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1L NUOVO CIMENTO Vor. 3D, N. 1 Gennaio 1984

Thermally-Stimulated-Depolarization Study on the Highly
Viscous Isotropic Mesephase of w/o Micreemulsions (°).

D. SenaTrA and C. M. C. GAMBI

Dipartimento di Fisica dell’ Universitls - Firenze, Italia
Gruppo Nazionale di Struttura della Materia del O.N.E.
Largo BE. Fermi 2 - Arcetri, 50125 Firenze, Ttalia

(ricevufo il 7 Febbraio 1983)

Summary. — Highly viscous, optically isotropic water-in-oil miero-
emulsion samples (dodecane, hexanol, potassium oleate plus water) with
water content in the concentration interval 0.68<0 < 0.8 (0, mass frac-
tion) were studied by means of the thermally-stimulated-depolarization
(TSD) method. Different polarizing temperatures were tested from 293 K
down to 188 K. Depending on the polarizing temperature, the intensity
of the static electric field was increased from 33 V/em up to 10 kV/em.
The temperature dependence of the field-induced orientation processes
was investigated and the activation energy and the relaxation time of
the depolarization processes that were found to follow a first-order relax-
ation kinetic were evaluated. The temperature domain within which the
viscous, isotropic mesophase may exist was also identified. The low-
temperature TSD spectra of highly viscous, isotropic microemulsion
samples are characterized by a current peak at I' = 198 K which follows
o first-order kinetic and whose maximum current peak intensity is an
inverse function of the polarizing temperature.

PACS. 61.30, — Liguid orystals.
PACS, 78.20. — Optical properties and materials.
PACS. 77.30. — Polarization and depolarization effects.

(*) Paper presented at the «Meeting on Lyotropics and Related Fields», held in
Rende, Cosenza, September 13-18, 1982.
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76 D. SENATRA and C. M. €. GAMBI

1. - Introduction.

The system investigated is known in the literature as « water-in-oil micro-
emulsion » (w/o). It is an optically transparent and isotropie, thermodynami-
cally stable, liquid dispersion of water spherical droplets in an oily phase com-
posed by 58.6 %, of dodecane, 25.6 %, of hexanol and 15.8 %, of potassium oleate,
in the ratios K-oleate/dodecane = 0.2 and hexancl/dodecane = 0.4 (*-?), This
system develops a liquid crystalline (LC) phase with different mesomorphic
structures of lyotropic type, for water concentrations in the interval 0.48 <
< 0 < 0.68, where O is the weight ratio water/water - oil (),

The phase map of the actual system vs. water content, the mechanism of
formation of the LC phase and the dielectric, optical, electro-optical and viscosity
properties that both distinguish and characterize the system’s different states
as well as its mesomorphie structures have been reported in ref, (+-11),

We shall be concerned here with the thermally-stimulated-depolarization
analysis (TSD) (+7®) performed on samples belonging to the concentration
interval in which the system exhibits a highly viscous, strongly viscoelastic,
optically isotropic mesophase which oceurs at the end of the birefringent LC region
before the system inverts into an oil-in-water (ofw) type of dispersion (%512),

The present paper ends the series of works we performed on the above
system with the TS8D method (48),

The whole body of results obtained represents an accurate and so far
unique description of the temperature dependence of the relaxation processes
oceurring in wjo micrcemulsion samples with different wjo ratios in a con-
centration range that extends from the truly isotropic microemulsion regicn

1

(1) D. SewaTtrRA and G. GIUBILARO: J. Colloid Interface Sci., 67, 448 (1978).

(?) D. Sexwartra and G. GIUBILARO: J. Collid Inierface Sci., €7, 457 (1978).

() S. BALLARG, F. MALLAMACE, F. WANDERLINGH, D. SENATRA and G. GIUBILARO:
J. Phys. 0, 12, 4729 (1979).

(*) D. Senatra, C. M. C. GamBr and A. P. Nur1: J. Colloid Interface Sci., 79, 443
(1981).

Q) . SENATRA: Nuove Oimenito B, 64, 151 (1981).

8) . BENATRA: J. Flectrostatics, 12, 383 (1982).

7) . BENATRA, C. M. C. GamB1 and A. P. NERI: Lett. Nuovo Cimento, 28, 433 (1980).
8) . SEvatrA, C. M. C. Gamer and A. P. Ner1: Lett. Nuovo Cimento, 28, 603 (1980).
) . SENATRA, M. Vannint and A. P. NEri: Lett. Nuovo Cimento, 28, 453 (1980).
0 . SENATRA, M. VAnNINI and A. P. NEeri: Lelt. Nuove Cimento, 28, 608 (1980).
. SENATRA: Transport in Biomembranes: Model Systems and Reconstitution, edited
by R. Antorini, A. Grurozzi and A. Gorio (New York, N.Y., 1982), p. 27.

