PHYSICAL REVIEW E 71, 021503(2005

Griffiths-Wheeler geometrical picture of critical phenomena: Experimental testing
for liquid-liquid critical points
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An experimental approach to the verification of specific relations between thermodynamic properties as
predicted from the Griffiths-Wheeler theory of critical phenomena in multicomponent systems is developed for
the particular case of ordinary liquid-liquid critical points of binary mixtures. Densji{@3, isobaric heat
capacities per unit volume€,(T), and previously reported values of the slope of the critical (oii&/ dp), for
five critical mixtures are used to check the thermodynamic consistenCy ahdp near the critical point. An
appropriate treatment gi(T) data is found to provide the key solution to this issue. In addition, various
alternative treatments fa2,(T) data provide values for both the critical exponerdnd the ratio between the
critical amplitudes of the heat capaci§f/A™ that are in agreement with their widely accepted counterparts,
whereas two-scale-factor universality is successfully verified in one of the systems studied.
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I. INTRODUCTION (dT 2 KT)
Improvements in experimental techniques during the a) c_ ¢ C_p ¢ 2
1960s stimulated an increasing interest in the study of the
criticality of fluids and led to the conclusion that the anoma- dT\2 p
lies in thermodynamic and transport properties near critical (d—) = C<C—S) . 3
p Cc v/ C

points were governed by power laws with critical exponents

that departed significantly from those predicted by “classiote that all second-order derivatives in Eq$)—3) are
cal” mean-field theories. This goal was the starting point formytually related via the critical temperatufgand the slope
the development of the modern theory of critical phenomenagf the critical line (dT/dp),, the latter of which appears to
which, among other important contributions, was dramatijay 5 prominent role. For ordinary critical points—special
cally advanced by the establishment of the scaling and Unigoints in the critical locus such as those whéd@/dp),=0
versality hypotheses, and the formulation of the renormalizag, (dp/dT).=0 are excluded—the isobaric heat capacity per

tion group theonyf1]. Current research on criticality of fluids unit volume, C,,, the isobaric thermal expansivity,, and the

is mainly focused on complex fluids such as polymer, mlcel"|sothermal compressibilitye; exhibit weak divergences to

lar, and ionic sqlquns. Special attgnthn IS bemg given tc)lnfinity at the critical point; on the other hand, the isochoric
crossover theorief2], the central objective of which is to heat capacity per unit volume,, and the isentropic com-

characterize the transition from the fluctuation-dominated rebressibilityxs remain finite[5]. The modern theory of critical

gime (very close to the Cm'(?e.“ p0|m§to the mean—flgld re- phenomena is known to provide comprehensive information

gime (far enough from the critical pointn a self-consistent, about the functional form of the critical part of thermody-

realistic way. . e namic properties. Thus, the linearization of the renormaliza-
At the purely thermodynamic level, Griffiths and Wheel- tion group equations around the critical point yields scaling

er's theory[3] was a v_aluable pioneering _approach to th_elaws with critical exponents and critical-amplitude ratios that
complete characterization of critical behavior. The theory 'Sdepend on the universality class concerned. Like gas-liquid
based on arguments and definitions of geometric charact%r

2 o . ritical points of pure substances and Curie points of uniaxial
for the coexisting and critical surfaces in the space of therferromagnetic materials, liquid-liquid critical points belong
modynamic field variables. A few S|m_ple postulates prowd(_ato the so-called “universality class of the three-dimensional
a general framework for understanding the thermodynaml?sing model.” Accordingly, the above-mentioned diverging
behavior in the immediate vicinity of the wide variety of quantities obey a power ’Iaw of the following type in the
critical points in multicomponent systems. Although widely immediate vicinity of the critical point:
accepted, experimental checking of the predictions of the |

theory is currently a matter of interest. In that sense, liquid- B Y5 o
liquid critical points for binary mixtures have been found Y‘;t ' (4)

among the most accessiblend appropriagesystems to be

studied. In fact, a large amount of work has been devoted twhereY can beC,, a,, or xr andt=|T-T|/T, denotes the
them [4,5]. Griffiths and Wheeler developed various rela- reduced temperature: is known as the critical exponent of
tions between second-order derivatives holding at the criticathe heat capacity and; are the critical amplitudes in the

