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Criticality in agueous solutions of 3-methylpyridine and sodium bromide
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We address a controversial issue regarding the nature of critical behavior in ternary electrolyte solutions of
water, 3-methylpyridine, and sodium bromide. Earlier light-scattering studies showed an anomalous critical
behavior in this system that was attributed to the formation of a microheterogeneous phase associated with
ion-molecule clusteringM. A. Anisimov, J. Jacob, A. Kumar, V. A. Agayan, and J. V. Sengers, Phys. Rev. Lett.

85, 2336(2000], while some other investigators subsequently found this system to exhibit ordinary Ising-like
critical behavior. This contradiction forced us to revisit the problem and perform an accurate and comprehen-
sive study of light scattering in this system paying attention to the achievement of thermodynamic equilibrium,
hysteresis effects, aging, and prehistory of the samples, and a possible role of impurities. We show that
properly aged, equilibrium samples of aqueous solutions of 3-methylpyridine with NaBr exhibit universal
Ising-like critical behavior, typical for other aqueous solutions. No evidence for an equilibrium microhetero-
geneous phase was found. We have been able to reproduce anomalous bganier to that reported
initially) in a fast run on a freshly prepared sample. We attribute the observed anomalies to meso-
scopic nonequilibrium aggregates, possibly associated with supramolecular restructuring in aqueous solutions.
To support this conclusion we performed a study of aqueous solutions of 3-methylpyridine without NaBr and
have found long-living nonequilibrium states in aqueous solutions of 3-methylpyridine.
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I. INTRODUCTION [10]. In systems with low dielectric constant the Coulombic
interactions are exponentially screenéd short Debye

Fluids and fluid mixtures with Short—range interm0|ecularscreening |engm In So|voph0bic Systems with h|gh dielec-
forces exhibit fluctuation-induced universal critical behaviortric constant long-range Coulombic forces are too weak to

that belongs to the three-dimensional Ising-like universalityplay an essential role in the nature of criticality.

class[1]. Sufficiently close to the critical point, the correla- It has also been noticed that at least some aqueous elec-
tion length of critical fluctuations becomes so large that mi-trolyte solutions exhibit a pronounced crossover from
croscopic details of short-range intermolecular interactionasymptotic Ising behavior to mean-field critical behavior.
become unimportant. However, the nature of criticality inGutkowskiet al. [10] have suggested that this phenomenon
fluids containing ions has remained a challenging problemcan possibly be interpreted as a crossover to mean-field tri-
Such systems can be roughly divided in two classes: “Coucriticality. It has indeed been demonstrated in the case of
lombic” and “solvophobic”’[2-8]. Phase separation driven Polymer solutions that a coupling between two different or-
by Coulombic forces is expected in solvents of low dielectricder parameters may cause crossover from asymptotic Ising-
constant with large-size ions. Phase separation in aqueolj§€ critical behavior very close to the critical point to mean-
solutions containing ions is usually driven by non- f|el_d tricritical-point behavior further away from the cnncal
Coulombic forces. It does not mean that ions play no role irP@iNt[11]. However, the physical conditions, that determine
the phenomenon, but it means that the phase separation c4if €mperature difference from the critical pofalso re-
occur even in the absence of ions. Examples are vapor-liqui Ired to as the Ginzburg numbavhere the crossaver takes

. A : “place, has remained unclef#-8,10,12-1F
separatlon of salty wat.er or liquid '|IQUId separat|on. of solu To investigate the dependence of any crossover behavior
tions of weakly dissociated organic solutesich as isobu-

v L ¢ in agueous ionic solutions as a function of the salt concen-
yric acid) in water. tration, Jacotet al. performed a set of light-scattering experi-

To interpret experimental data one needs to account folrnents in ternary mixtures of water+3-methylpyridine

possible nonasymptotic corrections to the observed criticaj_sodium bromide in the vicinity of their lower consolute

behaV|or[9]. An analysis of.eX|st|.ng experimental data for critical points. The actual experiments were performed at the
Coulombic and solvophobic fluids has shown that thegian Institute of Science in Bangalofé7] and the data
asymptotic critical behavior is Ising-like for both cIassesWere interpreted by our research group at the University of
Maryland[18-2(. Light-scattering measurements of the os-
motic susceptibility in this system indicated that the range of
*Permanent address: Department of Physics, St. Petersburg Stdging critical behavior shrank with increasing salt concentra-
University of Refrigeration and Food Engineering, St. Petersburgion so that at the NaBr mass fraction of 0.17 the behavior

191002, Russia. became completely mean-field-like. Moreover, a pronounced
TAuthor to whom correspondence should be addressed. Electronlzackground scattering was observed in the same range of salt
address: anisimov@umd.edu concentrations and was explained by formation of a micro-
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325 T2 found the critical behavior to be rather insensitive to the salt
3047 TwoPHASE concentration. In their most recent publication, Wageteal.