(*2) D. SevaTrA and C. M. C. GaMBI: Proceedings of the International Symposium on
Surfactants in Solution, edited by K. L. Mirrar (Lund, 1982).
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THERMALLY-STIMULATED-DEPOLARIZATION STUDY ETC. 77

(0.024 < € < 0.31), the «eil rich » phase, through the birefringent LC region
(0.48<< 0 < 0.68), up to and beyond the concentration interval where the
system becomes an o/w microemulsion, the « water rich » phase (36:8:11,12),

2. — Experimental.

We recall the fundamental steps of the TSD analysis: a microemulsion
sample is oriented with a static electric field (E)) at a constant temperature T
which is called the polarizing temperature; after a time ¢, the sample tem-
perature is lowered down to that of liquid nitrogen, the field-induced orientation
is, therefore, « frozen-in » and the sample stays polarized (electret effect); at
this point, the field is removed, the sample connected to an electrometer and
the temperature of the sample raised with a constant heating rate (b). As the
field-induced orientation releases, a depoclarization eurrent, J(I'), is measured
vs. the linearly increasing temperature. If the system, as in our case, is a dipolar,
not thermotropic material for which Langevin’s expression applies, whose meck-
anism of polarization follows a first-order relaxation kinetic (dP/d? = — P[t),
the analytical expression of the depolarization current J(I') is given by

T

(1) T == (Pofm) exp [~ E/ET — (b)) [exp [~ g/ETIAT],

Ty

where P, is the initial polarization induced by F_ at T, b is the heating rate,
T the absolute temperature, K Boltzmann’s constant, & and 7, are, respec-
tively, the activation energy and the relaxation time constant with
T = 1, exp [§/KT].

The values of the activation energy and of the relaxation time may, there-
fore, be evaluated by means of the following relation:

=+

@) In 7(T) = In 7o 4 £/ET = (]an(T') dt’) —In J(T) ;

T

the expression on the r.h.g. in eq. (2) is derived from the integration of the
experimentally measured depolarization current peak of any given orientation
process. The TSD study was carried out by following the procedure described
in ref. (+¢), where we also reported the experimental details as well as the theory
of the method. The measurements were performed by orienting the samples at
different polarizing temperatures in the interval from 293 K to 188 K. The
low polarizing temperatures were obtained with a Neslab Cryocool CC-100
cold finger, controlled by an Exatrol unit and an ETP-3 temperature programmer.
The freezing of the field-induced orientation and the heating processes were
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the same as those applied in the previous works (+8). In order to achieve
the complete orientation of the samples, depending on 7', the intensity of
the static electric field B, was increased from 33 V/em up to 10 kV/em. The
sample temperature, detected with calibrated thermocouples, was known with
an aceuracy of --0.5 K, while the current values were known with an error
less than 1%. The activation energy (£) and the relaxation time constant
(In 7,) were calculated with an accuracy of 29%,.

3. — Results.

3'1. TSD study at room temperature. — Microemulsion samples with water
content in the interval 0.68< ( < 0.8 appear, at room temperature (293 K),
perfectly transparent and also optically isotropic if observed between two
crossed polarizers with a white-light source. They are highly viscous and strongly
viscoelastic. Another peculiar feature of these samples is that they exhibit
a diapasonlike vibration if their container is hit with some metallic tool or
simply with the finger nails. Because of the latter effect, these samples are
called, in the laboratory idiom, « soundy ». The samples become soundy, on
the average, 24 hours after being prepared. On soundy samples the effect dis-
appears upon stirring, but, as soon as the stirring stops, it newly appears after
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Fig. la. — TSD spectra of highly viscous, isotropic and «soundy » samples obtained
at room temperature, T, = 293 K, by applying a -+ 10V, 140kHz square wave
(E, = 33 V/jem): curve 1) ¢ = 0.752, curve 2) ¢ = 0.761, curve 3) 0 = 0.767.
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Fig. 1b. — The viscous isotropic microemulsion phase is not stable, it collapses into a
transparent fluid dispersion after a period of (30--40) days. In this picture is shown
the TSD spectrum of the collapsed sample corresponding to that of curve 1) (0= 0.752)
of the former figure, recorded 40 days later. The temperature dependence that char-
acterizes both the highly viseous and soundy and the collapsed samples is also reported.

a few minutbes. Therefore, we believe the effect to be due to some thixotropiclike
organization of the swollen structural network of the system. It should be
pointed out that, upon mechanical agitation, the samples do not become
« liquid » as it should be if this phase were a gel. In the latter case, thixotropy
is the faculty of the gel to become liquid upon mechanical agitation and to
solidify again when agitation is over. Our samples maintain their highly viscous
character, no matter if stirred or not. It is just the «soundy » behaviour that
vanishes upon stirring and ig restored at rest.

