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Density measurements have been performed on water solutions of nonionic surfactants oligooxyethylene
glycol—monoether (GE; with j =5, 6, 7, 8) in a wide range of temperatures and concentrations. The densities

of the pure surfactants in their liquid state were measured too. The observed values are almost a linear
combination of the densities of an oil and of an oxyethylene (EO) bulk liquid phases. The deviation from
ideality reduces apincreases and may be reflects an entropic contribution due to a partial mixing of the oll
and EO termination. A temperatur@sg, at which the GE; aqueous solution density coincides with the
solvent one up to 50 wt % has been found in all thesfiecies. ThélessOf the different Eresults to be

scaling temperatures for the excess density of these surfactants. The sphere-to-rod transition temperatures are
scaling temperatures too; thus it is expected that the differences between these two temperatures be constant
for each of the Especies. In the case pf 6, 7, and 8 the values of the sphere-to-rod transition temperatures

are known and these differences are all about@OFor G.Es only rods were experimentally observed and,
coherently, the previous consideration led to a sphere-to-rod transition temperatufé ©f The difference
between the critical and the crossing temperatures is constant too, at alfalifdr§ < 8, whereas fof =

8 itis 7 °C. In this case the densities of the separated phases, two degrees above the critical temperature,
result to be the same, within 1®g/cn®. It implies that, when slightly above the critical temperaturefFeg-

water solution undergoes phase separate as it was in microgravitational condition. In our analysig;the C
solution is considered a three-component system: the oil core, the bulk water, and the region containing the
aggregate interface, a mixture of water molecules, and EO units. Fixing the density of the oil core and of the
bulk water phase respectively equal to those of pure dodecane oil and water at the same temperature, we
obtain the density and the molar volume of the micellar interface. These data indicate that the amount of
water molecules per EO segment decreases with the number of hydrophilic unit and with temperature. The
same conclusion follows looking at the temperatures at which the maximum densities as a function of surfactant
species and concentrations occur .

1. Introduction on the osmotic pressure at its interface. On the contrary, the
hydrophilic interface defines a thick region with a wide degree
of variability. Within few KgT of difference there exists many
possible states for the local hydration, that is, the number of

tion: the polar head is soluble in water and the oil tail is hot. .
The presence of this unique duality in a single polymer chain solvent and eventually cosolvent molecules at the interface, as
well as the conformation of the hydrophilic chain, i.e., the

| wide vari f monomeri r with different . . . ; e
seha:;etsoaand gil:es Iﬁtgaorticuola? forenf)r?igﬁice gsitr?;ctatnt csjolﬁti((e)nts'nterf"’lc"’j‘l th|cknes§?'5'6Hence., this hydrophilic t.h'Ck interface
belonging to the family of (E; (oligooxyethylene glycols), as can adapt its thermodynamlc St"’}te to solul_3|I|ze.at be;t the
the temperature increases above a value indicated as the spheré'—."ce"ar aggregates., w ith an effectiveness which raises with the
to-rod transition temperature, the aggregates in solutions turn S12€ of the hydrophilic moiety.
from spherical shape into elongated cylinders, and at higher From an experimental point of view this hypothesis seems
temperature phase separation occurs. At high concentration and0 be trusty. In fact the sphere-to-rod transition temperatures
low temperature many characteristic liquid crystal phases are Observed experimentally in the case of the familyEincreases
preseng 4 in accordance with the number of EO units per monomer. These
The possible aggregation states of these nonionic surfactant§emperatures are determined with about °fD of variation,
are all characterized by an oil core that maintains a stable depending on different techniques, and result to béG@or j
composition because of its hydrophobicity. Therefore, its = 8, 35°C forj = 7, and 15°C for j = 6; belowj = 6 only
thermodynamic state depends mainly on the local curvature androds are observed above the freezing temperattiréherefore,
when EO units are added, the stability of spherical aggregate

* To whom correspondence should be addressed. increases.

