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Viscoelastic behavior of agueous solutions of a polyoxyethylene-nonionic-amphiphile surfactant

G. D’Arrigo*
INFM, Dipartimento di Energetica, Universitdi Roma “La Sapienza,” Via Scarpa, 16-00161 Roma, ltaly

G. Briganti
INFM, Dipartimento di Fisica, Universitali Roma “La Sapienza,” Piazzale Aldo Moro, 2 00185 Roma, ltaly
(Received 4 December 1997

We present extensive measurements of shear viscosity, sound velocity, and ultrasonic absorption in aqueous
solutions of the polyoxyethylene nonionic amphiphilgs5(OCH),(CH,)¢OH (i.e., C;Eg) in a wide tem-
perature rangé€5-55 °Q and in a concentration range extending from the critical one up to the hexagonal
mesomorphic phase. The static shear viscosity rapidly increases with concentration, and presents maxima as a
function of temperature. The sound velocity exhibits an apparently complex behavior that can be interpreted as
being due to a regular elastic contribution from the micellar moiety. Data on sound absorption in most
concentrated solutions show unambiguous evidence of a viscoelastic behavior. Despite the qualitative similar-
ity of our results with those observed in microemulsions of reversed micelles, the underlying interpretation is
different. In particular, our analysis leads us to conclude that percolation phenomena due to increased connec-
tivity cannot explain the sound velocity behavior. Rather, the sound velocity behavior can be related to the
formation of long micellar structures which, on increasing temperature, become softer, likely resembling
entangled polymeric solutions in a good solvd@®1063-651X%98)01907-2

PACS numbe(s): 62.60:+v, 82.60.Lf

I. INTRODUCTION The polyethylene nonionic amphiphiles \Bom1
(OCH,CH,) ,OH (briefly C,E,) have been extensively stud-
Viscoelasticity is not observed in ordinary molecular lig- ied in wide surfactant concentration and temperature ranges
uids of low viscosity. In such systems the static shear viscog9]; there is evidence that up te 50 wt % these systems
ity 7s0 and the rigidity modulusG.. are of the order of maintain their micellar identity8,10]. In the present paper,
102 Pa s and 19 Pa, respectively, so that the characteristicextensive density, viscosity, and ultrasofielocity and at-
(Maxwellian) time for the relaxation of the shear stressestenuation measurements in gEg nonionic surfactant aque-
(7s= 75,0/ G..) is about 102 s. Aqueous solutions of com- ous solutions are reported. The study of these properties di-
plex particles, depending on the temperature and on the comectly verifies the occurrence of viscoelastic phenomena in
centration of the dispersed phase, present a wide variety @omplex binary systems and, in addition, should provide use-
structural conformations and physical phenomena such &sil information about their structural and dynamical proper-
critical and percolation transitions, phase separation, antles. Our results will be then compared with those found in
glass transitions. In these cases, an anomalous increase ather supramolecular liquidg.g., microemulsions and poly-
75,0 and/or a rather low elastic modul@, may noticeably —mers.
increase the relaxation time,, giving rise to viscoelastic A partial view of the phase diagram of &g binary so-
phenomena. lutions[11-13 is displayed in Fig. 1; the concentratiotis
It is known that viscoelastic effects occur in supercooledsurfactant mass fraction percent wnd temperatures in-
liquids [1], in dilute polymer solution§2], and in some con- vestigated in our experiments are indicated as filled circles.
centrated micellate.g., bile saltsaqueous solution8]. Re-  Concerning the isotropic phasg, there are several experi-
cently, they have also been observed in ternary supramolecwmental indications suggesting that this region is not morpho-
lar liquids consisting of oil, water, and surfactants forminglogically uniform[12-15. However, the structural changes
microemulsiong4-7], as well as in concentrated;§Es mi-  of the micellar phasdsize, shape, and growtlare rather
cellar solutions[8]. However, some of these observationscontroversial[14], but the view in the semidilute region is
[4,7,8 were based on the detection of a sound velocity disexperimentally well defined. For example, electric birefrin-
persion rather than on the sound absorption behavior. Agence studie§l2] suggest that, as the surfactant concentra-
shown in Sec. Il, this procedure cannot be considered probdion increases, the micellar shape changes from globular to
tory, but only indicative, and its analysis can lead to erronefong rodlike structures. These structures, near the border of
ous conclusions. theH, phase, are partially aligned, a precursive condition of
the adjacent hexagonal liquid crystal phase. At higher tem-
peratures these experiments indicate the occurrence of a
* Author to whom correspondence should be addressed: Giovansihape transition toward disklike micelles, precursive of the

D’Arrigo, Dipartimento di Energetica, Universitd a Sapienza,” lamellar phasd.,, present at the same temperature but at
Via Scarpa 16, 00161 Roma, ltaly. FAX: 39-6-44240183. Elec-higher concentrations. Similarly, light scattering experiments
tronic address: darrigo@axrma.uniromal.it [15] suggest that semidilute solutions at high temperature
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FIG. 1. A limited temperature concentratigwt %: mass frac- . T . L
tion percent of surfactantportion of the phase diagram of the Ong can alsq define a IonthludlnaI cor;nplex KINEMAIIC Viss
water-G,Es system.L,: isotropic micellar phaseW—L,: two  COSItY (5)1), given by D;=p [m(w)+37s(w)], so that
phases region delimited by the coexistence line; CP: critical pointM =plcy+iwD;(w)]. Equationg1) and(2) can be then put
H,: hexagonal crystalline phas&y : higher melting temperature 1N the forms
of theH, phasel ,: lamellar phaseT ,,_ : line of viscosity minima
in the plot of Fig. 2;T,, : line of viscosity maxima in the plot of
Fig. 2; the filled circles indicate the samples investigated in the
present ultrasonic measurements. a