point for this type of transition such as the following: homogeneoug+) and heterogeneou§-) regions, respec-
dT o tively. A is normally used for the critical amplitude &f;; in
<—> = C(—E> , (1) this work, we usedB and C for «, and «y, respectively.
dp/c Cp/e Calculations within the framework of the renormalization
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TABLE I. Phase behavior of the studied systems. Critical com-  Development following the work of Griffiths and Wheeler
positionsx,, critical temperature3, (in kelvin), and slopes of the gave rise to a more general and rigorous formulation referred

critical line (dT/dp). (in mK bar™). to as the principle of isomorphism of critical phenomena, a
detailed description of which can be found elsewH&8].

Te In the case of liquid-liquid phase transitions, the principle of

System Xe This work  Literature (dT/dp). isomorphism leads to three thermodynamic regions of mark-

edly different behavior that are characterized by two system-
NM-Boy  0.582[16]  290.86  290.3116] 4.6+0.7[16] dependent parametétsandi,. Then, the three regions are

291.11[20] defined in terms of the reduced temperature in the following
NM-IBoy 0.553[16] 291.16  290.6916] 3.4+0.6[16] way: t<tp, [,<t<t, and t>t;. The temperature interval
291.52[21] t,<t<{t, is of great practical interest since it has been shown

that the regiont<1, is experimentally inaccessibl&]. In
NE-c-C 0.453[17 296.62 296.6222] 15.0%£0.1[17 : ) 2 -
6 (17 296.9 61[ 17} (17 this context, it must be noted that Eq$)—(4) are valid only

in t<T,, i.e., the immediate vicinity of the critical point;

DC-C;,  0.667[16] 287.29  286.6223] 17.6+0.2[16] however, it is clear that the correct determination of
EowCi2  0.687[19]  285.64  285.6419] 23.1+x1.2[24]  (dT/dp),, critical amplitudegA, B, andC), and limiting val-

285.8[24] ues(xsc andC, o) should result in the experimental verifica-
tion of Egs.(1)—(3). Current experimental methodl4,9] al-
low accurate(dT/dp). values and reliable values for the
group context gaver=0.1099+0.00076,7], which is one of  critical amplitudes of the heat capacity to be obtained from
the best known universal quantities as it has been determineg,(T) data. Direct measurements @f(T) in the critical re-
also experimentally many times. In summary, based on Ecgion were formerly obtained using dilatometric techniques
(4), Egs.(1) and(2) relate critical amplitudes viedT/dp).;  [10-13; however, highly precise density measurements as a
on the other hand, in Eq3), (dT/dp). is related to the ratio function of temperature, i.ep(T), are by now known to be a
of the limiting values ofxs andC, at the critical point. better choice. As regards E(®), no appropriate experimen-

TABLE Il. Fitting parameters of Eq’5) and standard deviatiorssfor studied critical mixturesB, E, A*,
andA~ are in J K1cm™3. The fixed value ofx is 0.110.

Fit B E A A” o S
NM-Bop
() 1.36+£0.01 1.02+0.18 0.0622+0.0007 0.1100£0.0007 Fixed 0.012
(a) 1.40+£0.01 0.60+£0.11 0.0606+0.0006 Fixed 0.005
(ag) 1.39+£0.13 0.60+£0.17 0.061+£0.005 0.11+£0.01 0.005
T,=290.898+0.002 KA*/A"=0.565+0.005
NM-IB o
(&) 1.25+£0.01 1.7£0.2 0.0721+£0.0006 0.1290+£0.0006 Fixed 0.02
(an) 1.29+0.01 0.77£0.11 0.0705+£0.0005 Fixed 0.005
(ag) 1.2+0.2 0.9+0.3 0.074+0.007 0.10+0.01 0.005
T.=291.215+0.002 KA*/A"=0.558+0.007
NE-c-Cq
() 1.32+0.01 -1.54+£0.13 0.0253+0.0003 0.0488+0.0003 Fixed 0.01
(an) 1.25+0.01 0.30+0.14 0.0291+0.0003 Fixed 0.005
(ag) 1.2+0.3 0.4+0.5 0.032+£0.010 0.10+0.05 0.005
T.=296.618+0.002 KA*/A"=0.518+0.009
DC-Cyg
() 1.48+0.01 -0.62+£0.05 0.0235+0.0002 0.0459+0.0002 Fixed 0.006
(an) 1.45+£0.01 -0.23+0.05 0.0249+0.0004 Fixed 0.004
(ag) 1.50+£0.11 -0.28+0.16 0.023+£0.005 0.12+£0.03 0.004
T.=287.266+0.002 K A*/A"=0.512+0.006
Eon-Ci2
() 1.71+0.01 0.88+£0.04 0.0042+0.0002 0.0075£0.0002 Fixed 0.006
(a) 1.71+0.01 1.09+£0.05 0.0044+0.0002 Fixed 0.004
(29) 1.70+0.02 1.07+0.07 0.0043+0.0007 0.10+0.02 0.004