Surfactants are molecules composed by a hydrophilic and a
hydrophobic moiety with opposite behavior in aqueous solu-
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On further increasing the temperature, these solutions part
in two phases, one rich and one poor in surfactafitheoreti-
cally, dehydration, or more generally the E€olvent composi-
tion at the micellar interfac? is also considered the driving
mechanism for the phase separations in tifg-Gvater solu-
tions***as well as in the E©water solutions®** The interag-
gregate London force increases with temperature, but not enough
to justify the observed critical temperatures, and therefore
hydration forces are needed to drive these phase separations.
Again, the interfacial polymer conformation and the local
composition can play the main role in determining the strength
of the hydration forces. The critical temperatures of these
upward curves of coexistent phases increase with the number
of hydrophilic terminationg. Hence the isotropic phases of these
micellar solutions enlarge their extent in the phase diagrams
on increasing the molar volume of the monomeric hydrophilic -
side. Figure 1. Schematic view of a cross section of a micellar aggregate

The previous considerations lead to two conclusions. First, (spherical or cylindrical). The area named A represents the oil core

the micellar solutions are constituted by three regions in region, B the interfacial region with EO terminations and water, C the

e - bulk water phase. The volume indicated on the left side represents the
equnlbr_lum. the _bU|k solvent phase a_nd the tWO_ micellar hydrated volume per monomer, divided in its parts: head and tail; the
subregions, the oil core, and the interfacial E@ater mixture. rectangle at the top schematize the interfaciaHe@ter mixture.

Second, the interfacial E©vater solution properties, conforma-
tion and composition, play the main role in stabilizing the overall ) _ ) )
thermodynamic state of these nonionic micellar solutions. able to contrast the interfacial region respect to the oil core and

A detailed analysis of the interfacial polymesolvent region the buII.< water. This kin.d of experiments can give numerical
is thus needed for a satisfactory understanding of the complexevalu"jltlons of the physical properties concerning each of the

thermodynamic behavior concerning these systems. The theo_micellar regions and, in particular, of the interfacial one. Density

retical description of the interfacial micellar region is generally m?asgreme?]ts tl)elo?g to this ‘?"?‘tegok:y smﬁe tr?e local der;snr)]/ IS
poor. A very detailed and highly successful model for micellar related to the local composition through the mass of the

formation in the case of theE surfactants has depicted the components present in any defined region. We witness that this
anchored hydrophilic heads such as an effective hardédisk. ~ ©chnique produces a satisfactory contrast among the water

means that the headgroup conformation and the local interfacialph_ase’ the ]9" core,fandhth%mte_rfac? r;]ncellar f.eg'onf]- In l;acht,
composition are described as an excluded cross-sectional areyfSing as reference ior the density of these regions that of the

per monomer at the micellar interface. In this theory the value relfatlve buflk p:ase_ls, It corznes 0(;” thatége7sll /bun;k ﬁhase,
of the hard disk cross sectional area increases yvitind reference for the ol core, has a density-0.75 g/cnt, the

contributes to predict the cmc (critical micellar concentration) Water density is-1.00 g/cnt, whereas the density of EO-water

and the sphere-to-rod transition temperatures for all the C mixtures, used as reference for the interfacial region, ranges
surfactantg P fig between 1.00 and 1.10 g/érat 25°C.

_ The _free energy difference between_trans and the gaucr_lez_ Material and Methods
isomeric rotational states was used to build up a thermodynamic
model for the hydrophilic chain conformations at the micellar ~ The samples analyzed {§Es, Ci2Es, Ci2E7, CioEg) were
interface. This model predicts a very wide variety of possible purchased from Nikko Chemicals and were diluted without any
polymer conformations, which depend on temperature and on further purification. The concentration of the different water
the number of Esegments? In this model, the interfacial local ~ solutions was established by weighing the components. Density
composition is considered as an effective interaction potential measurements were performed with Paar digital density meter
for the polymer segments. DMAG60 combined with the remote cell DMA 602, which can
The theories concerning anchored polymer suppose theProvide an accuracy up t&r1.5 x 10°¢ g/en, according to
system incompressible and these models give analytical resultshe oscillating sample tube method. The external cell was
only at high degrees of polymerization and at low surface thermostated by Heto DBT6 thermostat and Heto CB8-30e