and

cX(w)=p {Ko+K/(0)+5G" ()] (1)
nd

— 2 " 4~n ’
resemble entangled solutions of flexible polymers that, at a=(molpe)[K (o) o+ 3G (w)w], @)

h@gher concentrations, tran_sfor_m ?nto region_s_ of rodlike andor, equivalently,

disc structures. Other studies indicate transitions toward ag-

gregation of small micelles, random percolating clusters or al 2= (2721 pc®)[ pp(w)+ 2 py(w)] (5)
liquid crystalline cluster§l6]. In any case, the rich variety of

structural conformations present in the phase diagram ofhe frequency dependenciesmfnd a/f? are related to the
C,,E; make these solutions very appropriate for a detailedeculiar dynamics of the bulk and shear viscosity. For a De-

analysis of viscoelastic properties. bye (single time relaxation, this is
Current theoretical models for micellar formation can pre- , 5 2 5 2
dict a temperature evolution of micellar shape, but very few Ki(w)=K [ mp/(1+w7p)],
theoretical predictions are available for the concentration de-
pendence of micellar distribution functi¢pf7]. Recent mod- K/ (@)= wnp(0) =K [om/(1+o?m)],

els developed for liquid systems formed by assembly of hard
spheres having a weak interparticle attraction suggest, &"
higher concentrations, a tendency toward the formation of
extended structurgd4.8].

In Sec. Il, we summarize the theoretical background on
sound propagation in viscoelastic media used in our ultra-
sonic data analysis. After the experimental secti®ec. Il)),
in Sec. IV we present and analyze the experimental result
Discussions and conclusions are given in Secs. V and VI.

G'(0)=G, [w?r(1+ w?rd)],
G"(w)=wndw)=G, [wr/(1+ szg)],

where 7, and 75 are the relaxation times for compressional
%nd shear processes, respectively. In the limitg<<1 and
w7s<1 (low frequencies one obtains

Il. SOUND PROPAGATION IN VISCOELASTIC MEDIA CA(w)~c2=Kolp, (alf?)o=(2m2pcd)[ npo+4/37s].

The response of a viscoelastic medium to an alternating ®)

pure shear stress can be characterized by a complex rigidifye ¢ and a/f2 are independent of frequenicwhere 7, o
modulusG(w) or by a complex shear viscosity;=G/iw. =K 7, and 7, ,=G..7, are the static bulk and shear viscos-
Similarly, a complex bulk modulu,(w) or a complex bulk jty respectively.

viscosity 7,=K,/iw characterizes the response to a pure |n the limits wrp,>1 andw7>1 (high frequencies the
compressional stress. An ultrasonic longitudinal wave of fregynamics is

quencyw(=2=f ) propagating in a medium contains both

components and the propagation involves both moduli and c2(w)=ci+p YK, +4/3G,), (alf?),—0.
viscosities. Considering a longitudinal complex modulus

M(w)=K(w)+ 2G(w), inthe limitsax <472, we have the In the case of continuous distributions of relaxation times

results[1,2] (e.g., Cole-Cole, Cole-Davidson, Havriliah-Negami, and
Watt-Williamson) appropriate expressions fok(w) and
2 . M'(w) G(w) must be used.
cw)= p @) In ordinary molecular fluids of low shear viscosity, where

typically 75,~103Pas, G,,~10° Pa, andrs~10 s,
and normally w7,<1 andwr,~1, so that
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c(w)=ci+p YK () +4/3G.] The volume fraction(¢) of the dispersed phagsurfac-
tant was evaluated, as usual, from the density data using the
and relationp=1—(1—w)pl/p,,, Wherep,, is the water density
andw(=wt %/100) the mass fraction of the surfactant. For

ol 2= (2% pc®)[ () + 4377 6] = (@l T2yt (@l f?)ys.  Practical purposes, singe~py,, ¢=~Ww.

In such systems one often observes sound velocity dispersion C. Shear viscosity
2 . .
and a frequency dependeatf®, which are due to the first  kinematic shear viscosity measurements at various con-
term in the previous equation, i.e., the relaxation behavior ofgnrations as a function of temperature were performed with
the bulk viscosity(e.g., structural, chemical, conformational gyanarg calibrated Ubbelhode tubes. Using viscometers with
or ozther processgsBut in ordinary liquids the_ experimental different constant (100—500'% we found nearly equivalent
ol IS never I0\2/ver than ghe3so'ca"ed Navier-Stokbis) values, indicating that in such a range the measured viscosity
contribution (a/f%)s=(87%/¢%)(75,0/p) due to the steady represents the staticzero-frequency values. The steady
Sh?:rv;/sliggls;g'[-ic media where the relaxation timecan be shear viscosity of solutionsr ,) is obtained from the kine-
matic data multiplying by the density. The viscosity of solu-

comparable to the characteristic ultrasonic times™t . . X
~1075-10"9 s), one can observe the relaxation behavior ofiONS relative to waters, =750/ 7y, was calculated using

both bulk and shear viscosity. In such media, however, inde®” 7w(t) the approximated expression,(mP)=3.271
pendent measurements of the dynamic shear viscogfiy) +14.261 expt-0.036 971).