T.=285.660+0.002 K A*/A"=0.56+0.03
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tal method for determininge; providing useful information
with a view to elucidating its critical behavior appears to
exist. Equation(3) involves the isentropic compressibility,
which can be obtained from sound speed analysis, Gjd
whose limiting value cannot be directly determined as it ex-
hibits a-type diverging behavior in the experimentally acces-
sible region(t,<t<T,;) [5,13,14. It therefore appears that
only Eq. (1) can be experimentally verified. Because the in-
put quantities are€C(T), p(T), and(dT/dp),, validating Eq.
(1) entails verifying the thermodynamic consistency between
the density and the heat capacity near the critical point. Sub-
stantial efforts have been made in this direction, the most
noteworthy of which is that of Jacobs and Gré#b|, who
performed a comprehensive analysis of all reported da&
systemgand concluded that the critical amplitudes@fand
p cannot be used to predict each other. In addition, they
ascribed the problem to the above-described diverging be-
havior of C, in the experimentally accessible region and the
inherent difficulties in accurately determining the amplitude
of the density anomaly. Also, eventual errors in any of the
data sets used could be the cause of the discrepancies.
The above-mentioned facts clearly indicate that verifica-
tion of Eq.(1) is still an open issue. Indeed, Jacobs and Greer
suggested that further experiments would be worthwhile.
Therefore, it is our purpose to provide accurate data in the
vicinity of liquid-liquid critical points that could help to
clarify this matter. ThusCy(T) and p(T) data in the critical
region for five binary critical mixtures are presented and ana-
lyzed. The mixtures studied were nitromethane—1-butanol
(NM-Bop), nitromethane-isobutanol ~ (NM-IBgyy),
nitroethane-cyclohexandNE—c-Cg), dimethyl carbonate—
n-decane (DC-C,g), and ethanolr-dodecane (Egy-Cqo).
Their (dT/dp). values were reported previousii6,17).
Although Cy(T) and p(T) for NM-Bgy, and C,(T) for
NE—-C6, were previously determined in our laboratory
and reported 18], they are included here as reanalysis of
the data is made. Also, although the choice of systems
may seem accidental, all share some features, narigly,
they are simplgnot comple} mixtures that exhibit ordi-
nary critical points of the(UCST, LCSP type; and(ii)
their critical temperatures lie just below ambient tempera-
tures, which facilitates measurement. Checking for the
thermodynamic consistency betwe€h and p, i.e., Eq.
(1), entailed careful analysis of the fitting procedures for
p(T) data. In addition, all relevant information concerning
the universality of critical behavior that can be derived
from C, data was analyzedy, the ratio of critical ampli-
tudes of the heat capacit#*/A~, and the dimensionless
parameterX, i.e., two-scale-factor universality, were de-
termined and compared with their theoretical counterparts.