320 TSN :2 REGion [26] further confirmed this conclusion by careful analyzing

315 ::g oo, their Iight—scatterin_g data for this §_ystem. Moreover, Wagner
240 ° et al. observed microheterogeneities causing a background

06 01 02 03 04

scattering, which “required waiting times up to 8 days to

LQ: 10 ONE.PHASE Mn&%al& decay.” Van Roieet al. [27] used odiobati_c scanning calorim-
205|  REGION (! PONT? etry to search for a tricritical point in this system and found
et no specific-heat anomaly to be associated with the possible
300 .*” MICROHETEROGENEOUS formation of a new phase. On the other hand, a light-
— PHASE ?

scattering study, recently reported by Hernandeal. [28],

confirmed the pronounced crossover to mean-field behavior
at concentrations near 16% of NaBr and the authors con-
cluded that the data could be described with the same set of
FIG. 1. Proposed phase diagram of aqueous solutions offossover parameters earlier reported in [R&]. Additional
3-methylpyridine and sodium bromide inferred from the experimen-arguments for the presence of crossover behavior at concen-
tal data observed by Jacat al. [17,21,29 and reported in Ref. trations near 17% NaBr have recently been reported by Jacob
[20]. The circles represent the experimental valuedbr various et al. [29].
mass fractions of NaBr; the solid curve represents the critical locus Motivated by these contradictions we have revisited the
implied by these values. The dashed curve indicates the boundary piroblem and performed more accurate and more comprehen-
the temperatures and salt concentrations where the presence ofsive light-scattering experiments in ternary aqueous solutions
possible microheterogeneous phase was assumed. The crosses imfi-3-methylpyridine and sodium bromide. In this study we
cate the observed appearance of a large background scattering agghphasize the achievement of thermodynamic equilibrium,
the horizontal bar the appearance of clustering inferred from SAX$y0ssible hysteresis effects, aging and prehistory of the
measurement§21]. The critical locus over a wide range of salt sagmples, as well as a possible role of impurities. We have
concentrations is shown as an inset. found that properly aged equilibrium samples exhibit univer-

