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Heat capacity behavior in the critical region of the ionic binary mixture ethylammonium
nitrate —n-octanol
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At temperatures between 30 °C and 58 °C we have recorded the heat capacity of the ionic ethylammonium
nitrate-n-octanol mixture of critical composition and also of the constituents. Different samples of the binary
mixture have been measured with its upper critical demixing temperaturarying between 41.04 °C and
46.87 °C, depending on small traces of water within the liquid under test. Almost identical heat capacity
profiles result if the data are displayed as a function of the temperature distance to thd getalak. In the
homogeneous phase the critical contribution exhibits power-law behavior with the critical expenéritl as
theoretically predicted for nonionic liquids and in conformity with our understanding of the ionic criticality as
being asymptotically Ising like. The noncritical background part of the heat capacity can be related to the heat
capacities of the constituents using a simple mixture relation. In the two-phase regime a series of almost
perfectly reproducible events is found which may be taken to indicate the existence of nonequilibrium inter-
mediate states in the ethylammonium nitratesetanol system.

PACS numbgs): 65.20+w, 64.70.Md, 83.70.Gp

[. INTRODUCTION the nature of criticality in ionic systems, particularly since an
unusual crossover from Ising-like asymptotic behavior to
Critical demixing of simple binary liquids has been inten- mean-field behavior has been descril)gd8| and has been

sively studied in the past for various reasphs4]. Close to  explained by the simultaneous significance of two crossover
the critical point of such systems large local fluctuations inParameters, related to two independent characteristic spatial

the composition effectively mask the specific molecular in-scales of the fluid20]. Progress in understanding the critical
teractions. The identity of the liquid systems is |arge|yph_en0mena in ionic fluids requires much more expen_mental
screened on these conditions by an almost universal behagvidence than presently available. We therefore decided to

ior. Using molecular liquids, characteristics of universality Measure the heat capaci@y, of the ionic system ethylam-

and scaling have been investigated experimentally and conflonium nitrate--octanol (EAN-n-CgOH) near its upper

pared to the predictions from theoretical models. Manycr't'cal consolute point. It is the aim of this study to deter-

physical parameters exhibit a simple power-law dependenc@Ine the critical exponent of the power law[21]

upon the reduced temperature | T—T|/T., whereT. de-

notes the critical demixing temperature of the particular sys- At

tem under consideration. The critical exponents governing szjt’””r Et+B, (1)
these relationships do not depend upon the molecular prop-

erties of the fluid and they are interrelated, so that only two

critical exponents are linearly independght4]. Close toT,  which provides direct access to the universality class defined
the behavior of such systems is determined by their spatidly the order parameter of the system. To our knowledge no
dimensionality and by the universality class of their orderheat capacity measurements near the critical point of an ionic
parameter only. fluid have been published so far. In E@) A", E, andB are
In more complex liquids, such as electrolyte solutions,coefficients reflecting the specific molecular identity of the
micellar systems, and microemulions, the interplay betweemixture. TheE term andB represent the background heat
long-range concentration fluctuations and the kinetics of theapacity at constant pressure, thus describing the system far
formation of special molecular structures may cause a corfrom T, in the one-phase region.
siderably more complicated demixing behaVibr9]. Non- The knowledge ofC, as a function of reduced tempera-
universal near-critical demixing propertigs),11 as well as  ture of the ionic critical system is not only of interest for a
asymptotic universal propertigd2,13 have been reported comparison with theoretical models. It is also of fundamental
for micellar systems. Conflicting results have been also preimportance for the discussion of broadband ultrasonic attenu-
sented for ionic fluids, suggesting either classigakan- ation spectra of the (EANR-CgOH) system which are cur-
field) behavior[14,15 or nonclassicallsing-type behavior  rently under investigation22]. Ethylammonium nitrater-
[16—19. Considerable interest is therefore directed towardoctanol has been used for these first calorimetric and
ultrasonic relaxation studies of an ionic critical fluid because
the critical demixing temperature of the (EAN-CgOH)
*Electronic address: uka@physik3.gwdg.de system(about 41 °Q is easily accessible to measurements.
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Il. EXPERIMENT 2.36 T T .