Il. EXPERIMENT
A. Sample preparation and chemicals

Dimethyl carbonatéover 99% purg n-decangover 99%
purg, n-dodecane(over 99% purg cyclohexane (over
99.9% pure, and isobutanolover 99.4% purg were ob-
tained from Aldrich, while nitromethan@®9% pure and ni-

PHYSICAL REVIEW E 71, 021503(2005

5.00 T —
450 } ’ I
R ) J
400 F 1
5 350} o ]
e i o 1
~ 300 } .
o - -
250 F )
200 F .
1'50 [ 1 [] o [] o
288 292 296
2-75 L ) L} " L -
I
2.50 -
£ 225 -
A |
-
~ 200 F -
(]
1.75 -
150 [ o [l P [l
284 288 292 296
1.92 T ] LJ | b L
1.88
3
w184
>
Qﬂ.
1.80
1.76 'S 'l g [} 2 1
280 284 288 292
T(K)

FIG. 1. Heat capacity per unit volume€,, in the critical region
along an isobaric path forl) NM-IBgy, (II) DC-Cio (Ill)

Eon-Ci2

troethang97% pure were purchased from Fluka and ethanol
(over 99.8% purefrom Merck. Dimethyl carbonate, isobu-
tanol, nitromethane, nitroethane, and ethanol were dried over
Fluka molecular sieves of 4 nm mesh size. All liquids were
degassed prior to use. Critical mixtures were studied on the
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TABLE Ill. Fitting parameters of Eq(7) and standard deviatiors for the studied critical mixtures.
pe, Ro, andR; are in g cm?®. The fixed values ofx and T, are 0.110 and those contained in Table I,

respectively.

Fit Pe Ry R} a S
NM-B oy

(a9) 0.954431+0.000003 -0.278+0.008 -0.025+0.005 Fixed 0.000004

(20) 0.954417+0.000004 -0.3197+0.0006 0.000006
NM-1B on

(a9) 0.950205+0.000003 -0.285+0.007 -0.023+0.005 Fixed 0.000004

(20) 0.950193+0.000002 -0.3229+0.0005 0.000006
NE—-Cg

() 0.863329+0.000003 -0.261+0.010 —-0.041+0.006 Fixed 0.000005

(av) 0.863309+0.000003 —-0.3289+0.0007 0.000007
DC-Cyg

() 0.884927+0.000003 -0.253+0.009 —-0.037+0.005 Fixed 0.000005

(av) 0.884907+0.000003 —-0.3138+0.0006 0.000008
Eon-Cr2

() 0.765817+0.000003 -0.209+0.010 —-0.010+0.006 Fixed 0.000004

() 0.765812+0.000002 —-0.2258+0.0005 0.000004

basis of previously reported critical compositiap values  capacity (viz., 1-butanol and tolueneand the temperature
[16,17,19 that are listed in Table I. They were prepared bywas measured to within £0.002 K with a platinum resistance
weighing using a Mettler AE-240 balance under a nitrogerthermometer. The ability of the calorimeter employed here to
atmosphere, and vigorously stirred prior to placement in thebtain C, data in the liquid-liquid critical region was as-
measuring cellsT. was determined from turbidity measure- sessed in previous wofl 8]; reliable data were found to be
ments in our laboratory; the values thus obtained deviatedbtained over a range of 0.01 K around the critical point.
randomly from the previously reported ongk6,17,19-24  These conditions provided highly reliable values for the criti-
(see Table)l These differences ifi, can be ascribed to the cal amplitudes and reasonably good ones for the critical ex-
presence of impurities, which are known to affect the criticalponent.
composition to a much lesser ext¢@b|. Densities in the one-phase region were obtained by using
an Anton-Paar DSA-48 vibrating tube density meter. The
whole experimental device is fully automated as described
elsewherg27]. Temperature was measured to £0.002 K with
Isobaric heat capacities per unit volume were obtained by platinum resistance thermometer. The density meter was
using a Setaram micro DSC Il calorimeter. This instrumentcalibrated with water and-octane as density standards. Cor-
and the underlying experimental methodology, Calvet scanrelation among data for the same run at different tempera-
ning calorimetry, are described elsewhg26]. The two mea-  tures lay within £0.000 005 g cTA.
suring cells of the calorimeter were filled with 1 ml of
sample and arranged in such a way that no vapor phase could
contact the detection zone of the calorimeter. One of the cells [ll. RESULTS AND DISCUSSION
held a reference substandebutanol in these measurements
and the other the critical mixture. Working in a down-scan
mode, the calorimetric signal is the differential heat flow Verifying Eq. (1) entails avoiding or minimizing experi-
associated with a temperature decrease. Although the scamental sources of error in the input quantities. THuspne
ning rate can be as low as 0.001 Kmin we used must ensure accuracy in primary measurements(@ncaw
0.01 K mir!, which afforded a signal reproducibility of data should be properly treated. As for, detailed informa-
+0.02 mW; lower scanning rates give values that fall withintion about purity, sample handling, and appropriateness of
the resolution limit of the calorimeter. Under these condi-experimental techniques was given in the experimental sec-
tions, the reproducibility irC, measurements was estimated tion. As for (i), objective fitting strategies must be used with
to be +0.0002 J K cm 3, somewhat poorer in the immedi- a view to obtaining reliable information from the data; as
ate vicinity of the critical point owing to the difficulties in- will be shown in detail in Sec. Il B, this was the “critical”
herent in the experimentation in this region. The procedureequirement with densities. This section is devotedCip
was less reliable in the two-phase region as the calorimetatata.
design precluded stirring of the mixture. The calorimetric  Figure 1 shows the lambd&, curves for NM-IBy,
signal was calibrated against two substances of known he&C-C,,, and &, -C;,. The temperature ranges studied were