are necessary to disentangle the two contributions. In any

case, experimental/f? values lower than ¢/f)ys repre- D. Ultrasounds

sent direct evidence of viscoelastic effects. A variable path-length cell was used for the ultrasonic

measurements. The cell content was about 30 ml of solution.
Ill. EXPERIMENTAL METHODS Two matched 5-MHz fundamental crystals were used, along

. . with a quartz delay line, in a pulsed-sound mode. The tem-
Measurements were mainly performed along isoconcen-

tred paths in the homogeneous isotropic regionabove perature of the sample was controlled by a water thermostat
CMC. However, one of these patlS0 wt %) crosses the regulated within-- 0.1 K.

hexagonal liquid crystal phad#; at its melting temperature Sognd attgnuatlon was measuféd] by a standard pglse
Ty =37°C. Measurements realized with different tech_tec_h_nlque using Matec equipment. The sound absorption co-
niqlues were performed at about the same temperature ar(]afflment (@) in the range from 5 to about 155 MHz was
. . L obtained measuring the amplitude loss of the first pulse tra-
concentration ranges. When needed in the analysis, interpo-_ . .
lated data were used. versing the samplédefore any reflectionsand was accurate
within 5%.
The sound velocity€) was obtained by acoustically over-
A. Samples lapping pulses under variable, path conditions to coherent
The GC.E; (purity=99%; M.W.=450.66; m.p. 27— cw signals generated by a Matec Pulse Modulator equipment
28 °C) was purchased from Nikko Chemical and used with-[22]. Among various techniques tried, the one used was
out further purification. The sample solutions used in thefound to be the most reliable for detecting sound velocity
density, viscosity, and ultrasonic experiments were preparedispersion within 1 m s in the frequency range 5-75 MHz.
just before the beginning of each measurement, the comp@owever, in highly attenuating samples, its application re-
sitions being determined by weighting. The studied concenduces up to about 50 MHz. As a consequence, measurements
trations ranged from about 1-50 wt %. The investigated temyere performed, as a rule, at 5 and 45 MHz. In some cases
perature interval varied from about 5 °C to the correspondinghey covered all the intermediate allowable frequenéiés
cloud temperatures where the samples separate. 25, and 35 MHZ The accuracy of the absolute sound veloc-

The CMC of GE4 §2'“ti°”5 was ogiven by Balmbet al. v gata(at fixed frequencyis estimated to be- 0.2 m/s over
[19] as ¢c,=8.7x10°M at 25°C corresponding to the whole frequency range.

~0.004 wt %. Critical parameters of the syst€d0,21] are
Weii=1.25wt % andT.;=50.2 °C. All the investigated
samples are therefore well above the CMC, one of them
having the critical concentration. A. Viscosity

IV. RESULTS AND ANALYSIS

In Fig. 2, we display the relative viscosity of the studied
solutions (0—25 wt %9 as a function of temperature. Also

The densities of solutiongp), needed in the analysis, shown in the figure are some data from REE2] which
were measured with a vibrating tube densimel@AAR  extend to 35 wt %. As can be seen, a substantial agreement
model DMA 602 having six decimal digits for density de- exists among the two sets of data.
terminations(PAAR DMAG60); the apparatus was calibrated  Characteristic features of this figure are the large increase
using water and air as references at all the temperatures usetlviscosity with increasing concentration, and its tempera-
in the experiments. Detailed results and discussion of théure dependence. In particular, in the concentration region
density data are reported elsewhere. 0-18 wt % 7, is independent of temperature up to a value

B. Density
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FIG. 2. Relative viscosityn,= 1/ Hwaer Of SOlUtiONS as a FIG. 3. Relative viscosityy, vs the volume fractionp of the
function of temperature for different volume fractiogpof the sur-  solutions located below th&,_ line in Fig. 1. All data are well
factant. Symbols and continuous lines: our measurements. Dottdifted by a single curvécontinuous ling representing Eq(9).
lines: data from Ref[13]. Lines are smooth curves through the
experimental data. Note the_ presence of concentrat!on-dependent ne=exdke/(L—me)], (8)
flat trends and maxima of viscosity. The corresponding tempera-
tures(T,_ andT,,) are displayed in Fig. 1. wherem is an interaction parameter. In the dilute limit both

equations reduce to the Einstein expression. A more physical
T,-, which decreases with increasing concentration. Fofelation, which explicitly takes into account packing effects
higher concentrationsy, increases with temperature up to a @nd repulsive interactions between nonaggregated particles
maximum at a temperatug, . , which also decreases as the in diluted solutions, has been recently used in microemul-
concentration increases. Plots of the concentration depe§ions[25]. This expression,

dence of bothr,_ andT,, are displayed in Fig. 1 as dotted
lines. In solutions lying below th&, _ line in Fig. 1, the

relative viscosity is then roughly independent of temperature.

We point out that the viscosity data at 1.25 wt(he
critical concentrationdo not exhibit the typical divergence
of critical mixtures. However, our data extend to about 5 °
below the critical temperaturé0.2 °Q, and critical effects
in the viscosity are usually seel K far from the critical
temperaturel; [23].

Viscosity maxima similar to those in Fig. 2 have also
been found in §Eg aqueous solutiongl6], but not in GEs

solutions[24]. In the first system, however, the phase dia-

gram is similar to that in Fig. 1, while in €5 solutions the

lyotropic phases are absent. This suggests that the existence
of viscosity maxima could be related to the presence of or

dered phases.