heterogeneous phase. The existence of clusters in the systé@ Sing-like critical behavior, as is typical for other fluids
was also supported by small-angle x-ray scattef®4XS) and fluid mixtures. We. have confr_rm_ed a oonmonotonrc
experiments[21] and the phase diagram inferred from the Crossover .of the effective susce_ptrbrlrty crirtrcal exponent
experiments is reproduced in Fig.[20]. It was suggested from the Ising value 1.24 towardo its rrrean—fleld \(alue unity.
that the crossover to mean-field behavior provided evidencén€ parameters of the asymptotic critical behavior, such as
of a possible multicritical point at about 17 mass % NaBr_the amplitude of_the correlation length have been found to be
emerging as a result of ion-molecule clustering and a coul? agreement with those reported recently by Waggteal.
pling between fluid phase separation and fluid structural26l. However, the cha}racterrstrc crossover temperature lies
transformation. Huge equilibrium times at NaBr concentra-@t the edge of the critical domaiabout 10% below the
tions above 0.16 were also reportgt7,2q but were not _crltlcal te_r_nperatu_r)aand thus the crossover is not _completed
investigated in detail. Furthermore, another interesting feal? the critical region. The observed nonmonotonic shape of
ture of the phase separation was detected in many eIectronEEe crossover behavior is characteristic for aqueous solutions
and nonelectrolyte aqueous solutions, namely, the appeak.10 (electrolyte and nonelectrolytend does not show a
ance of a soap-like “phase” at the liquid-liquid interf42€]. significant depenoence on tho salt concentration. .Thereflore,
In the water+3-methylpyridine+sodium bromide solutionsWe have not confirmed the.eX|stence of a multrcrltlcal pornt
this third phase was observed at various salt concentratiorf 17 mass % NaBr. We believe that the anomalies previously
and it appeared even in samples prepared with chemicals seported for this system are associated with nonequilibrium
high purity. The third phase appeared also when NaBr wagheénomena. We have been able to reproduce anomalous be-
replaced with NaCl and traces of the third phase were opbavior(similar to that reported in Ref$18-2Q) in a fast run
served even in samples with 3-methylpyridine angoD ©n & fr.eshly prepared 'sample.. We attrlbuto.th'e observed
without any salt. anomalies to mesoscopic Ior_lg-llvmg nonequilibrium aggre-
The observations described earlier have stimulated experf@tes, possibly associated with slow supramolecular restruc-
mental studies of ternary mixtures of wateB- turing in aqueous solutions. To support this conclusrorl we
methylpyridine +sodiumbromide in several laboratories. Performed a study of aqueous solutions of 3-methylpyridine
The shape of the coexistence curve and the turbidity in th&ithout NaBr and have found long-livingat least of the
one-phase region of the mixture ofwater+3- order of daysnonequilibrium states.
methylpyridine + sodiunbromide with 17% mass fraction
of NaBr were measured by Gutkowskt al. [23]. These
measurements did not reveal any pronounced crossover to
mean-field behavior. Shear-viscosity measuremgidsand
refractive-index measuremenf25] reported by Wagneet For the purpose of the present study a set of samples of
al. gave also no evidence for multicriticality or pronounced aqueous solutions of 3-methylpyridine and sodium bromide
crossover to mean-field behavior, and these investigatorsas prepared at the University of Maryland. For the prepa-
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Il. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE
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ration of our samples we purchased 3-methylpyridineThis procedure also prevented possible local heating of the
(99.5+9%) and NaBr(99.99+9% from Aldrich Chemical sample. The signal proportional to the intensity of the inci-
Company. The chemicals for the prepared samples were use@nt beam was periodically directed by a shutter and optical
without further purification except for a dust-removing pro- guide to the photon-counting system alternatively with the
cedure with 0.2u filters. Water for the solutions was purified scattered intensity. This procedure was used to correct for
with a standard Millipore Alpha-Q setup. The mass concenany drift of the laser-light intensity. The intensity of the
trations of NaBr in our samples are 16.0%, 16.7%, 17.0%;{ransmitted beam was measured with a photodiode. This pro-
and 24.0%. The concentration of 24.0% is interesting bevided us with turbidity data that were used for evaluating
cause mixtures of aqueous solutions of 3-methylpyridine atultiple-scattering corrections and turbidity losses to the ob-
salt concentrations larger than 17.0% have not been investserved scattering intensities. The temperaiuoé the sample
gated in any laboratory before. The corresponding criticalvas maintained by a three-shell thermostat with an accuracy
concentrations of 3-methylpyridine are: 2484 23.4%, of £1 mK. The external shell was cooled with a water-bath
23.0%, and 19.§%. Bulk solutions were prepared by first loop down to 14 °C for measurements at lower-than-room
adding an appropriate amount of® (with a syringg to the  temperatures. To verify that the samples were at the critical
3-methylpyridine and then adding NaBr. To monitor the con-concentration, we checked that the meniscus in the two-
centration of the solution during preparation, the flask for thephase region above the critical temperature appeared at the
bulk sample was placed on a balance while th@®Hand  center of the sample. The light-scattering measuring proce-
NaBr were added to the 3-methylpyridine. After the bulk dure is controlled by a computer and can run automatically
solution had been gently stirred and aged during a period dfor several days. Before each measurement, the samples were
several hours or overnight, part of the bulk sample was fil-stirred at room temperature and then kept in the thermostat
tered under a laminar dust-free air flow into the optical cell.of the light-scattering instrument at 18 °C for several hours.
Each optical cell is a glass cylinder of 6 mm inner diameteWe also tried to subject the samples to ultrasonic stirring
rounded at one end with an additional sphere of aboutith an ultrasonic Brandon-2000 agitator before starting the
15 mm diameter. This sphere was used to freeze solutiorsxperimental runs as had been recommended by Jstcalb
before we flame sealed the cell. For the light-scattering med-18,19. However, we did not find any significant effect on
surements the cell was overturned so that the solution fillethe experimental results, so this procedure was abandoned.
the cylinder, while the sphere at the top was empty. In a typical experimental run at a fixed temperature the
Since the light-scattering measurements that we obtainesliccessive measuremeri&min) of the light-scattering in-
from the samples prepared at the University of Marylandtensity and measurement@0 9 of the intensity of the inci-
turned out to be quite different from the data obtained earliedent laser beam were performed for a period of about
by Jacob in Bangalor¢l7] and by Hernandezt al. in 50 min. Before each intensity measurement the photomulti-
Madrid [28], the samples used in these laboratories werglier was exposed to light during a minute for better accom-
shipped to the University of Maryland for further investiga- modation. The accuracy of the intensity measurements is
tion. The samples prepared in Bangalore consist ofbout 1%-2%. We started at a temperature well below the
3-methylpyridine with a stated purity of 99%, triply distilled critical temperature and then increased the temperature with
water and dried analytical grade NaBr with a purity of 99%. decreasing temperature steps. After egrhall) temperature
The purities of the samples prepared in Madrid are 99.9% fothange a delay of about 40 min turned out to be enough for
3-methylpyridine and 99.99+% for NaBr. Hence, among allthe samples to reach an equilibrium state. Equilibrium was
samples studied, the samples prepared in Madrid seem t@rified by observing the stability of the scattered-light in-
have the highest purity. In practice we performed the lighttensity and of a photodiode signal that registered the inten-
scattering experiments with two samples from the collectiorsity of the transmitted beam. The critical temperaftiyavas
prepared in Bangalore, namely the ones with 14.0% andetermined by approaching and passing it with temperature
17.0% mole fraction of NaBr. From the collection of samplessteps as small as 4 mK. Passage throliglas registered by
prepared in Madrid we investigated the sample with a NaBthe appearance of a distinct instability of the photodiode sig-
mass fraction of 16.0%. nal. Thus the error in the evaluation of the critical tempera-
The light-scattering experiments were performed with theture T, was less than 4 mK. The values obtained Torare
same instrument previously used for a study of critical fluc-shown in Fig. 2 as a function of the salt concentration to-
tuations in polymer solutionfl1,30,31. For a detailed de- gether with values previously reported by several other in-
scription of the light-scattering instrument we refer to anvestigatord18,25,28. Within the experimental accuracy we
earlier publication[30]. We measured the magnitudeas  do not find evidence for the presence of a dip in the critical
well as the dynamic correlation functiogy(7), of the locus at a mass fraction of NaBr between 16.5% and 17.0%
scattered-light intensity with a photon-counting system usingreviously inferred from the data collected in Bangalore
both a PhotoCor and an ALV-5000/E correlagtor consis-  [17,18 and indicated in Fig. 1.
tency checkps[30]. All light-scattering measurements were At temperatures substantially below the critical tempera-
performed at a scattering angle of 90°. As soon as the scature T, where light scattered from concentration fluctuations
tered intensity became large on the approach to the criticddecomes much less intense, we observed some random
temperature, we reduced the intensity of the incident beam adplashes while monitoring the scattering intensity as a func-
the He-Ne laset10 mW) with the aid of two calibrated neu- tion of time. As an example we show in Fig. 3 the light-
tral density filters so as to keep the measured intensities iacattering intensity as a function of time for the aqueous
the linear dynamic range of the photon-counting systemsolution of 3-methylpyridine with 16.7% NaBr at two differ-
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t (ms)

N FIG. 4. Dynamic correlation function at 21.83 °@lashed
FIG. 2. Locus of lower critical temperatures of aqueous solu-cyrve) and at 26.88 °Q(solid curve for an aqueous solution of

tions of 3-methylpyridine and sodium bromideo): this study;  3-methylpyridine and sodium bromide with 16.7% mass fraction of
(O): Ref. [18]: (X): Ref. [25]: and(A): Ref. [28]. NaBr.