density; for short chains only numerical results are availt#ble, €00ling bath which guarantees a temperature stability within
Numerical evaluations of the polymer conformations were 0-05°C.The Paarinstrumentwe used does not compensate for
performed on the basis of the RIS model (rotational isomeric ViScosity. On increasing the sample viscosity, the interface

state) at a low degree of polymerizatiiiThe results indicate ~ Petween the tube and the liquid surface induces an extra
that, in water solution, the end-to-end distance of the polymer f€Sonance. As a result, the overall resonance of the tube (that

chain fulfills the scaling law within 2% error in free EO chains depends on the solution density) is shifted. At the highest

possessing 12 bonds. For anchored EO the same error is obtaineBoNcentrations of our solutions, the experimental visc&sity

with 30 bonds. Thus, for degrees of polymerization between 5 feduces the accuracy of our measurementstfo x 10°*

and 8 (from 15 to 24 bounds) as is the case of our samples,glcmg-lg

scaling laws are not helpful for the determination of the

interfacial thickness. Hence neither the interfacial composition

nor the interfacial thickness can be inferred from any theoretical  |n Figure 1 a schematic view of the cross section of a

approach. spherical or cylindrical micelle is reported. In our model of
On the other hand, interesting new information on these nonionic micellar solution the oil core volum@)(is obtained

solutions can be obtained using any experimental techniquesfrom the bulk oil phase density. The molar volume of the bulk

3. Data Analysis
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water ) is known. On the other hand, the interfacial volume Mm@ —=xIM, + xM,
of the headgroup terminatioB) can greatly vary. Depending pP=x= 7 (1= ¢Jpy + dsps  (6)
on the polymer’s conformation, the polymer molarity in ti} (

r_eg_ion changes and differen_t amounts of water are needed tyhereM,, and Ms are the molecular weights of water and of
fill it up to the correct density. Thus these solutions can be he syrfactant, respectivelys is the surfactant hydrated volume
considered as a tricomponent and we make the hypothesis thaaction, andps represents the density of a hydrated monomer
the three regions have a well-defined thermodynamic average;ip, the average micellar aggregate. So, if we definel — ¢

i.e., a reliable valu_e of thfe relative densitf@sThis could not  angd pu, ¢ the density and the volume fraction respectively of
be the case for a single micelle or for a free monomer but, since e interface and of the oil core within the average micellar
density measurements represent an average over a wide ”Umb%[ggregate we can write

of aggregates and monomers in solution, we are allowed to

define, in the thermodynamic limit, an average value for the ps= b, + (L — )y (7)
oil core density and one for the interfacial region, which depend

on the average aggregate shape and size. The volume of g thermore, at a constant number of partidgsand Ny, we
solution of n, moles of water anahs moles of surfactant can have0

generally be written as

- M M+ NjM
V=n,V, + ng, @ o= pg= Y ®)
V, VA
where V2 is the molar volume of bulk water ang, the X
apparent molar volume of the surfactants. The molar volume (N, — N[,N9V,, NSV'S1
of the solutions is then given by by = v %y )
V=1-x)V +xg, (2) Combining eq 6 and 7 with the above definitions (egs 8 and 9),

on is given by

In the framework of our picture we assume the following:

(i) the monomer contribution is negligible since our concen- 1 N, — NCVN
trations are much larger, above 1 mM, than the cmc concentra-  pp,=p + v Vi(lp — p) + Ts\/w(p - pn)| (10)
tions of these surfactants; h s

(i) each surfactant molecule in the average aggregate is
hydrated, the hydration water molecules are mainly located in whereVj, is the hydrated average volume per monomer of the
the outer shell of the micelle, and, in general, their molar volume polar head at the micellar interface. This volume represents the
\73, is different from that of the bulk wate¥"; frustum of con(.e.that extends as far as the enql-to-end. distance

(iii) the hydrated volume of the surfactant is given = of the hydrophilic EO termination, from the micellar oil core
Ve + NCVVUV where NCV is the number of hydration water interface up to the bulk water phase. It is different from the

molecules per surfactant ands the unhydrous monomeric unhydrous volumeT obtained in eq 5 since it contains some
volume of the surfactant amount of water, i.e., the hydration water molecules. To get