B. Equipment and procedures

A. Heat capacity data: Universality

021503-4
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286.15-298.15 K, 282.15-295.15 K, and 280.15-293.15 Kyides the besA* values; howevera;) gives more informa-
respectively. As can be seen, NMdB exhibits the largest tion as it allows the universality of the ratid*/A~ (its
anomaly; on the other hand, the anomaly ig4E;, is so  renormalization group value is 0.537+0.0128]) to be
small that it lies within the detection limit of the calorimeter. checked. The values of the coefficients and the standard de-

Data were fitted to viations of the fits are shown in Table Il. The results warrant
N four immediate comments. First, tiig values in Table Il are
C,=B+Et+ Et—a_ (5) consistent with those obtained from turbidity measurements
@ (Table ). Second, thex values coincide with the accepted

. . . value to within £0.01. Third, these results appear to confirm
Equation(5) contains a pure asymptotic power-law term— o njversality ofA*/A- as they are quite consistent with
correction-to-scaling terms were omitted as explained previg,e renormalization group valuéeviations between the ex-
ously [18l—and a regular contributiote linear function of  yerimental and the renormalization group value are around
the reduced temperatyre~itting was done in three different 10 03): thus, it can be concluded that, even in the absence of
ways. In approactiay), all data(both in the homogeneous  stirring, our calorimeter provides reasonably reliable data in
and in the heterogeneous regionwere included, the two-phase region. Finally, two-scale-factor universality
A", A7, T;, B, andE being the fitting parameters aadfixed  states the existence of a universal dimensionless paradeter
to its accepted value. Ifay,) and(ag), only data in the ho- (its renormalization group value is 0.019 66+0.000[29])
mogeneous region were used ahdwas fixed to the value relating the amplitude of the heat capacity in the homoge-
obtained in approacte;). Approach(a,) involved the same neous region to that of the correlation Ien@@ via the
procedure aga;) and approachia) included @ among the ~ Boltzmann constarkg:
fitting parameters. Approaadla;) provides experimental val- AR (£)2
ues fora, however, it results in correlation betweerand A* X= Tk (6)
and, hence, in potential errors. Because data in the heteroge- B
neous region are less reliable, approéa}) seemingly pro-
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Based on Eq(6), a large&; value must be the origin of the TABLE IV. R] values in g cri® for the studied critical mixtures
small C, anomaly in E-Cyp. The reported value for this as obtained from Eqg7) and(9).
mixture as obtained from light scattering experiments is

0.34+0.01 nm[19]; substitution of ourA* value in Eq.(6) Ry
gives 0.39+0.02 nm. The relatively large uncertainty in theSystem Eq(7) Eg. (9)
direct determination ot} (e.g., the reported; values for
methanol+cyclohexane, which is considered a reference syy—M'BOH =0.025+0.005 =0.027£0.005
tem since itsZ) value has been determined in different labo-NM-1B ok ~0.023+0.005 -0.023+0.005
ratories, range from 0.32 to 0.39 hmakes the results con- NE—-Cg —0.041+0.006 —0.039+0.002
sistent with Eg.(6) and reveals the reliability of the DC-Cq -0.037+0.005 -0.040+0.002
calorimetric data in spite of the smalf, anomaly of
Eon-Ci2
ments(as can be seen in Fig. 2, the residuals for both ap-
B. Density data: Thermodynamic consistency between proaCheS are |nd|St|ngU|Shab|ah|S is consistent with the
C,and p findings of previous work30], where similar density values