affected by the background contribution and used only those
data for further analysis. After the data had been corrected by
]eliminating the intensity splashes, the temperature depen-

: . : . =~ ~dence of scattered intensity became smooth and suitable for
splashes in the time dependence of the light-scattering InterEafnalysis. We should note that this correction was only needed

sity curiously disappears at temperatures above approXiyr hree to five of the lowest temperatures more than 5°
mately 25°C. Our first guess was that such intensityyaiow the critical temperature.

splashes might be attributed to dust particles. However, all The effect of these spurious intensity splashes on the dy-
attempts to filter the solution more carefully did not help. namic correlation function is shown by the tailed dashed
Moreover, we met the same problem with the samples frongurve in Fig. 4. The length of the tail is related to the average
Bangalore that had been filtered Carefully and sealed severg}ne of the appearance of rare large-size scatterers in the
years ago. In some cases we noticed that in the second ag@attering volume. The correlation function at the tempera-
the following runs the average amplitude and frequency ofyres above 25° can be represented by a single exponential as
the splashes appeared to be smaller than in freshly prepargglto be expected for the decay of critical fluctuations. We
samples. We concluded that this phenomenon is not a trugave not made a detailed study of the dynamics of critical
equilibrium phenomenon and obviously not related to thefjyctuations in the aqueous solutions of 3-methylpyridine and
critical fluctuations and, hence, to the osmotic susceptibilitysodium bromidgexcept for the long-tail effect shown in Fig.
Since we did not find any way to avoid this nonequilibrium 4 and observed on|y at the lower temperat“remce it ap-
background scattering, we eliminated the effect in processingears to be similar to that observed in molecular liquid mix-
the experimental data. Specifically, from every sequence ofyres. However, we shall comment on the dynamics of fluc-
5 min measurements that were made at a given temperatuggations in binary aqueous solutions of 3-methylpyridine
we selected the measured scattering intensities that were n@ithout salt in Sec. IV as it appears to be relevant to some of
the anomalous critical behavior reported for the ternary so-
lutions with salt present.

The observed light-scattering intensities need to be cor-
rected for multiple scattering and turbidity losses. For the
implementation of these corrections we used a Monte-Carlo
simulation program developed by Kleemej8@]. This pro-
gram is based on the procedure presented by Bailey and

ent temperatures, namely @at=21.83 °C andT=26.88 °C
corresponding to a reduced temperature distanceéT,
-T)/T of 0.035 and 0.018, respectively. The presence o

T=26.88°C .
£=0.018 ]

intensity (kHz)
8 ' 5 8 ' 3 _

0
0

T=2183°C
£=0.035

200 400

600

time (s)

800 1000 1200

Cannell[33] and has been used by Wiegand and coworkers
in the analysis of light-scattering measurements of critical
fluctuations in some liquid solutioN84—-3§. With the tur-
bidity values that we measured independently and the geo-
metric parameters of the samples as input, the program pro-
vides the ratio of the singly scattered light intensity to the
total scattered light intensity. We did not analyze the inten-
sity data measured within 0.03 K from the critical tempera-

FIG. 3. Observed light-scattering intensity as a function of timeture, since at these temperatures the multiple scattering and

at 21.83 °C(lower curve and at 26.88 °Qlupper curve for an

turbidity corrections exceeded 30%-50%.

The values needed for the refractive index of the solutions
as a function of temperature and concentration were mea-

aqueous solution of 3-methylpyridine and sodium bromide with
16.7% mass fraction of NaBr.
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sured with an Abbé refractometer. In the range 14.0%—24.0%roximation proposed by Fisher and BurfdaD]
of mass fractionX of NaBr and in the temperature range

2175/2
18-35 °C, where we determined the refractive inderf G(qé) = [1+0.084(g9)°]" (3)
our samples in the one-phase region, the data could be rep- 1+( §)2(1 +170 084?->
resented by q 2
n=1.395+0.85< 103X - 2.53x 1074, (1)  with =0.033, a universal critical exponent.

The crossover equations for the susceptibijtand cor-

wheret is the temperature in degrees Celsius ahis the relation lengthé are[9,10,18;

mass fraction of NaBr in %. Equatiail) agrees with a de-
viation of 0.003 with refractive-index data recently reported x=[CeeY T Va1 +y)] ™, (4)
for the same system by other investigatfi?8,25.

é — q61K—1 — qu[CtSY(Zv—l)/AS]—UZ' (5)
Ill. ANALYSIS OF LIGHT-SCATTERING DATA with
The experimental light-scattering data, corrected for mul- - urv 2<£>2{1 + (é)z} Y, (1-uy
tiple scattering and turbidity losses have been analyzed in 2Aq A K Ay 1-(1-uyY
terms of a theory that accounts for a crossover from Ising- op_1]-

like critical behavior asymptotically close to the critical tem- 7
perature to mean-field critical behavior further away from the As
critical temperatureg[37]. The procedure for applying the
theory to the light-scattering measurements of critical fluc-,
tuations has been described in some previous publications
[9,10,18. e=(T,-TIT. (7)
In fluids, like in other Ising-like systems, the physical
properties such as the susceptibility and the order paramet
generally exhibit crossover from Ising behavior asymptot|—
cally close to the critical point towards mean-field behavior"
further away from the critical point. The crossover is con-
trolled by two independent parameters:a coupling con-
stant that reflects the range of interactions, anda dimen-
sionless cutoff wave number. Numerical simulations of the
three-dimensional Ising modéA=1) demonstrate a com-
plete crossover to mean-field critical behavior when the cou
pling constanu vanishes with the divergence of the interac-
tion range[38]. An alternative kind of crossover to mean-
field behavior is observed in near-critical polymer solutlons
with the divergence the degree of polymerization atttieta
point [11]. In the polymer case, the coupling constante-
mains of order unity independent of the degree of polariza-
tion, while the cutoffA vanishes inversely proportional to
the radius of gyration of the polymer molecule. The radius of A2 |12
1-[1-ulY ‘[ (—) } YVAs