A viscosity behavior such as that in Fig. 2 is also found in

microemulsions[23,25,28. In such systems the large en-
hancement ofy, is related to a percolationlike transition
which, in turn, is based on aggregation or polymeric growth
processes originated by attractive interactif2ig.

We first analyzed our viscosity data according to the cur

rent models for colloidal systems. In the dilute limit, if hard,

noninteracting particles are present, the relative viscosit

should increase with¢ according to the hydrodynamic
Stockes-Einstein expressiop=1+ke¢, wherek is a con-
stant characteristic of the particle geometily=3 for a
sphere, and larger for asymmetric shgpd$e equation is
considered valid up te= ¢=0.02. At larger concentrations,

packing effects and interactions modify the Einstein equa-

tion, and several phenomenological expressions have be
proposed. Among these we quote the virial-type 2@

m=1+kip+kop?+kgp>+--- (7

wherek; are constants ankl, =k, and the Mooney expres-
sion[28]

7=(11ke) + A{(¢/ ) "V 1— ($ p) 17T}, @

contains an hydrodynamic term superimposed on an interac-
tion contribution related to the random close-packing volume
fraction (¢,,), and to the exponennj of the repulsive part
of the potential.

If aggregation does not occur, the parameters in EfJs.
(9) are temperature independent. When particles aggregate
and/or attractive contributions play a relevant role, the pa-
rameters in the previous equations depend on the tempera-
ture or take unphysical values.
In Fig. 3, we plot thep dependence of the viscosity of the
SOlutions in the low ¢,T) range(about 0<¢$<<0.18; 1<T
<15°C) below theT,_ line. Any one of Eqs(7)—(9) fit
well the experimental data with temperature independent pa-
rameters.

In Fig. 4, we plot the overall viscosity data as a function
of volume fraction. We find that for temperatures up to 15—

20 °C the data can still be fitted by Eq¥)—(9) over the

entire concentration range, but in such fittings the parameters

change with temperature. Fits with E®) for T=1, 5, 10,
nd 15 °C are shown in Fig. 4 by solid lines. For tempera-
ures equal to and above 20 °C, the data cannot be fitted by
any of Egs.(7)—(9) since the parameters assume unphysical
values. The dotted lines in Fig. 4 are only to guide the eyes
through such data.
From a viscosity analysis, we have some indications that

below theT,, _ line the solute structure is well represented by
small spheroidal and repulsive particles, since the parameters

en

in the viscosity equation§7)—(9) are independent of tem-

perature. By contrast, the large viscosity and its dependence

on the temperature above tiig_ line indicates the presence

of solute-solute attractive interactions and/or self assembling.
From our analysis, we are not able to assign a physical

meaning to ther, , curve in Fig. 1. Looking at the qualita-

tive analogy with the viscosity behavior in microemulsions,
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600 prrrrrr T our velocity data, it is also useful to consider the adiabatic
s00 b —o—1c I compressibility8[ =V~ 1(dV/dp)s], which is the inverse of
F Tse ; M, ie.,B=(M")"1=(pc?) L
400 F o —15°C 3 We previously noted that as the concentration of surfac-
2300 F e E tant increases, the sound velocity as a function of tempera-
T F  —e-30C ] ture gradually shifts from that characteristic of water to that
200 f AN E characteristic of a surfactant. Qualitatively this trend is ex-
100 E E pected in ideal solutions where, due to the absence of inter-
- —-— 3 actions, volume and internal energy are additive. Accord-
0

0.15 0.2 025 03 035 04 ingly, the ideal isoentropic compressibility{) of solutions
is approximately given byiy=(1— ¢) By + ¢ Bs, i.€., itis a
volume-weighted mix of the compressibili{g,, and B of

ure components. The previous relation is rigorously valid in
the limit o— 0 and under isothermal conditions. In fact, due

0.05 0.1

FIG. 4. Overall relative viscosity data as a function of volume
fraction for some interpolated temperatures. For temperatures belo

20 °C, the data can still be fitted approximately by E5—(9 - X
PP y by EGB—(9) to the entropy of mixing, small corrections should be added

(solid lineg with temperature-dependent free parameters. Fo ; . :
higher temperatures the data can no longer be fitted by(Zgg9)  t© the previous expressioi81]. The sound velocity of an

and/or free parameters assume unphysical values. Dotted lines df€al solution is given byciq=(piafBia) 2 and that of the
guides to the eyes for these highdata. They roughly correspond ideal real modulusl;y) by
to solutions lying above th&, line in Fig. 1.

1 (1-¢) ¢

’ Tt =, (10)
id MW Ms

one is tempted to link this line to a percolationlike behavior.
However, such a connection seems to be excluded by the

analysis of the sound velocity in Sec. V. and it can be evaluated by means of the densities and sound

velocities in pure components.
Comparing the experimentdl’ =pc? and the ideaM/,
The experimental sound velocity behaviors as a functionmoduli, we find differences that demonstrate the nonideality
of temperature and concentration are shown in Fig®.&d  of the system. In Figs. (8) and &b), we plot this excess
5(b). Data for pure water are in good agreement with thosenodulusAM’'=M’—M/, as a function of temperature and
reported in literatur¢29], those for pure liquid GEs were  concentrationAM’ can be considered representative of the