Ethylammonium nitrate was supplied by H. Weinger,
Ruhr-Universita Bochum, Germany. The salt had been care-
fully dried when delivered. Immediately before sample
preparation it was desiccated again by keeping it at 65 °C for
three days under vacuum in a drying cabinet. The nonionic
constituentn-octanol was purchased from Flukidleu-Ulm,
Germany and was used as specified by the manufacturer

2.34

(=99.5%. Mixtures of critical composition X.=0.766, — 232 T
wherex is the mole fraction of EAN23]) where prepared 2
under dry nitrogen by weighing appropriate amounts of the £
constituents into suitable flasks. All subsequent manipula- =
tions of the samples were also performed under dry nitrogen Vo230t 4

in order to avoid any water uptake. The dry samples were

carefully stirred at 70 °@29 K aboveT,) to essentially reach

thermal equilibrium and were injected into the preheated
calorimeter cell afterwards. All calorimetric experiments 228
were performed on a differential scanning calorimefdi-

croCal Inc., Northhampton, MA, USA; sample volume about

0.5 cn?) without stirring the sample. Measurements were run

in a downscan mode of operation with the minimum achiev-

able downscan rate 1.05 K per hour. The reference cell was 226 3'5 4'0 4'5 5'0 55
filled with puren-octanol in the EAN-A-CgOH and the EAN T(°C)

measurements. To be able to calculate absolute heat capacity

values we also recorde@, traces of n-octanol against FIG. 1. Heat capacity profiles for two EAN-CgOH mixtures

n-octanol, of EAN againsh-octanol, and also ofi-octanol  of critical composition. Full curveT.=314.188K; dashed curve,
against deionized, additionally bidistilled and degassed wa¥.=320.018 K. In order to comply with the different critical tem-
ter. The absolute heat capacity of water used as a referengeratures the latter curve has been shifted by 5.83 K.
was taken from the literaturg24]. Within the temperature o _ .
range under consideratig80 °C to 58 °Q it can be repre- perature. A similar reproduc[ble behavior had been already
sented by the polynomial reported by Voronelquoted in Ref.[2]). We assume that
these events correspond to the formation of intermediate
C, states, possibly related to a formation of nonequ.ilibrium
W=4.2097—2.415< 10 3K %o metastable substates of the ethylammonium nitmrate—
octanol phase boundary. This striking phenomenon, how-
1 4.466X10 °K 262—7.650<10 'K 343 ever, is only mentioned here. It needs to be carefully inves-
tigated, preferably by the use of further experimental

+4.143x10 °K ¢, (2)  approaches, including an adiabatic scanning calorimeter with
extremely slow scanning rates. Well below the critical point
where§=T-273.15K. both subliquids of the mixture are phase separated. In a con-

secutive upscan no heat capacity anomalies have been ob-
served. The phase separation was not reversible on the time
scale of the calorimeter.

In Fig. 1 one originalC,, scan of an EAN-A-CgOH mix- In Fig. 2 the heat capacity data in the one-phase region are
ture of critical composition is displayed along with anotherdisplayed versus temperature for the sample with the small-
one of a sample, the critical temperature of which was 5.8%st upper critical demixing temperature. A weak heat capac-
K higher than that of the first sample, indicating a slightly ity anomaly clearly emerges so that Ed)) has been fitted to
higher residual water content. The curve for the secondhe measured spectra. A nonlinear least-squares regression
sample has been shifted for this differenceTinin order to  algorithm[25] has been used for this purpose. In first runs of
show that the structure of th€,-versusT profiles remains the fitting procedure a value close to the theoretical predic-
almost unaltered if mixtures of critical composition with dif- tion «=0.11[26] for nonionic liquids has been found for the
ferent critical temperature (41%€T.<47°C) are mea- critical exponent. In order to enhance the significance in the
sured. The rather high variations iR indicate the well- values of the other parameters of Ed) we therefore re-
known high sensitivity of the critical temperature of ionic peated the regression analysis keepirfixed at the theoret-
binary mixtures against small traces of impuiityg]. ical value. The results from this final run are presented in