(6)

while the variables represents the reduced temperature prox-
|m|ty to the critical temperature

H? these equationsy and A are the crossover parameters,
=0.472 the universal renormalization-group fixed point
value of the coupling constant, andc; are scaling ampli-
tudes,Y is a crossover functionys 1.239, »=0.630, and
ASEO.Sl are the Ising critical exponents. In E() qq
/v0 is a wave number, whereg, is a microscopic vol-
ume of the order of the molecular volume. The parameter
is a normalized inverse correlation length. In some earlier
publications[10,18 we have used= v0’3 1 for the relation-
ship betweert and ™%, thus effectively incorporating a fac-
tor 7% into the definition ofv}. However, we have con-
cluded subsequently that the relationgzqalx !
=3Pl 7! leads to a more physical meaning of the vol-
umeu,, for the Ising latticd 38] as well as for fluid§41]. The
crossover functiorY in the earlier equation is to be deter-
mined from

gyration serves as an additional correlation length associated (8)
with an additional order parameter in polymer solutions.
Thus, the crossover towards mean-field behavior in polymer It is convenient to represent the crossover behavior of the
solutions appears to be crossoverthietapoint tricriticality ~ susceptibility in terms of an effective susceptibility exponent
[11,39. defined ag42]
Experimentally, crossover to mean-field behavior can be

) ] dlog x

studied by analyzing the temperature dependence of the sus- YVeff = —

ceptibility. The intensitylg of the scattered light is propor- dloge’

tional to a generalized susceptibilityand may be written as  g,cn an effective exponent may exhibit crossover from the

.= 1oxG(GE) + I, ) Isi'ng valueyes=1.239 to the mean-field valugﬁz;.qo as

e increases. The crossover between these two limits can be

wherel, is an instrumental constant, is a regular back- characterized by a crossover temperaflireor by a reduced
ground scattering intensity, ar@(q¢) is the order-parameter crossover temperatueg, =(T,—T)/T. A natural definition of
correlation function, that depends on the correlation legth ¢, is the value of that corresponds to the inflection point of
and the wave numbey=4mn\;" sin(6/2) of the critical fluc-  y.4 as a function of log:.
tuations(\q is the wavelength of the incident light amtthe In ordinary fluids with short-range interactions, crossover
scattering angle In practice, we adopted faB(gé) an ap- to mean-field behavior is never completed in the critical do-

9)
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TABLE |. Crossover parameters and correlation-length ampli-

tudes as a function of the NaBr mass fractin
X u C A A A ex g
0.14 1.3 0.13 0.11 3.0 3.7 0.g6 2
0.16 1.3 0.12 0.09 2.9 3.8 0.p4 8
0.16 1.2 015 0.20 3.0 3.4 0.9 Z
0.167 1.1 0.11 0.11 3.2 4.1 0.06 5
0.17 1.1 0.13 0.14 3.0 3.7 0.10 £
0.17* 1.5 0.14 0.12 2.9 3.6 0.07
0.24 1.0 010 0.09 3.2 45 094 P "'“1'(')4 Tt 1o
¥Bangalore sample. e=(T-TVT

PMadrid sample.
FIG. 5. Experimental light-scattering intensities, measured at

main (roughly £ < 0.1) and y.; never drops to a value lower =90° aqd corrected for multiple scattering and turbidity I.osses, as
than about 1.10-1.15[9]. An analysis of osmotic- a function _o_f e for all gamplgs of ~aqueous solutions of
oo 3-methylpyridine and NaBr investigated in the present study. Data
susceptibility data and of data for the order paramgtéi )
’ . symbols:> 14% NaBr(Bangalore sampje A 16% NaBr, & 16%
shows that in aqueous solutio(aectrolyte and nonelectro- . a. \Madrid sample © 16.7% NaBr run 10 16.7% NaBr run 2,
lyte) the coupling constant is larger than unity, in which ¢ 17% NaBr,C] 17% NaBr(Bangalore sampjeandi 24% Nar.
case the crossover towards mean-field behavior is controlled
by the ratioA/x<1 [43]. If u>1, the effective exponent ) - .
approaches its asymptotic Ising valug;=1.239 from In_the mea_n—f@ld limit the order-paramgter correlaqon
above so that the crossover towards the mean-field val fémctlon G(qé) is given by the Omstein-Zernike expression
Yeri=1 is nonmonotonic. This feature can imply the exis-
tence of a structural-length scafg~ A~ that exceeds the
molecular size but which usually does not become large
enough to complete the crossover. This is why, the apparent
mean-field behavior in the solution of 3-methylpyridine
+water+17% NaBr was met with such an interest and wasOur experimental data cover a rangegdfvalues from 0.025
attributed to the divergence of the structural lengthat a  far away from the critical temperature to a maximum value
multicritical point[20]. of 2 ate=10"% Equation(3) accounts for deviations from
Asymptotically close to the critical temperature, the cor-the Ornstein-Zernike expression whgf™> 1. Away from the
relation length¢ satisfies a power law=§,e™", while in the  critical temperaturegé becomes smaller than unity and the
mean-field limit¢ varies asé=¢§ye™". The amplitudes, and  difference between Eqg3) and (12) becomes negligibly
& are given byj41] small.
The experimental light-scattering intensities, corrected for

