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Abstract High-resolution adiabatic scanning calorimetry has been used to study
the specific heat capacity anomaly of the nitrobenzene—tetradecane mixture near its
upper critical point. The analysis, which is based on a method that uses heat capac-
ity and enthalpy data, yields a value of the critical amplitude ratio A* /A~ which is
consistent with the universal, accepted one. The critical amplitude of the correlation
length was derived via two-scale factor universality. All this information is compared
to that reported in previous studies for nitrobenzene—alkane mixtures.
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1 Introduction

Besides liquid—gas phase transitions, binary mixtures exhibit liquid-liquid separa-
tion or demixing, which is characterized by the coexistence of two equilibrium liquid
phases of different composition. On the basis of the so-called isomorphism of criti-
cal phenomena [1], thermodynamic analogies between liquid—gas and liquid-liquid
criticality exist; in other words, within the same universality class (in this partic-
ular case, the three-dimensional Ising universality class), the anomalous behavior
displayed by analogous thermodynamic properties near liquid—gas and liquid-liquid
critical points is characterized by similar power laws. Concretely, the behavior of the
specific heat capacity at constant pressure and composition, C y, of a binary mix-
ture when approaching the liquid—liquid critical point—to which we shall restrict our
attention here—finds its analog in the specific heat capacity at constant volume, C,,
of a pure fluid when approaching the liquid—gas critical point.

Along a path of critical composition, the so-called critical isopleth (x = x¢), Cp x
is known to behave like [2]

Cpx=B+ET+AT|t|"* (1+DF 1" +--), 1)

where t = (T — T¢)/ T is the dimensionless temperature critical deviation, =+ refers
to the one-phase and two-phase regions (f > 0 and ¢t < 0, respectively, for an upper
consolute point), ¢ = 0.109 & 0.004 is the critical exponent of the specific heat,
6 = 0.53+0.02 is the leading correction-to-scaling critical exponent [3], and AT and
D¥ are (system-dependent) critical amplitudes.

The validity of Eq. 1 has been checked for a wide variety of binary mixtures via
the experimental determination of o and some universal relations involving AT [4).
Nevertheless, some specific liquid—liquid systems are problematic because their A
values are extremely small: two examples are Coulombic ionic solutions [5] and poly-
mer solutions [6]. It is therefore interesting to test how sensitive current experimental
methods for determining AT can be. To this end, we have selected the nitrobenzene—
tetradecane (NB—C4H3¢) mixture, which, on the basis of previously reported values
for other systems of the NB—alkane series [7,8], is expected to exhibit a small critical
anomaly. Here, we present results on the C), ; anomaly for this mixture as determined
using high-resolution adiabatic scanning calorimetry (ASC), a technique that yields
simultaneously the temperature profiles of both the specific heat and the enthalpy, i.e.,
Cpx(T) and H(T) [9,10].

In particular, we have studied the slope of the chord joining the point (7, H) with the
critical point (7¢, H.) in the H(T) curve. This quantity, to be denoted by C, thus reads

H — H,
C = .
T—T.

2

As we shall see later, C has essentially the same critical behavior as C), . The advan-
tage of using the former resides in that it considers the chord and not the local deriva-
tive, and is thereby less sensitive to noise, thus yielding information of higher quality.
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This method was successfully checked in the past [11] for triethylamine—water, which
displays a remarkably high critical anomaly in the specific heat.

From A¥ values, we derived the ratio AT/A~ and, using two-scale factor uni-
versality, the critical amplitude of the correlation length SS' . The consistency of the
results thus determined is tested against all available information on these quanti-
ties. The manuscript is organized as follows. In Sect. 2, information regarding the
samples and the mixture preparation as well as the experimental technique is given.
A detailed explanation of data treatment is presented in Sect. 3. Afterwards, the results
are discussed in Sect. 4 and, finally, conclusions are provided in Sect. 5.