Both curves shown in Fig. 1 exhibit the characteristic in-Table I.
crease in the heat capacity when approaching the actual criti- The suitability of Eq.(1) to represent the measured heat
cal temperaturél; from the one-phase regioT&T.). In  capacity data of the EANR-CgOH system is illustrated by
addition, a series of subsequent events is visible b&lpw  Fig. 3 where the relative deviatio[l@p(T)—C‘ga'c(T)]/Cp(T)

This series aff <T. was reproducible in new experiments are shown as a function of reduced temperaturkist at a
with identical sample preparation but different critical tem-very few temperatures these deviations slightly exceed 0.1%.

Ill. RESULTS AND DISCUSSION
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FIG. 2. Heat capacity of the EANs-CgOH mixture of critical FIG. 3. Residuals ¢,—C}*)/C, displayed versus reduced
composition withT .= 314.188 K(Fig. 1) displayed versus tempera- temperature for th€, data shown in Fig. 2.
ture in the homogeneous phase.
30°C<T=60"°C the heat capacities,(0)=C,(x=0) and
Here C,(T) again denotes the measured data wherea€p(1)=Cy(x=1) for n-octanol and EAN, respectively, can
Cca"‘(T) represents those calculated according to g,  be represented by the following polynomials:

Wlth the parameter values from Table I. Another indication

for the a i ipti ioni Cp(0) L
ppropriate description of themlonlc system by @&g. p,3 . =1.9339-3.400< 10 3K 14
is given by Fig. 4. The plot of log)") versus log() with Jem K
CCrlt C,—Et—B displays a straight line with slope a as 42
+2.950¢10 *K 26
predlcted by Eq(1). The scatter in th@:Crlt data reflects the
fact that, Wlthln our range of measuremem‘:%”t is smaller —4.502<10 6K 3¢°+2.476x10 8K *¢*,
than 49 mJ crin®K 2 and thus smaller than 0. O(Zg,(T) In- )
troducing a flrst correction-to-scaling term in E@) thus
using[21] Cy(1)
———5—1=2.4415-8.603< 10 *K1¢
At Jem @K
— -« +1A
Cp=—t *(L+D"t*) +Et+B 3) 3290 10-* K24

_ —6 1 —3 —8 1 —4pb
does not noticeably improve the description of the measured 5.200<10" °K"?¢7+3.058<10 °K™“6".

heat capacities. The parametérs, E, andB are only insuf- (5)
ficiently defined if the correction termD(*#0) is used

(Table ). In addition, as shown by Fig. 5, the theoretical From Eq. (3) follows C,(0)=1.956J(cm’K) at T
description of the measured heat capacity values changes298.15K  whereas  Vesely etal. found C,

within the limits of experimental error only. =304.0 J(mol K) independent of temperature at 29&K
For an evaluation of the background contribution to the
heat capacity of the mixture of critical composition let us 5.0 ' ' ' '
first inspect the heat capacities of the constituents. At
TABLE |. Parameters of Eqgl) and (3) for the ethylammo- T 45T
nium nitrate-p-octanol mixture of critical composition. Data refer C?E
to the sample with the lowest upper critical demixing temperature =
T.(=41.038 °C). The critical exponents afid have been fixed at : 4.0
the theoretical values. Errors are one standard deviation estimates as &
provided by the regression analysis. ”.i
@)
Eq. (1) Eq. (3) o 35¢
a 0.11
+ — 2 =31 . L L : L
A+/a(}g J/<_:£n _}l< ) 2.02£0.08 1.76:0.77 3 10.1 02 Y : 5 s
AT (10 °Jecm °K™9) 2.22+0.09 1.94-1.09 3
E@cm3KY —(0.9+0.14)  —(0.920.9) 107t
B(@cm3K™ 2.248+0.002 2.2540.024 FIG. 4. The critical contributior€$™=C,-Et-B to the heat ca-
T (K) 314.188 pacity data shown in Fig. 2 bilogarithmically plotted versus the
DT 0.5+0.5 reduced temperature. The full curve with slop®.11 represents