Goz(qé) = (12

1 +q2§2'

112 uA |2t multiple scattering and turbidity losses, obtained for all

0="o Ctl/z ' (10) samples of aqueous solutions of 3-methylpyridine and so-

dium bromide, including samples earlier prepared in Banga-

and lore and in Madrid, are shown in Fig. 5 as a function of the
reduced temperature It turns out that these light-scattering

§O 1/2 (11) data for mass fraction of NaBr ranging from 14% to 24%

virtually collapse onto a single curve and we do not find any

Apart from the coefﬁuent:lfct in Eq. (4), which we shall  significant differences in the temperature dependence of the
incorporate in the instrumental coefficielgtin Eq. (2), the  intensity either for the samples with different NaBr concen-
crossover equations for the susceptibilifyand for the cor- tration or for the samples prepared in different laboratories.
relation lengthé depend oru and onA/ctl’2 while Eq.(5) Some small deviations in the close vicinity of the critical
for £ also contamsqo1 12 as a prefactor. We fitted the ex- temperature are within the errors of the corrections for mul-
perimental light-scattering intensities to Eq8)—(5) using tiple scattering and turbidity losses. The region far away
lo, U, A/ct’? andgy’c; M/ as adjustable parameters. For mostfrom the critical temperature is more important for searching
samples the background scatteripgwas insignificant and any crossover to mean-field critical behavior. Here we also
could be omitted in the fits. The experimental data do nodo not find any significant differences for the samples pre-
yield values forc, and A directly, but only forc;8 “Y2and  pared in different labs and for different concentrations. A first
Alct? We estimatedt; from op'c; =037 ¢} with vy run in our sample of 16.7% NaBr seemed to exhibit some
=3.5 A for our sample§18]. The values thus obtaln_ed fur systematic deviations from other runseat 1072, However,
¢, andA, as well as the corresponding values fgr&, and  a second run on the same sample did not show such devia-
ey, are presented in Table I. tions.
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¢ =TT

F_lG' 6. Exp(_arimental Iight?scattering inteljsities, corrected for FIG. 7. Experimental light-scattering intensities, corrected for
multiple scattering and turbidity losses, obtained for the aqueoug, iple scattering and turbidity losses, obtained for the aqueous
solution of 3-methylpyridine with 17% mass fraction of NaBr from o tion of 3-methylpyridine with 16% mass fraction of NaBr from

our sample’V) and from the old sample prepared in Bangal@¢. o+ samplgA) and from the sample prepared in Madeid). The

The solid curve represents a fit to the crossover theory. The differgyjiy crve represents a fit to the crossover theory. The differences,

ences, between experimental and calculated intensities are showg’ between experimental and calculated intensities are shown at the

at the bottom. The temperature dependence of the effective suscesyom The temperature dependence of the effective susceptibility
tibility exponentys deduced from the fit to the data for our sample exponenty,; deduced from the fit to the data for our samelid

(solid curve and for the fit to the data for the old Bangalore sample ;e and for the fit to the data for the Madrid sample is shown in
is shown in the inset. the inset.

A detailed comparison between the experimental data that
we observed from a sample of an aqueous solution oM Table I, have been found to be in excellent agreement with
3-methylpyridine and NaBr prepared in our laboratory withthe valuest,=2.84—-3.09 A reported in Ref26].
data obtained with the sample prepared previously in Banga- However, our results differ fundamentally from those re-
lore with the same NaBr concentration is presented in Fig. 6ported in earlier publicationgl8-2Q based on experiments
A similar comparison between the experimental data obperformed at Bangalorgl7] and at Madrid[28]. The previ-
tained from the sample prepared in our laboratory and on@us measurements indicated that the crossover temperature
with the same NaBr concentration prepared in Madrid is pres x decreased with increased NaBr and becoming vanishingly
sented in Fig. 7. Our results obtained from the samples preésmall at a concentration of about 17% mass fraction of NaBr,
pared at these different laboratories agree with each othé feature confirmed by Hernandet al. [28]. These results
within the experimental accuracy of our measurements. Thwere interpreted as indicating the presence of a multicritical
temperature dependence of the effective susceptibility expd)Oiﬂt at a concentration of about 17% mass fraction of NaBr
nent ye«(e) implied by the measurements is shown in the[20]. However, the values obtained fex. from our experi-
insets in Figs. 6 and 7. We note that for small yeq(e) mental data do not significantly depend on the salt concen-
increases with increasingconsistent with the nonmonotonic tration in contrast to those reported previously, as shown in
crossover behavior of associated withu>1, which is  Fig. 8. The values of the reduced crossover temperature ob-
typical for other aqueous solutions that are characterized b{@ined in this study are close to the value of 0.1 that is ap-
intermolecular interaction with very short ranges. The crossProximately at the edge of the critical domain. The first run
over to a mean-field value of unity is not completed in thefor the sample withx=0.167 yielded a somewhat smaller
critical domain(s <1) as is also the case for nonionic fluids Value ofe  (closed circlg, but the second run broughi. up
[9]. The so-called Fisher renormalization of the critical ex-0 the average value. We note that even has the same
ponents[45], generally expected in ternary mixtures, is neg-average value for a solution witk=0.24, a NaBr concentra-
ligible for the one-phase samples with around 16%-—1794i0n significantly above the maximum valae=0.17 investi-
mass fraction of NaBf18,2. gated prewously. We do not find any enhanceq background