2 Samples and Apparatus

The compounds used for this work have been purchased from Fluka. Nitrobenzene is
of assay >99.5 % (mass percent by gas chromatography), while tetradecane is of assay
>99.5 % (mass percent by gas chromatography) and it is reported to be olefin-free.
Both chemicals were used without further purification, and the mixture preparation
was done under a nitrogen atmosphere. Both the cell and the sample were weighed
using a Mettler-Toledo XS204 balance; the uncertainty in the NB mole fraction x was
about 0.001.

The calorimeter is computer-controlled, and it consists of four stages, the first
(inner) one comprise the sample and the cell and three surrounding shields. The space
between the various stages is vacuum-pumped to achieve maximum thermal insula-
tion. The extremely slow scanning rates that can be achieved with ASC reveal highly
precise H, Cp «, and C data. More details can be found in [11].

For the actual experiment, we have used a cylindrical 54-g tantalum cell that con-
tained 10.9 g of sample at the critical concentration (x.). As a guide for x, we used the
data of An et al. [12] as well as measurements on the dielectric constant [13], which
yield x; = 0.678 £ 0.001. To get good temperature control in such a rather large
sample, stirring was performed throughout the experiment. This could be achieved by
inserting a stainless steel ball in the cylindrical cell. Then, by changing the inclination
of the whole apparatus (via an automatic hydraulic mechanism), the ball was moving
back and forth inside the cell. In addition, the heat capacity of the empty cell was
measured in a separate experiment and it was subtracted from the total heat capacity
(sample plus cell) to obtain the net C), , of the NB-C14H3 critical mixture. Further-
more, the temperature profile of H(T) was measured upon slowly cooling the sample
with a (small) scanning rate of 20mK -h~!. Upon cooling, a negative power is applied
to the sample cell. This can be achieved by creating a constant temperature difference
between the sample and first shield, i.e., the shield is kept at a lower temperature than
the cell, resulting in a constant negative leak power [10].

3 Methodology for Data Treatment

The underlying theoretical background to our analysis starts from Eqgs. 1 and 2 in
Sect. 1. Hence, the enthalpy in the one-phase region can be expressed as
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T
H = H, + / C,dT. 3)
T

where Hs and T denote the starting values of enthalpy and temperature, respectively.
By substituting Eq. 1 in Eq. 3, one obtains

H:HS+TCA+ T —T. 1‘“_ T, —T.\'™
1—05 Tc TC

E o, .2
+B(T—Ts)+§(T =T19). “4)

The critical enthalpy, H,, is obtained by setting T = 7T in Eq. 4, yielding

T.A*

Hc:Hs_l—a

T, — T.\' ™ E
(—S ) + B(Te — Ty) + — (T2 — T2). )
T 2

By combining Eqs. 4 and 5, one obtains

H—-H,

_ T.A* (T — T

1—a
T ) +B(T—TC)+§(T—TC)(T+TC). (6)

T 1l-a

Finally, by inserting Eq. 6 into Eq. 2, the following explicit expression for C is found:

C=B +ET+A"Y|t|™*, @)
where
AT ET E
AT = , B=B+—°% E =—. 8
11—« + 2 2 ®)

By comparing Eqgs. 1 and 7, one concludes that the critical behavior of C is essen-
tially the same as that of C, ., but with coefficients renormalized as shown in Eq. 8. In
particular, the critical amplitude is enlarged by a factor (1 — «)~!. Proceeding in the
same way, corresponding expressions for the two-phase region are easily obtained.

4 Results and Discussion

In Fig. 1, the experimental C data are presented for the range || < 1073. The solid
lines in this figure correspond to a fitting result with Eq. 7. The 7. and corresponding
H. values were derived from the direct experimental H(T") results. The optimal value
obtained for 7; was 305.0260K with an uncertainty of 0.5mK. The corresponding
changes in H, were &11J-kg~!. Fits with Eq. 7 and with @ = 0.109 were initially car-
ried out with linear and quadratic terms in the background. It turned out that, given the
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Fig. 1 Temperature profile of the quantity C. Symbols are experimental data, while the solid line corre-
sponds to the fitted values to Eq. 7 and its two-phase region counterpart. Data points within [7] < 10743
have been excluded, since there is rounding for +5mK around 7 for the scanning rate chosen