B. Sound velocity

taken from Ref[30] (5 MHz, range 20-45 °C departure of the system from ideality, and then of the inter-
Data in the figures refer to 5 MHz. No appreciable sound
velocity change with the frequency was detected in the range 1560 T
5-45 MHz for all the investigated concentrations and tem- 1540 £ 50%™~eee o0 ]
peratures. Despite this finding, the measured sound velocities 1520 E o 35% (@ ]
(and the related quantitiesnust be considered as dynamic : ]
and, thus, in principle, different from the statithermody- - 1500 © E
namig values. We come back to such an aspect in the analy- ?g1480 - 25% g o ]
sis of the sound absorption. © 1460 | AT T ]
The temperature dependence in the figure shows that, as 1440 b 125%6° 3
the amount of surfactant increases, the sound velocity behav- F g vater we By 1
C . ) e 1420 3
ior in the solutions gradually shifts from that characteristic of 1400 Et it . e
water (i.e., positive temperature coefficigrto that charac- 0 10 20 40 50 60

teristic of a pure surfactargt.e., negative coefficient How-
ever, at low temperatures, the sound velocity is larger than in
water, thereafter becoming lower with a crossing region at
aboutT*~34 °C. !
We must also note that the curves in Figa)sare rather 15204
smooth for all concentrations. However, a detailed inspection !

1560

L

of the sound velocity curve at 50 wt % shows a small change §1480 a
in the slope at~38 °C. This temperature, indicated by an °
arrow in Fig. %a), corresponds to the upper limit 1440
(Tw,~37 °C) of the middle phase region reported in Fig. 1.
The qualitative behaviors of the sound velocity as a func- 1400 o o
tion of both temperature and concentration in Figs) and 0 20 ;‘&ofc Eo 80 100
5(b) are quite different from those found in microemulsions 26
forming reversed micellef4—7]. However, this finding is FIG. 5. The temperaturés) and concentratiorib) dependence

not surprising, since in our system the embedding medium isf the ultrasonic velocity at 5 MHz. Lines are guides to the eyes. In

water, while in microemulsions it is oil. The following analy- the overall solutions no appreciable sound velocity dispersion was

sis will take into account this observation. detected in the investigated frequency range 5-55 MHz. The arrow
As shown in Sec. Il, the sound velocity is related to thein the sample 50 wt % ira) indicates the temperature~(T,, ),

real partM’ of the longitudinal modulus. In order to analyze where the sound velocity exhibits a small discontinuity.
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FIG. 6. The “excess” real longitudinal moduluAM’=M"’ FIG. 7. The temperatur@) and concentratiorib) dependence
— M}, as a function of temperatufe) and concentratiob). M’ is of the micellar real longitudinal modulus!;,. M/, is calculated
the experimental ultrasonic value=pc?), and My is calculated ~ from the moduli of solutions and of the water by using the
from a volume-weighted mix of the compressibility of the constitu- effective-medium relatiofEg. (11)].

ent component$Eq. (10)]. AM’ can be considered representative . . . . . .
of the departure of the system from ideality, and of interactions in€lation, and it was extensively used in microemulsiphs
the system. 7] and other amphiphilic aqueous solutid8s33]. Although

Eq. (1) is strictly valid in the static limitw— 0, we will use
actions in the system. Such an approach was discussed intsto find the real modulus of the micellar phab;, at the
previous papef32], where a similar quantityc®—c2) was  investigated frequencies.
used to obtain exponents of the attractive and repulsive terms Likewise, AM’, M/, should express the departure of so-
in the interaction potential. From a phenomenological pointutions from ideality and, in particular, represent the elastic-
of view, we can take into account departure from ideality byity of the micellar aggregates in the solutions. Thend ¢
considering an asymmetric solution where one component idependencies ofl[,, evaluated by means of E¢L1), are
unperturbed water molecules, and the other one surfactadisplayed in Figs. (& and 4b), respectively. For compari-
molecules engaged in a micellar phase; this phase possess@s, we also show in the figure the values obtained in Ref.
its own, unknown, elastic properties similar to but different[34] from measurements in diluted solutions at 5, 25, and
from those of pure liquid GEs This picture is also sug- 45 °C. In the low concentration range investigated by these
gested by currently accepted models for nonionic micelleauthors(up to ¢=0.019, M/, resulted independently of con-
aggregation, according to which the solute-solvent interaceentration. In the figure we also display the moduli in the
tions are mainly restricted to the oxyethylene groups of thgpure componentén their bulk liquid state
surfactant molecules in the micell@sead$ and few hydra- Looking at the behaviors in Fig. 7, we can distinguish two
tion water molecules. Accordingly, we write the volumé)(  regions. Concentrated solutiong#0.25) exhibit micellar
of a solution ofm,, grams of water andhg grams of surfac- moduli that depend slightly on concentration, and decrease
tant asV=m,V,,.mV,,, whereV,, and V,, are, respec- rapidly and smoothly with temperature. In contrast, in dilute
tively, the specific volumes of bulk water and surfactant insolutions(our ¢=0.0125 and 0.0004 ¢<0.015 from data
micellar conditions. Deviation from ideality is then taken in Ref.[34], M/, is temperature independent at low tempera-
into account by assuminy,,# Vg, the volume of the pure tures =T<15°C), thereafter decreasing with temperature

surfactant. On writing the previous expression Yowe ne-  |ike in concentrated solutions. Then the overall behaviors
glected contributions from surfactant monomers, since ouindicate the following.(a) The micellar structure in the low
concentrations are well above the CMC. (¢,T) region is harder than that in the highest range. Again,
As for Biy, we can write the compressibility of solutions this observation agrees with the conject(seggested by the
asB=(1-¢)Bw+ &Bn or, in terms of moduli, viscosity analysisthat the morphological structure of solu-
tions below and above the link,_ in Fig. 1 is different.(b)
1 (1-4¢) N ¢ 11) There exist a substantial continuity in the elastic properties

_i’d_ M., M/ of the micellar phase in the region aboVg_ ; in particular,
there are no peculiar trends or changes on crossing the line

This relation is also known as the Wood's effective-mediumT,, . (c) The smooth changes ¥, aboveT,_ depend
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700 T~ . 3 already been noticed in several supramolecular critical sys-
600 £ So% (a) ] tems [33,39,40. However, recent experiment§41,42
b ] showed that the absorption critical anomaly in supramolecu-

lar liquids extends in a very narroWw range around .