The viscous and soundy phase is not stable, it collapses into a fluid, trans-
parent and isotropic dispersion after a period of (30--40) days. Collapsed samples
are never soundy.

A family of TSD spectra obtained by orienting at T, = 293 K these viscous
soundy samples is plotted in fig. 1 for three different concentrations.

In fig. 1a, the spectra are characterized by two main peaks at T=263K
and T = 273 K, respectively. The intensity of the latter peak increases upon
inereasing concentration, while that of the former decreases.

The collapsed samples are instead distinguished by a TSD spectrum as
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that plotted in fig. 15, where the spectrum of the collapsed sample corresponding
to ¢ = 0.752 of fig. 1la, performed 40 days later, is reported.

Both the highly viscous and the corresponding collapsed samples do not
follow a linear temperature dependence, ag shown in fig. 1b. A phase transition
does, in fact, occur in these samples around 7 = 273 K. Therefore, the above
spectra cannot be analysed by means of the procedure reported in ref. (48),
since the linear temperature dependence of the system is an essential prere-
quisite that must be fulfilled. The above spectra were obtained by applying
to the samples a - 10V, 140 kHz square wave (K = 33 V/em), that was
found, by means of an accurate frequency-dependent dielectric analysis, to
be the most suitable frequency for detecting the « viscous and soundy » charae-
teristics of the system. The latter spectra should, therefore, not be compared
with those obtained on samples belonging to the completely different phases
exhibited by the system in the other concentration regions (5:%11).

The effect of the frequency of the polarizing field on the first sample that
became « soundy », being also slightly birefringent, is reported in fig. 2 (0 =
= 0.68).

It is worthy of note that the temperature dependence of this sample was
linear upon polarization with the 0.5 Hz F_ field, while it showed a hook in-
flection of the overcooled type, around 273 K, upon the orientation with the
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Iig. 2. — The effect of the frequency of the polarizing field E, upon the samples with
0.68< 0 < 0.8, The frequency effect on the first sample that exhibited the « soundy »
behaviour. O = 0.68, T, = 293 K, F, = 33 V/em, --- 140 kHz, e e o 0.5 Hz.




B

THERMALLY-STIMULATED-DEPOLARIZATION STUDY ETC. 81

140 kHz E,. Since below 273 K the temperature dependence of these samples
was found to be linear, we decided to study the low-temperature TSD proper-
ties of this very peculiar phase of the microemulsion.

3'2. Low-temperature TSD study. ~ The low-temperature TSD spectra of
highly viscous microemulsion samples are characterized by three main features:
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Fig. 3. — Low-temperature T8D study on a highly viscous, isotropic sample, 0 = 0.752.
Top: the most remarkable feature is the depolarization process which occurs at
T = 198 K, it follows a first-order relaxation kinetic; its maximum current peak in-
tensity is an inverse funetion of the polarizing temperature. & = (0.4814 0.007) eV,
In 7o= — 26.3440.044. ==~ T, = 188K, ——— T, = 196K, T, = 207 K.
Bottom: the decrease of the 198 K current peak intensity, upon increasing T, corre-
sponds to the increase of the 240 K depolarization current band.
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a) A depolarization current peak at 7 — 198 K, which follows a first-
order relaxation kinetic and whose maximum ecurrent peak intensity is an
inverse function of the polarizing temperature (fig. 3, top).

b) A depolarization current peak at 7 = 170 K which does not follow
a first-order kinetic (fig. 3, top).

¢) A broad depolarization current band centred around 240 K (fig. 3,
bottom). The increase of the current intensity of the latter, upon increasing T,
was found to parallel the decrease of the 198 K current Peak intensity (fig. 3,
bottom).

The activation energy and the relaxation time constant of the 198 K peak,
calculated by means of eq. (2), are, respectively, & = (0.48140.007)eV and
In 7y =—26.344-0.044. In the low-T measurements, no difference was found
ebtween the spectra performed by applying a d.c. or a 0.5 Hz signal and those
obtained by orienting the samples with a 140 kHz I field.

A comparison of the low-T, TSD spectra with those performed at room
temperature (293 K) showed that in the latter spectra the 198 K cwrrent peak
was absent.

