses. Curve a represents
the best fit of Furrow and Greer (Ref. 12) to their runs 2 and
3. Our D, data for different runs are given by the triangles
and inverted triangles: run 2, solid triangles; run 4, solid in-
verted triangles; run 5, open triangles; and run 7, open inverted
triangles. Curve b represents the best fit to the data for our
run 5. D, data for two runs of Beysens and Bourgou (Ref. 10)
are given by solid dots (their run 2) and open circles (their run
3). The dashed line represents a simultaneous fit by Beysens
and Bourgou to all their data.
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Beysens and Bourgou runs was also noticed by Furrow
and Greer.!? The dashed line in Fig. 3 represents D,
data from a simultaneous fit by Beysens and Bourgou to
all their data.'® In view of the internal discrepancies
such a fit must be considered as very unreliable.

From the above analysis we arrive at a difference of
almost a factor 2 between the value R3;=0.69 *+0.04
g-cm ~? from the density data'? and our average value
N3(8p/9n) ;% =0.36+0.02 g-cm ~>. This clearly dem-
onstrates the presence of an intrinsic ' ™% anomalous
contribution in the refractive index which is opposite in
sign to the density contribution. With the assumption of
the validity of Eq. (7), the temperature independence of
(8p/8n), « is not justified. That (8p/dn), x changes ap-
preciably with temperature on approach to T, can also
be verified by the calculation of its value with Eq. (5)
from the temperature derivatives of fitting results with
Egs. (1) and (2) for the direct p and n data. One finds
that (8p/dn), , changes from about 2.45 g-cm ~° far
away from T, to a value of about 3.5 g-ecm? at 7, — T
=1 mK. Although the intrinsic contribution to the re-
fractive index might be much smaller for other systems,
the neglect!! of it to arrive at the heat-capacity anomaly
amplitude and to test universal amplitude ratios involv-
ing this quantity is questionable.
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From the Lorentz-Lorenz relation one obtains 9p/dn
=6pn(n?2—1) ~'"(n2+2) ~'. Using our An data and additional
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we have calculated dp/dn with the above expression for the
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found that these dp/dn values changed less than 0.5% over this
temperature range.
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