Figure 8 shows that/f? values at 45 MHz are lower than
at 15 MHz. In order to investigate the relaxation behavior in
detail, we performed measurements in the range 5-155 MHz
in the samples of 1.25, 10, 25, 35 and 50 wt % at some
temperatures.

At 1.25 wt % and for each temperature the ultrasonic ab-
sorption resulted to be loyslightly higher than in watgrand
weakly dependent on the frequency. As a consequence, it

::g cannot be used for a reliaple analysis of t.he spectra. How-
~ 300 ever, a/f?s values at the highest frequencies resulted to be
" ] higher than the Navier-Stokes contributiona/¢?)ys
g 250 ¢ =(2m?Ipc) ys, calculated from sound velocity and kine-
?-.:D 200 F matics viscosityns ,/p data, using either the solvent or the
c 150 ¢ solution viscosity. This finding led us to exclude the occur-
“% 100 | rence of viscoelastic effects in these solutions. Detailed ul-

trasonic studies in several diluted [, solutions[43] con-
firm this observation, attributing the observed excess
absorption to bulk viscosity processes related to the pertur-
bation of some chemical equilibria between the micelles and
FIG. 8. Ultrasonic attenuatio{f?) as a function of tempera- the surrounding mediurtsurfactant monomers and/or water
ture at the investigated concentratioia; 15 MHz; (b) 45 MHz. molecule$. The Aniansson-Wall[44] and Teubner[45]
Lines are only guides to the eyes. theories account for th&@ and concentration behaviors of
such effects. Characteristic rates of these equilimédax-
mainly onT rather thang, the micellar structure becoming ation frequenciesare on the order of 0.1-5 MHz.
softer and softer with an increase of temperature. In Figures 9a), 9(b), 9(c), and 4d), we report the relax-
ation spectra of the samples at concentratigrs0.1, 0.25,
0.35, and 0.50 at various temperatures in the isotropic region.
_ The lines are the results of a fitting procedure discussed be-
The dependences of the ultrasonic attenuatias ex-  |ow. The relevant finding in these spectra is that most of
pressed by the usuat/f? plot) on the temperature in the them exhibit a viscoelastic behavior sincea/(z)exp
investigated concentrations at 15 and 45 MHz are shown "k(a/fz)Ns. However, in the sample g=0.1 atT=6.5 and

Figs. 8a) and 8b), respectively. We can note that, in gen- 14 5 °C located below th&,  curve in Fig. 1, the effect is

eral, attenuation increases with increasing concentration anght found. 7

decreases &k increases. _ The measured ultrasonic spectra were fitted to several
In the samplep=0.5, the crossing of the phase boundaryynown relaxation expressions, which, in general, can be writ-

at TH1 is evident. Starting from~15 °C and increasing the ten in the form

temperature, the attenuation decreases rapidly. However,

from ~ 30 to 38 °C, the system seems to become unstable, as alf?=AF(f*,a,b)+B.., (12)

suggested by the dispersion of the sound attenuation values

obtained from different measurements. Data points displayedihere A is an amplitude f* =wr=1/f, is a reduced fre-

in the figures are average values over several runs performefliency (7 is the relaxation time, andl, the relaxation fre-

at each temperature. The sharp increase/éf at tempera- guency, a,b are free parameters, ami, is a background

tures close to 38 °C is, however, well established. Similacontribution from relaxation processes occurring at frequen-

behaviors have been observed in other concentrated micellafes well above the highe$tof the measurements. For dis-

solutions [35-37. Ultrasound studies[38] near the crete distributions it i (f*)=[1+ (f/f,)?]* (single relax-

lyotropic-isotropic transition in liquid crystals have found ation), or a sum of two of such equations for a double

critical fluctuation contributions to the sound absorption onrelaxation. For continuous distributiors(f* ,a,b) takes ap-

both sides of the transition. The anomalous attenuation wgropriate expressions. In our fit we considered the Havriliak-

find at Ty is then likely related to critical effects. Negami, Cole-Cole, Cole-Davidson, and Romanov-Solovyev
We also observe that the decreasing trend with temperadistributions containing paramete(such asa,b) describing

ture is found in the sample of critical concentratith25 the shape and width of the distribution. We also used the

wt %) on approaching the critical point. Although the studiedfitting equationa/f?=Af~"+B.. (n=3 or 3) describing the

temperature interval was not extended very near to the critiRouse-Zimm modes contributions to ultrasound attenuation

cal point, the results clearly indicate an apparent lack of an polymeric mixtureg42], as well as a stretched exponen-

sound absorption critical anomalglivergentlike behavior tial expression in the forma/f2=A/[1+(f/f,)]?¢ A

for temperatures up to 5°C df.. This trend, which is in +B.,.