the power-law behavior predicted by EQ).
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0.6 — T wherekg denotes Boltzmann’s constant. Using the amplitude
factor A* of the critical contribution to the heat capacity
(Table ) &,=(0.50=0.04) nm follows, in nice agreement
with £,=0.47 nm[18] and ¢,=0.49 nm[30] as determined
by light scattering experiments. The nice agreement with
data from other experiments of the values obtained for the
noncritical background contribution to the heat capacity and
iy for the amplitude of the fluctuation correlation length, when
using the amplitude of the critical contribution to the heat
capacity, may be taken to indicate a sufficiently small scan-
g rate in the differential scanning calorimeter measurements.

103 (Cpcalc _ Cpcalc,corr )/Cp

IV. CONCLUSIONS

0 05 1 15 2 25 3 35 4 45 In the one-phase region of the ionic binary ethylammo-
103t nium nitrate-n-octanol mixture of critical composition the
heat capacity can be well represented by a critical contribu-
FIG. 5. Relative difference Gi*'°~C5*>*)/C, between the tion and two background terms, in correspondence with non-
calculated heat capacities when simply using @9(C;') on the  jonic systems. The noncritical background part can be calcu-
one hand or when introducing an additional correction-to-scalinggted from the heat capacities of the constituents using a
term [Eq. (3), C3**°". The parameter values as resulted from thesimple mixture relation. The critical exponent is consistent
fit of the theoretical models to the measuf@gdata(Table |) have  \yith the theoretical valuer=0.11. It is also in conformity
been used here. with our current understanding of the ionic criticality as be-
ing asymptotic Ising like for short chain solvents. The study
<318K [27] for n-octanol. From this latter value follows of the coexistence curves of tetnabutylammonium picrate
Cp(0)=1.913 Jcm®K) which is only slightly smaller than in alkyl alcohols showed small but systematic deviations
our value. Equation) yields Cy(1)=2.358 Jcm’K) at  from asymptotic Ising behavior with decreasing dielectric
298.15 K which compares witl,(1)=2.299 J{cm®K) as  permittivity of the solven{31]. In order to study the cross-
derived from flow calorimeter measurements of ethylammogyer from Ising-like toward mean-field behavior in the criti-
nium nitrate by Allenetal. [28]. The heat capacityC,  cal contribution of the heat capacity, a systematic investiga-
=2.255)cm’K) of the mixture atT=T.+9K almost tion of ionic alcohol solutions as a function of solute chain
agrees with the valueCy™=2.29 J(cm’K) which results |ength is in progress. The amplitude factst of the critical

from the simple mixture relation. contribution, along with the two-scale-factor university ratio
mix X=0.27, yields the amplitude of the fluctuation correlation
Co =XLCp(x=1)+(1-X;)Cp(x=0) 6)  length &=0.5nm, consistent withé,=0.47 nm and &,

=0.49nm as resulted from light scattering experiments.
. : g Hence with respect to the heat capacity in the homogeneous
53;.(4)Kand (_Ii_sr)] respecnl\l/ely, is uied for thle C(IJEn_Stl_tugnés atphase the ionic EANR-CgOH systems behaves like a non-

‘ e sma negative  value E= — (0. ionic binary mixture. A series of heat capacity events in the

i0'14|) J$0m3dK)f COFLGSpO!’ldS|WIth= _0'8.? Jen? :()h as two-phase region of the unstirred sample indicates the for-
recently found for the critical system aniline-cyclohexane ..o o intermediate states.

utilizing an adiabatic calorimetd®1]. Hence there is noth-
ing unexpected in the noncritical background contribution to
the heat capacity of the mixture of critical composition. ACKNOWLEDGMENTS

Let us finally estimate the amplitudg of the correlation ) ;
length é=¢pt™" of the local fluctuations in the We are indebted to Professor H. Weinger (Bochum,

EAN-n-CgOH composition. According to the two-scale- FRG) for the donation of the ethylammonium nitrate and for

if Cy(0)=2.091J(cn?K) andC(1)=2.353 Jlcm*K) from

factor universality conceptiof29] stimulating discussions. Financial assistance by the
Volkswagen-Stiftung (Hannover, FRG is gratefully ac-
£0=0.2Tkg /AT, (7) knowledged.