were reported. Therefore, tHe] value of Table IlI for this
system is not statistically significant.
S Once bothC,(T) andp(T) data were carefully treated, the

glneor?nzllm?sblfa];?lretreigrrllg Eg;t)éghaesdi?t%?;gatl(%’r; O\f/vtrrl]iiﬂ thermodynamic consistency between them was readily ex-
may b pav), . _amined. The critical amplitude af, is related toR] by
exhibits a small anomaly. The mere observation of Fig. 2,

which shows densities in the homogeneous region for all the . a(1-a)R]
systems except NM-§,, clarifies this point. The tempera- B =- T
ture ranges covered were froif, to 299.15 K for NM- Pele
IBon, 303.15 K for NE€-Cg, 295.65 K for DC-Go, and  Therefore, Eq(1) can be expressed in terms of the critical
291.91 K for By-Cio. The following equation forp(T),  amplitudegEqgs.(6) and(7)] as

based on that for the, critical anomaly{Eq. (4)], was used: po(dT/ dp)cA+ o

p=pct Rt + Ritl_a- (7) a(l-a) ’

Equation(7) includes a regular pafia linear function oft)  where the plus sign corresponds to lower consolute points
and the critical contribution(last term on the right-hand and the minus sign to upper consolute poifttsis work).
sidg. A quadratic form for the regular contribution and/or Table IV shows theR] values obtained from the density data
first correction-to-scaling term for the critical one have beerof Table Il and those obtained by usitdT/dp). (Table |
considered in fitting(T) data[15]. Based on the small mag- andA* [Table II, approachia,)] values in Eq(9). The good
nitude of the density anomaly, we thought it important not toagreement within the quoted experimental uncertainties con-
include too many parameters in order to avoid mutual correstitutes a proof of the thermodynamic consistency between
lation. Thus, we chose Eq7) as it is the simplest realistic the density and the heat capacity near the critical point. The
one; however, it must be ensured thiatthe assumption of a  consistency between these two sets of values testifies to the
linear regular contribution is appropriate an@) no  soundness of the experimental techniques and fitting proce-
correction-to-scaling terms are needed. A preliminary studyjures used. In particular, the key step for success is the strat-
on previously measured density data in our laboratory foegy for the determination d¥;, which otherwise provides an

pure liquids and mixtures far away from critical points re- g posterioriconfirmation of the correctness of the fitting ap-
vealed thafp varies linearly withT within the experimental proach used.

detection limits(+0.000 005 g ci®, as described in the ex-
perimental sectionover a range not much wider than 3 K.
Therefore, if only data within such a range above the critical IV. CONCLUSION

temperature are included in the fitting, requiremeitsand The main goal of this experimental study was to verify the
(ll) will be satisfied and rellablﬂl' values obtained as a thermodynamic Consistency betwe@b and p near the
result. Two types of fits of data withifT¢, Tc+3)K including  jiquid-liquid critical point as predicted from the Griffiths-
(ag) regular and critical terms an,) regular terms alone Wheeler theory. The information derived fro8), data was
were used. In both casek, was fixed to the values listed in found to be highly reliable—the various proofs of universal-
Table Il, whereasy was fixed to its accepted value {&). ity confirmed this point—implying that the problem is re-
The final results for the parameters and the standard devialuced top data. In particular, the fitting strategy for deter-
tions using both approaches are given in Table Ill. As can benining the amplitude of the density anomaly appeared to be
seen, fitting approacka;) did not significantly reduce the the key factor in checking the thermodynamic consistency
standard deviation; however, pldts) in Fig. 2 clearly illus-  between both properties. The possibility of determining the
trate the improvement in the immediate vicinity ©f. The  amplitude of the anomaly ip accurately suggests further
only exception is By-C1,, Where its small density anomaly tests of thermodynamic consistency near liquid-liquid critical
is undetectable within the resolution limits of the measure-oints.

The high consistency of the information derived fr@p
data lies in the various proofs of universality and make

(8)

Ry

*
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