small working temperature interval (|| < 1073), the constant term in Eq. 7 was suffi-
cient to achieve high-quality fits. Fits with additional terms in the background resulted
in equally good fits, but with strong parameter correlations. The fitting curves in Fig. 1
are calculated with the following parameters: B’ = (1339 +14)J - kg~ ! - K~!, AT =
(120+6) J-.kg™ "K', A~"=(243 £ 5) J-.kg~"-K~!, and T.=(305.0260 £ 0.0005) K.
The uncertainties in the other parameters reflect the uncertainty in the quoted 7 value.
Correction-to-scaling terms have not been included in the fitting equation because of
the small |¢| range considered. Including the first-order correction term in the fitting
did not improve the quality of the fits. A log (C — B’) versus log|z| plot is depicted
in Fig. 2, where experimental data are compared with straight lines with a fixed slope
of —0.109. The values of the C), , amplitude counterparts can be easily obtained by
means of the relations given by Eq. 8. This results in B = (13394 14)J - kg~ - K1,
AT =(107£5)T-kg7! K™, and A~ = 216 £4)J - kg~' - K~ L.

The AT /A~ ratio equals that of A*'/A™, as follows from Eq. 8. From the above
values, we find AT/A~ = 0.4940.03, which is in agreement with the theoretical
value of 0.53 +0.02 [4]. From AT/, we also estimate the critical amplitude of the
correlation length via two-scale factor universality. This theoretical result establishes
that the quantity X = oAy sgr 3 / kg, where A, denotes the critical amplitude of the
specific heat per unit volume and kg represents the Boltzmann constant, which is
universal, with its theoretical value being 0.0190 £ 0.004 [4]. Thus, A" has been
converted to Al via A = (1 — a)A™'V,, where V. is the critical volume per kg of
the mixture (which has been estimated assuming ideal volumetric mixing), to obtain
A¥ ~ (0.011£0.003)J - cm™3 - K~! and & = (0.286 +0.019) nm.

Figure 3 shows the trends of both (a) AJ‘Z and (b) the predicted 55’ values for various
systems of the NB-CyHoy 42 (where N denotes the number of carbon atoms of the
alkane) series. For éJ , values obtained from turbidity measurements by Zhou et al.
[14] and Beysens et al. [15] as well as those determined from ellipsometry [16] and
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Fig.2 Log (C — B’) versus log |t| plot. Circles represent values in the one-phase phase region, diamonds

represent values in the two-phase region, and solid lines represent straight lines with the slope fixed to the
theoretical value —a = —0.109
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Fig. 3 Critical amplitudes of (a) the specific heat capacity per unit volume AT and (b) the correlation
length S(T for NB-Cy Hp 4 critical mixtures. Open circles [5], open squares [6], black circles this work,
open triangles [11], open diamonds [12], stars [13], and crosses [14]

X-ray scattering [17] are also represented in (b). As can be observed, A{ hardly varies
with N; indeed, our A‘T value for N = 14 is consistent with the trend inferred from
the behavior of mixtures with lower alkanes [7,8]. As regards §O+ , there exists a sig-
nificant discrepancy between the values obtained from calorimetry and those derived
from the turbidity measurements by Zhou et al. [14]. Conversely, as noticed previ-
ously [7], values for N = 6 and N = 7 determined from turbidity experiments by
Beysens et al. compare favorably with those obtained from calorimetry, ellipsometry,
and X-ray scattering.

5 Conclusion

By studying the critical behavior of the quantity C(7) for nitrobenzene—tetradecane,
we have extended the previous analysis for triethylamine—water to a new binary
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mixture. From comparisons with literature data for nitrobenzene—alkane critical
mixtures, it is concluded that the method is fairly efficient for the actual system,
which, we recall, is characterized by a rather small critical anomaly. We may assert
that the study of C(7) using ASC should be regarded as a promising approach to the
determination of extremely small critical amplitudes in liquid-liquid criticality.
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