contrast to that observed in molecular binary solutions, has As a general result, we found that the overall experimen-

50 i--..... .
ok

C. Ultrasonic attenuation
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FIG. 9. Ultrasonic attenuation spectra at various concentration and tempefatdr@ wt %, (b) 25 wt %, (c) 35 wt %, and(d) 50 wt %.
Lines through the points are two relaxation times fitting curves, as explained in the text. Most of the solutions exhibit a viscoelastic behavior,
since the experimental attenuation is lower than the Navier-Stokes contribution due to the steady shear viscosity.

tal spectra could not be fitted by E(L2) alone, whatever from the solutions. The relevant finding in the table is that
F(f*). Rather, they could be well fitted by a sum of two most solutions exhibit a viscoelastic behaviors, since the
termsF(f}) andF,(f}). This finding can also be shown asymptotic attenuatioB.. is lower than @/f?)ys.

by a visual inspection of the spectra in the figures which Our absorption results give direct evidence of a viscoelas-
show two distinct relaxation regions, the former at frequencitic behavior in most concentrated £ binary mixtures. We
below about 5 MHz and the latter at higher frequencies. Takemphasize this aspect, since most literature reports claim a
ing into account the lack of experimental data at very lowyiscoelastic behavior solely from an observation of sound
frequency that limits the reliability of ,(f7), we fit the data  velocity changes as a function of frequency. However, such
to the expressiona/f?=A;/[1+(f/f;)?]1+Fn(ff)+B.,  conclusions are unacceptable or incomplete, since a sound
i.e., we approximate the low data by a single relaxation. velocity dispersion can derive from the relaxational behavior
Concerning the high frequency relaxati&n(f}), we find  of the bulk viscosity alone.

that a Debye equation in the for&y, /[ 1+ (f/f,,)?] well rep- From our experiments it is impossible to disentangle the
resents the data, with an accuracy comparable to that olwontributions from bulk and shear viscosity. This requires
tained from fits with continuous distributions. Thus the full independent dynamic shear viscosigfw) measurements.
spectra are approximately described by a two-relaxation-timalso, it is difficult to assign the observed high frequency
equation. The relative fitting curves are shown in Figs. 9relaxationA,(w) to a peculiar bulk or/and shear mechanism.
The accuracy of the fitting parametefs and f, is, of = This process which is characterized by low amplitudgs
course, very poor. In contrast, the parametéys, ;) of the  and by relaxation frequencidég around 100 MHZsee Table
high frequency process are well defined, and are reported i) can, in principle, be caused by several mechanisms. A
Table | together with the background attenuat®n. For  chemical relaxation related to the water exchange from the
comparison, we also show in the table the sound attenuatiooulk to the EO(oxyethyleng groups of the surfactant, or a
in the solvent and the Navier-Stokes contributian'{?)ys  rapid internal motior(rotational isomerisnj40]) of a part of

TABLE . Significant parameters in the attenuatienf? data(in 10" > m™1s?).

10 w% 25 w% 35 w%

T (alf?) ¢ alp  (alf?) f c 7p  (alf?) i c 7p  (alf?) i
(°C) water m/s (cSY shear B, A, (MHz) m/s (cSY shear B, A, (MHz) m/s (cSY shear B, A, (MHz)

65 43 1454 26 222 65 599 825 1490 212 169 715 171 85 1518 298.7 2247 98.2 202 105
145 31 1479 27 221 484 38.2 1124 1501 57.8 450 61.4 100 109 1521 528 3950 90 136 102
25 21 1501 6.3 49 32,5 26.7 137 1511 118.8 906 60.4 484 91 1521 4704 3518 73.6 77 116
45 13 1527 126 655 243 138 988 1515 347 263 358 38 84 1507 50.6 389.1 547 40 70
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the surfactant skeleton, are examples of such a possibilityconnected aggregates of isolated micelles that eventually
However, it could also be related to a high frequency contritransform into a percolating netwo(ue to increased attrac-
bution of the spectrum of the shear relaxation processes. tive interaction, and/or by the growth of micelles into long
The lack of sound velocity dispersion in the range 5—-45aggregates. However, connected and percolating networks
MHz in our measurements is consistent with the existence oshould exhibit solidlike behaviors i.e., highst; , in con-
large dynamical processes of lower frequency. According tdrast with experiments. Then, we must conclude that in the
Kramer-Kronig relation$46], if the attenuation of the large high ¢—T region the micelle grows into elongated and flex-
amplitude process is almost relaxed in the ultrasonic rangile structures possessing high compressibility. However
studied, the corresponding velocity should take arsince M, decreases, we must conclude that on increasing
asymptotic high frequendgnfinite) value and should depend temperature such structures become longer and/qr more flex-
negligibly on the frequency. Then one can reasonably argu@Ie. On the other hand, we recall that the solutions in the
that the observed velocity represents the high frequency véleéxagonal crystalline regiol, are made by long ordered
locity. This implies that the bulk modulus, and the rigidity cylllndrlcal Istructures.. Therj, Iooklng a_t the Iack_ of disconti-
modulusG., are small compared t&,. According to vis- nuity of M/, on crossLng this region, either varying the con-
coelastic theories, small bulk viscosity and very long sheaféntration(for T<38 °C) or the temperaturéat 50 wt %,
relaxation times should, in fact, give low relaxation moduli W& Mmust argue that the micellar morphology is quite similar
(K, = 1p o/ 7 and G..= 7750/ 7¢), and then in regions adjacent the phabhk , i.e., the micellar organiza-