By orienting the samples with different polarizing-field intensities, we could
verify that the orientation induced in the samples at low T, i.e. below 273 K,
is proportional to the intensity of the applied field I (fig. 4).
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Fig. 4. — T8D spectra at two different polarizing field intensities: 1 kV/em and 10 kV/em,
respectively. For T, < 273 K, the depolarization current intensity is proportional to
the impressed electric field (Bp). Ty, = 197K, ¢, = 10 m, Ve =3EkV (===), 300V (—~-).
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At low T mno difference was observed between the TSD spectra of the
« soundy » samples and those of the corresponding collapsed ones.

We recall that the highly viscous, optically isotropie phase of the actual
system follows, upon water addition, the lamellar mesophase of the wjo micro-
emulsion LO and birefringent region (*?) and precedes the concentration interval
in which the system inverts into an o/w type of microemulsion.

The concentration interval of existence and the temperature domain of
this phase are, respectively, 0.68<(C < 0.8 and 2183 K < T < 320 K. The
above intervals were established by means of the TSD analysis, following the
procedure described in ref. (478) as well as with a careful temperature de-
pendence study of the system’s dielectric properties. The latter argument
will be reported in greater details in another paper.

4. — Conclusions,

The question which arises is what kind of structure may correspond to the
observed properties. At first we thought the highly viseous and «soundy »
phase were a swollen lamellar unstable structure, that, vs. time, collapsed into
an o/w type of dispersion, since the system’s water content was too high to
allow the lamellar mesophase to exist without modifying the proportions of

25.0
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0 | | | , 1
250 270 290 310 g

Fig. 5. — TSD spectrum of an o/w type of microemulsion. ¢ = 0.062, where U = weight
ratio oil/water -+ oil. Besides the spectrum profile, the ojw microemulsions differ from
the collapsed w/o samples (see fig. 1b) in the temperature behaviour: the former exhibit
a linear temperature dependence, the latter do not.
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both the alcohol and the K-oleate. However, the TSD spectrum of an ofw
microemulsion with ¢ = 0.062, where € is the weight ratio oilfoil | water,
proved that the latter system exhibits a quite distinet spectrum which is charac-
terized by a single-peak depolarization proecess, as in the case of truly isotropie
and perfectly fluid w/o microemulsion samples (4) (fig. 5). Another macroscopic
difference between the latter system and the viscous, collapsed phase ig rep-
resented by their temperature dependence. Despite the fact that in the o/w
samples the water content is higher than in the collapsed and viscous ones,
their temperature dependence was found to be linear. Therefore, one must
conclude that the viscous, collapsed phase is not an o/w microemulsion.

Their maeroscopic characteristics may suggest that this phase is a cubie
Iyotropic mesophase of the w/o type (3). Since we did not perform any X-ray
study, at the present stage of the research we cannot give a definite answer to
this question.

In order to understand the nature of the process that gives rise to the
depolarization current peak at T = 198 K, in the low-temperature TSD spectra
plotted in fig. 3, one must take into account that, upon water addition, the mi-
croemulsion always evolves toward a more suitable energetic structural config-
uration which results in theincrease of the dispersed-phase dimension. The latter
congsists of a water core sorrounded by an interphasal region of finite thickness.
In such a way the system may exhibit, vs. increasing water content, a smaller
inner surface area which may be stabilized by the given and fiwed amount of
surfactant and cosurfactant molecules available in the outer « oily » medium (5).

In the actual system the cosurfactant, the potassium oleate, is a colloidal
electrolyte that, as water is added, partially separates into potassium ions
and long-chain ions whose action is that of compensating the electrostatic
repulsion between the polar, hydrophilic heads of the amphiphilic molecules
adsorbed at the water-oil interface with the hydrophobie tails pointing outward.
Therefore, the dispersed phase of the microemulsion is kept stable by the action
of the hexanol and the potassium oleate as well as by that of the counterions.

The structural transitions, water spheres, water channels, water and oil
lamellae, are piloted by the surface-to-volume ratio of the dispersed phase
and by the volume of the interphase region which represents an appreciable
part of the total volume of the dispersed phase. The interfacial region, initially
in a closed configuration, since the surface encloses the volume of the dispersed
phase, opens up into an open layered structure as the system’s water content
exceeds the value € = 0.582 (%81112),

The fundamental role played by the ionic character of the cosurfactant is
demonstrated by the low-7, TSD study.