[1] J. V. Sengers and J. M. H. Levelt Sengers, Annu. Rev. Phys.[6] J. M. H. Levelt Sengers and J. A. Given, Mol. Phg§, 899

Chem.37, 189(1986. (1993.
[2] M. A. Anisimov, Critical Phenomena in Liquids and Liquid [7] M. E. Fisher, J. Stat. Phy35, 1 (1994).

Crystals(Gorden and Breach, Philadephia, 1891 [8] H. Weingatner, M. Kleemeier, S. Wiegand, and W. ScéiraJ.
[3] L. M. Brown, Renormaliziation(Springer, Berlin, 1998 Stat. Phys78, 169(1995.
[4] M. E. Fisher, Rev. Mod. Phy§0, 653(1998. [9] T. Telgmann and U. Kaatze, J. Phys. Chd®4, 1085(2000.

[5] K. S. Pitzer, Acc. Chem. Re&2, 333(1990. [10] V. Degiorgio, R. Piazza, M. Corti, and C. Minero, J. Chem.



PRE 62 HEAT CAPACITY BEHAVIOR IN THE CRITICAL . .. 4967

Phys.82, 1025(1985. [21] P. F. Rebillot and D. T. Jacobs, J. Chem. Phi89, 4009
[11] M. Corti and V. Degiorgio, Phys. Rev. Let5, 2005(1985. (1998.
[12] G. Dietler and D. S. Cannell, Phys. Rev. L&, 1852(1988. [22] U. Kaatze and S. Z. Mirzaev, J. Phys. Cheto.be published
[13] K. Hamano, N. Kuwahara, I. Mitsushima, K. Kubota, and T. [23] A. Oleinikova and M. Bonetti, J. Chem. Phy&04, 3111

Kamura, J. Chem. Phy84, 2172(1991). (1996.

[14] H. G. Glasbrenner and H. Weingaer, J. Phys. Chen®3, [24] D. R. Linde and H. P. R. FrederiksElandbook of Chemistry
3378(1989. and Physics77th ed.(CRC Press, Boca Raton, FL, 1996

[15] K. J. Zhang, M. E. Briggs, R. W. Gammon, and J. M. H. [25] D. W. Marquardt, J. Soc. Ind. Appl. MatR, 2 (1963.
Levelt Sengers, J. Chem. Phg¥, 8692(1992. [26] A. J. Liu and M. E. Fisher, Physica A56, 35 (1989.

[16] H. Weingatner, S. Wiegand, and W. Scleig J. Chem. Phys. [27] F. Vesely, P. Barcal, M. Zabransky, and V. Svoboda, Collect.
96, 848(1992. Czech. Chem. Commu4, 602 (1989.

[17] H. Weingatner, T. Merkel, S. Kahammer, W. Sches, and S.  [28] M. Allen, D. F. Evans, R. Lumry, J. Solution Cheri4, 549
Wiegand, Ber. Bunsenges. Phys. Ché&m.970(1993. (1985.

[18] W. Schrer, S. Wiegand, and H. Weingdaer, Ber. Bunsenges. [29] E. A. Clerke, J. V. Sengers, R. A. Ferrell, and J. K. Bhatta-
Phys. Chem97, 975(1993. charjee, Phys. Rev. &7, 2140(1983.

[19] S. Wiegand, J. M. H. Levelt Sengers, K. J. Zang, M. E. Briggs,[30] M. Bonetti, C. Bagnuls, and C. Bervillier, J. Chem. Phi®7,
and R. W. Gammon, J. Chem. Phyi€6, 2777(1997. 550(1997).

[20] M. A. Anisimov, A. A. Povodyrev, V. D. Kulikov, and J. V. [31] M. Kleemeier, S. Wiegand, W. Schen and H. Weingdner, J.
Sengers, Phys. Rev. Left5, 3146(1995; 76, 4095(1996. Chem. Phys110 3085(1999.