The earlier results are consistent with the behavior inScattering(if we do not take into account mtensﬂy splashes
ferred from turbidity measurements reported by GutkowskioPserved at the lowest temperatyresported previously at
et al. [23], from refractive-index measurements reported bythe higher salt concentratioi0]. In conclusion, our mea-
Wagneret al. [25], and from measurements of the specific SUréments do not provide evidence for the existence of a
heat capacity measured by Van Reaeal. [27]. Moreover, multicritical point in aqueous solution of 3-methylpyridine
our results are in full agreement with the most recent studie@nd NaBr.
of Iight-scattering reported by Wagnet al. [26]. Althoygh IV. EQUILIBRIUM OR NONEQUILIBRIUM?
Wagneret al. did not analyze the crossover behavior, the
parameters of the Ising asymptotic critical behavior, in par- While our light-scattering data do not provide evidence
ticular, the amplitude of the correlation lengtf, presented for the presence of a multicritical point in aqueous
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FIG. 8. Reduced crossover temperateyefor different salt con- -IS )
centrations in the aqueous solutions of 3-methylpyridine and so- 0.2r T
dium bromide obtained in this study as compared witHrom Ref.
[18]. O from our samplesg from our measurements for samples
prepared in Bangalore< from our measurements for a sample 00 (b) p
prepared in Madrid28], + Ref.[18]. “10° 10° 10" 1 10 10°
3-methylpyridine solutions with NaBr, the question remains * (ms)

why previous studies have yielded experimental data indicat-
ing a quantitative different kind of critical behavior, even for
the same samples. Wagredral. [26] have observed nonequi-

b g [26] d (squarey (b) corresponding probability distributiond(7) of the

librium microheterogeneities with the size of aboutf in : s : o
this system, which required waiting times up to 8 days tof€cay timer at 20 “C(solid curve and at 60 ®CQdashed curve

vanish. Wagneet al. attributed the apparent mean-field be-
havior in aqueous 3-methylpyridine solutions with NaBr to

nonequilibrium heterogeneities and stated that “the origin o . X .
these, however, remains unexplained.” Another mysteriou§sample No. 1is shown. The shape of this correlation func-

and probably related phenomenon, namely the appearance ¥ IS obviously not a single exponential. Along with the
soap-like “particles” at the liquid-liquid interface in a broad usual diffusion mode (with a relaxation time from
range of salt solutions, appeared to be a general phenomendfl 10 50xs) associated with concentration fluctuations, it
encountered in aqueous solutions of organic solutes withodtas an additional very slow mode, which appears to be also
salt [22]. Hence, we decided to investigate the possibilitydiffusive (q> dependent corresponding to a characteristic
that the anomalous behavior reported in R¢#8-20,28 time scale of about 1000—-20Q%s. After the temperature
including the enhanced backscattering, could be associatedas raised from 20 up to 60 °C, the relative contribution of
with some kind of supramolecular restructuring in aqueoughis mode decreased considerably. Results obtained for
solutions of 3-methylpyridine even in the absence of saltsample No. 2 with the same composition but with
We therefore prepared same aqueous solutions d-methylpyridine from a different bottle showed a very dif-
3-methylpyridine without salt, keeping the 3-methylpyridine/ ferent picture. At room temperature the slow mode domi-
water ratio the same as in the critical ternary mixture withnates and becomes even slower than in sample No. 1 as is
17% mass fraction of NaBr, namely 28.6% mass fractionshown in Fig. 10. This sample looked very turbid even with
(6.85 mol % of 3-methylpyridine. The 3-methylpyridine for a naked eye.
the same samples was taken from different bottles all with a These strange results stimulated us to further investigate
nominal purity of 99.5+%. We noticed that the solutionsaqueous solutions of 3-methylpyridine without salt. Specifi-
from different sources of 3-methylpyridine would exhibit cally, we prepared a slightly more concentrated aqueous so-
different levels of turbidity. One of the samples became venjution of 3-methylpyridine with a concentration of 32 mass
turbid immediately after the sample preparation and re% (8.2% mol fraction. This composition corresponds to the
mained turbid for months. Our first guess was that enhancesio-called double critical point in the phase diagréfiy. 1),
background light scattering observed in solutions with saltwvhere a small amount of NaBr induces a critical-point phase
could be due to small impurities in 3-methylpyridine that separation. This sample also exhibited some strange light-
lead to the formation of precipitants. While we still believe scattering effects. The temperature dependence of the light-
that to be true, we were not able to find any differences in thecattering intensity was measured at four scattering angles
composition of the different samples of 3-methylpyridine 30°, 45°, 90°, and 140°. In Fig. 11 we show that, after we
with gas chromatography and nuclear magnetic resonandeeated the sample up to 85 °C and then cooled it back down
spectroscopy at the level of accuracy to our disposal. to the starting temperature of 25 °C, the intensity of scatter-
As a next step we performed some dynamic light-ing did not return to its initial value. Moreover, a huge asym-
scattering studies of the aqueous mixtures ofmetry in the angular distribution of the intensity gave evi-

FIG. 9. (a) Dynamic correlation functiong,(7) for an aqueous
solution of 3-methylpyridine at 20 °Qcircles and at 60 °C