(13) J. Cmarvoriy and A. TARDIEU: in Lyotropic Liquid Orystals: Structure and Mo-
lecular Motions, in Liquid Orystals, Solid State Physics, suppl. no. 14, Guest Editor
L. Liesert (New York, N.Y., 1978), p. 209.
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The behaviour of the 198 K depolarization current peak upon inecreasing
polarizing temperature (7,) shows that, in the temperature domain within
which a given structure may exist, the counterions are obliged to fulfill their
task of interface stabilizers. On the contrary, at low temperature, once the
«solid » structure of the system is anyhow established, because the sample
ig frozen, the counterions possess a higher degree of freedom that results in the
inerease of the 198 K maximum current peak intensity as a function of decreasing
polarizing temperatures. Therefore, the latter depolarization process is ascribed
to the orientation of the system’s counterions. The counterions, under the
action of the polarizing field F, , do not contribute as a mere space charge
since the 198 K peak temperature does not shift by varying the sample polar-
izing temperature (4%%).

@ RIASSUNTO

Mediante il metodo della polarizzazione termicamente stimolata (TSD) si sono studiate
le proprictd della fase altamente viscosa e otticamente isotropa di una microemulsione
composta da dodecano, esanolo, oleato di potassio & acqua, per valori del rapporto w/o
nellintervallo 0.68< 0 < 0.8 (0 = peso del rapporto acqua/acqua - olio). I campioni
sono stati orientati a diverse temperature di polarizzazione nell’intervallo da 293 K
a 188 K. A seconda della temperatura di polarizzazione, I'intensita del campo elettrico
statico & stata variata da 33 V/em sino a 10 kV/em. La dipendenza dalla temperatura
dei processi di orientamento indotti dal campo nei suddetti campioni & stata quindi
analizzata in dettaglio. Per i processi che seguono una cinetica di orientamento del
prim’ordine si sono caleolati i valori dell’energia di attivazione e del tempo di rilas-
samento. B anche stato individuato il dominio di temperature entro il quale la fase
altamente viscosa e isotropa della microemulsione pud esistere. In questa fase gli spet-
t1i TSD a bassa temperatura di polarizzazione sono caratterizzati da un picco di depo-
larizzazione a T = 198 K che segue una cinetica del prim’ordine e la cui intensita di
picco & una funzione inversa della temperatura a oui si & orientato il campione.

Viccrenopanue TEPMEUECKH CTHMY/IHDOBAHEON [ENOJApH3ALNE B CHIBHO BH3KOH
H30TpONHOi Mezodaze MHKDOIMYIbCHH BODLI B HEQTH.

Pesiome (*). — VCmoms3ys METOM TEPMEYECKY CTHMYTTMPOBARHON NENOTAPH3AM, HCCe-
IyroTcs O0pasibsl CHNBHO BA3KKX, ONTHYECKH H30TPOMHBIX MUKPOIMYILCUY BOXEL B HEQTH
¢ xoHuerTpamueit Bonel B murepsane 0.68 < 0< 0.3, Ilonapusamnas o0pasluoB MpPOU3BO-
nunack OpY pasiWYHBX TeMIepatypax oT 293 K mo 188 K. B 3aBHCUMOCTH OT TCMIIC-
PATYPEI MOISIPHE3ALHAA YHTEHCHBHOCT CTATAYECKOrO 3EKTPHHCCKOTO NOJIA yBEITMYMBANACH
orT 33 B/ecm mo 10xB/om. Vlcenenosanach TeMiepaTypHast 3aBUCHMOCTD TPOLECCOB OPHCH-
TaLWH, MEAYIMPOBAHHEX [OJieM. JLl mpoIeccoB, KOTOPHIS ONMCHIBAIOTC] OPHEHTAIMOH-
HOH KWHETHKOW UepBOTO TOPSHKa, BRIUHCISIOTCS 3HA4CHNS SHEPTHN aKkTHBaliy 1 BpeMCHH
penakcanpE. YKa3BIBACTCS TeMIEpaTypHEas 06nacTs, BHYTPH KOTOpOII MOXeT CYyIecTBO-
BATh BAZKAS, H30TPOMHAA Me30(haza MAKPOIMYJIIbCHY. TIpH HU3KHX TEMIEpAaTypax CHEKTPEL
TePMHYECKE CTHMYITAPOBAHHON NETIONAPU3ANITA I 006pasnios CANBHO BA3KOH, W30TPONHOH
MEOKpPO3MYJIBCAY XaPAKTSPU3YIOTCH IHKOM JICHONAPH3ALUA TpH T = 198 K, KOTOpBIH
OmmCcHBAaeTCS KWHETHKOM TIepBOrO NOpsAgKa, ¥ HHTSHCHBHOCTH 3TOTO MHUKA SABJIACTCA
ofBpaTHoll (yHKIWEH TeMIEPaTypsl MONAPA3AINA.

(*) IHepesedeno pedaxyueil,