tion inside and outside th'éHl region is that of long rodlike

c2/c2=(Ko+K, +4/3G..)/K aggregates. The softness of these structures suggests en-
=0 o =no tanglements and large flexibility.
=1+[(npol ot nsol )/ Ko]=1. A support of this hypothesig¢flexible and/or entangled

polymericlike structures present in concentrated solujions

In the majority of our viscoelastic samples it ia/f?)ys  comes from a comparison with microemulsions made by re-
>B..>(a/f?) yaerr However, in the 50-wt% sample at versed micellegdroplets of water—AOT surfactant in gil
T=45 °C(not reported in Table)lit is B~ (/%) aep i-€.,  We already noted that in these systems the viscosity exhibits
the high frequency sound waves “see” the pure solvent. trends similar to those in our nonionic binary solutions, with

The present results are not inconsistent with the conclul ,+ lines (connecting viscosity maximarelated to a dy-
sions in Ref[15], where at high temperatures and concen-namic percolation line. However, concerning the elastic
trations the authors suggested the formation of entangled agrodulus there are some differences. In microemulsions stud-
gregates of long and flexible rodlike micelles. In particular,ies[4,7] at fixed T, the excess high frequency modalM’
the B..> (a/f?),,aer We found at 10, 25, and 35 wt % agree (obtained from hypersonic velocitiescales with concentra-
with the finding in flexible polymer solutions, where the high tion according to a power law of typAM'=A(¢— ¢,)",
frequency dynamic viscosity is larger than the viscosity of awheret=2.5, in agreement with dynamic percolation predic-
pure solvent. The exception is the 50-wt % sample at 45 °Ctions. Likewise AM' as a function ofl” exhibits, for eachp,
whereB..~ (a/f?),.r indicates that new structural arrange- maxima at temperatures corresponding to the percolation
ments occur at higher concentrations. threshold. Looking at our results in Fig(a®, we can see that
AM' has an approximate linear increase wgthat least up
to 50 wt %9 while the temperature dependence in Fi¢h)6
shows a monotonic decrease. Since hypersonic moduli are

From the viscosity analysis in the lowp(T) region, we always higher than ultrasonic ones, these different trends
conjectured that this region is likely characterized by noninannot be attributed to the different frequency range of mea-
teracting globular micelles. This assumption is consistensurements. Then the above analysis of the moduli again leads
with the behavior of the micellar modulda,. Accordingto  Us to exclude that in our system tfig, line is related to a
the current models of micellization, a single micelle is madePercolation line.
by a hydrophobic inner core possessing the soft structure of As in the case of viscosity, we are not able to assign a
a liquidlike medium and by an outer hydrophilic shell madesignificance to thisT, . line from the behavior oM, or
by the oxyethylene groupg®E) and possessing a hard struc- AM’, since they exhibit regular trends on crossing this line.
ture likely due to the hydration water that packs the shelHowever, the present results support the analogy between the
well, making it considerably resistant to compression. Theconformation of concentrated solutions of nonionic surfac-
models also predid34] thatM <M/ <M/, i.e., the elastic tants and polymers in a good solvent, i.e., micelles that are
modulus of the surfactant in the micellar state above CMdong and flexible entangled rods. In particular, tBe.
(M/), is larger than in the pure liquid statd() and lower > (a/f?)yaerWe found at 10, 25, and 35 wt % agree with the
than in the monomeric conditions below CM®1(). Our f|nd|ng'|n erX|b!e polymer solutions \{vhere_ high frequency
results agree with such predictions, beg,>M? . dynamic viscosity is larger than the viscosity of the solvent.

The finding that at high temperatures both diluted andThe eéceptpn IS the 50 wt % sample at 45 °C, whBre
concentrated solutions exhibit similar and softer elastic prop=" (alf )_Water indicates th_at new structural arrangements oc-
erties is an indication of a structural continuity of these so-Cur @t higher concentrations and temperatures.
lutions. From the viscosity analysis, we argued that on cross-
ing the T,_ line there is a smooth transition from
noninteracting micelles to interacting or growing micellar ~ We have presented the results of a study of viscosity and

structures. These structures could be built by dynamicallyltrasonic propagation in aqueous solutions of the nonionic

V. DISCUSSION

VI. CONCLUSIONS
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surfactant G,Es. We observe a rapid increase of the statictures that are softer than the globular isolated micelles envis-
shear viscosity as the temperature and concentration of treged at lowT and ¢. Since these structures become softer
micellar phase increase in the isotropic region of the phasand softer, it is likely that on increasing the temperature they
diagram. Correspondingly, the sound absorption data shotvansform into more flexible structures, e.g., entangled poly-
direct evidence of a viscoelastic behavior. These experimenneric solutions. Then, the twb,_ andT,, lines shown in

tal behaviors are qualitatively similar to those observed irFig. 1, and characterizing the viscosity behavior of solutions,
microemulsions of reversed micellgdroplets, where an in-  might roughly delimit regions with different micellar mor-
creasing connectivity of droplets leading to a percolative rephology and consequent elastic properties. From our studies,
gime has been invoked. However, attempts to explain oujye find that the structural changes on crossing these lines in
results in a consistent way on such grOUndS fail. In partiCUlar‘Ehe isotropic region are rather smooth.

we find that, on increasing concentration and temperature,

the real longitudinal modulus of the surfactant phase exhibits

a regular trend, in contrast to the scaled behavior found in ACKNOWLEDGMENTS
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