3-methylpyridine without salt. In Fig. 9 the dynamic corre-
]lation function for an aqueous solution of 3-methylpyridine
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FIG. 10. Dynamic correlation functiorgs(7) and corresponding 0 10 20 %0 40 50 60
probability distributionsH(7) of the decay timer for two aqueous time (hours)
solutions of 3-methylpyridine at 20 °C. The circles and the solid
curve are for the same transparent sanigéenple No. 1shown in FIG. 11. Result of an experimental study of long-living nonequi-
Fig. 9; the triangles and dashed curve are for a turbid sampléPrium states in aqueous solutions of 3-methylpyridine. We show
(sample No. 2 the scattering intensity for four scattering angles as a function of

time while the temperature is cycled between 25 and 80 °C.
dence of large-size scatterers that persist in the solution for a

long time. It is not surprising that around 80 °C the intensityanomalies that we encounter in the mixtures of

is large: the system has almost reached the double critic®-methylpyridine and water are remarkably similar to those
point of phase separation. What is surprising is that the nonobserved many years ago in aqueous solutions of alcohols.
equilibrium opalescence remained unchanged for a long timactually, anomalous light-scattering behavior of aqueous al-
after the sample was cooled down to 25 °C. cohol solutions was discovered by Vuks and Shurupova

We conclude that the energy landscape in aqueous soly46,47. Later it was found in dynamic light-scattering ex-
tions of 3-methylpyridine is such that states with nonequilib-

rium supramolecular structure can exist during time periods
longer than the ordinary times for conducting light-scattering
experiments. Addition of salt not only can induce a phase [ o o oo, N
separation but also may make these apparent states less i L
stable. We noticed that addition of NaBr to a turbid aqueous
solution of 3-methylpyridine eventually made it transparent,
unless the sample was brought to the critical point of phase
separation. In Fig. 12 we show several runs on an initially
turbid sample after the addition of NaBr. One can see that we
virtually reproduced the anomalous behavior of the light- ] F C
scattering intensity reported in R¢20] for 17% NaBr. After I

the sample was cooled back to 20 °C the scattering intensity [ . ' . Gﬁ%
dropped and continued to drop at this temperature in suc- 0'?‘0-5 10° 10° 102
ceeding runs. e =(T-TYT

We now tend to believe that some unexpected and uncon- °

firmed phenomena previously observed in near-critical non-

100

intensity (arb. units)
@
+

S . X ; ; FIG. 12. Experimental light-scattering intensities for an initially
aqueous ionic solutions, such as in mixtures of triethyly,hiq aqueous solution of 3-methylpyridine with 17% mass frac-

n-hexyl ammonium triethyln-hexyl borate(Nzzd2226 N tion of NaBr after the addition of salt. Data obtained with the
diphenyl ether, that looked like absolutely different sub-freshly prepared sample are indicated-bydata from Ref[20] for
stances in experiments performed by different research sample with the same concentration are indicated\byData

groups(see Ref[10], and citations therejn may be similar  obtained the next day at room temperature are indicated ognd
to what we have observed in this study. Moreover, thesubsequent runs b, O, and®.
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periments that the average size of scatterers in this systeand from retention of remnants of the three-dimensional
was about hundred nanometers and decreased upon heatimgdrogen-bounded network structure of bulk water.”
[48]. An anomaly of the specific heat was also found in such
systems[49,50 and was attributed to a structural transfor- V. CONCLUSION
mation, while the anomalous light scattering was interpreted '
as a side effect associated with precipitation of impurities We conclude that properly aged, equilibrium samples of
[50]. The phenomenon has still not been studied sufficientlythe aqueous solutions of 3-methylpyridine and NaBr exhibit
because it has characteristic equilibration times of over asing-like critical behavior with a nonmonotonic crossover to
week. Euliss and Sorensen observed a strange precipitate ifean-field behavior similar to that observed in other aqueous
aqueous solutions of tertiary buthyl alcoh@BA) [51],  solutions. No evidence for an equilibrium microheteroge-
which strikingly resembles our experience with agqueous soneous phase and multicriticality was found. However, we
lutions of 3-methylpyridine. In Ref51] they say: “The pre- have also observed mesoscopic nonequilibrium aggregates
cipitate disappeared upon heating to room temperature. Wiaat are even more persistent in aqueous solutions without
tried double distilling the tBA and redistilling the water in a salt. This phenomenon appears to be reminiscent of anoma-
quartz still, but the precipitate persisted. This problem is veryjous behavior in aqueous solutions observed by other inves-
similar to that discussed by Beer and Jdi§2] and is,“if  tigators. It is plausible that the energy landscape in aqueous
other desires were not more pressing, rather interesting solutions of 3-methylpyridine is such that states with non-
Iwasaki and Fujiyamg53] interpreted the appearance of equilibrium supramolecular structure can exist during time
such “precipitate” as a result of clathrate hydrate formationperiods longer than the ordinary times for conducting light-
We believe that such clusters may grow up to submicrorscattering experiments. Further studies of the physical and
sizes and may be responsible for the scattering intensitghemical variables that govern the appearance of long-living
splashes in agueous solutions of 3-methylpyridine with NaBhonequilibrium structures would be highly desirable, also in
as well as for nonequilibrium character of light scattering inview of their possible importance in the study of aqueous
aqueous solutions of 3-methylpyridine without NaBr. After piofluids.
demixing in the presence of salt such clusters are often
trapped by a meniscus where they may appear as a third ACKNOWLEDGMENTS
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