According to these assumptions, we consider the solution as'd of the dependence from the upknowh .va.riable inon, we
an “ideal” binary mixture ofNy — chNs water molecules and ~ US€ the condition for the interfacial density:

Ns molecules of hydrated surfactants: h
Myt NgM,,

V= (N, — NGNJVE, + NI = NV, + SRV
NJV, = No(Vi, = Vol (3)

(11)

whereMy, is the molecular weight of the head termination, we

Combining egs 1 and 3 we obtain the following equation for ¢an finally give the following equation for the densyinside
the apparent molar volume: the vqumthh:

Vv —V Pw 1 1-x M
o, =VI-N\ W =v]1+ chu) 4) pﬁ;[p +@[Vt(p —p)t+ (TJrM—:v)vw(p —pu) ]

S

Since\?'v“v — V2 is of the order of the unit ands can vary from _ _ _
700 to 1000 '&, the correction to the unhydrous monomeric Wherexs is the surfactant mole fraction. The evaluation of the
volume is negligible. Then the experimental apparent molar densities of the (& aggregates in water solutions depends on
volume of the solution corresponds to the unhydrous volume the hydrated volume per monomé} at the micellar interface.
of a surfactant within the average micellar aggregate. From this No univocal indication can be obtained about this volume from
evaluation we can obtain the anhydrous volume of the polar Scattering experiments, since its evaluation depends on the
head: specific contrast each of these techniques has of the interfacial
region’ 2! Therefore, in our analysis, we extract the interfacial
Vi, =V,—V, (5) density from that of the GF; solutions as a function of the
parametei\/hh and of the temperature. These equations will be
sinceV,, in our analysis, is equal to the dodecane oil molar used in the following experimental analysis. It has to be noted
volume. On the same basis, the solution density is then giventhat, whereas density is taken as a parametric function of the
by hydrated monomer volume, the anhydrous partial molar volume
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12 K this would imply a complete segregation of oil and EO in
different regions. In our temperature range-{® °C), entropic
11 O\O\O\O\O\O\O\ competition causes a partial mixing of these two regions. We
' -0 thus obtain the following expression for the density of the pure
surfactant:
1.0 -

D e
S P = Gpon T o T P p* (13)
*W%‘ hPh Ot

where¢* and p* indicate the volume fraction and the density
of the intermediate region. On the other hand

Density(g/cm®)
o
©
|

0.8 - I MM + nMCHZ
0.7 -
~ ~ ~ ~ Ms . MEO
VE=Vi= (Gt V) =—~ [(J —m—+
0.6 ! . : \ ‘ p Pn
0 20 40 60 80 100 . MCH2 + MCH3
T¢C) (i—-n— 1)7 (15)
Figure 2. Density of EO polymer PEG600 in its liquid state (open
circles), of pure GEs (filled circles), G2Es (filled squares), GE; (filled where Mgo and Mcy, are the molecular weight of an EO

triangles up), @&Es (filled triangles down) liquid surfactant, of water monomer unit (C—O—CH;) and of a CH; n andm are the
(full line), and of dodecane (open square). - ; } . .
number of CH and EO in the intermediate region. It is then
possible to obtain an explicit expression fdrthat depends on
of the EO terminations at the micellar interface is univocally the numbem andn of EO and CH groups included in this
determined from the experimental data. intermediate region:

4. Experimental Results for Pure Surfactants . nMCH2 + MMgq (16)
P = )
First we analyze the density of the pure surfactants in their My (—mMg (1= Mgy + Mcy,
liquid state. The liquid phases of a pure surfactapECis, in I -

our model, a two-component system: there is no water; in this P P Pt

case the density is simply given by eq 7. By including or excluding EO and GHgroups from the
plotted in Figure 2. For comparative purpose the pure PE&500, correct one should have an intermediate value betygemd

the water and the bulk dodecane densities are reported t0o. Ity sych that the theoretical density, evaluated with eq 13, results
has to be noted that polymer solutions at intermediate and highto pe equal to the experimental one.

concentrations possess thermodynamic properties which do not \yje can thus obtain the minimum number forand m
depend on the degree of polymerizati§iThen the comparison  included in the intermediate region that gives the experimental
of the PEG600 solution density, which has 13 EO units, with density. In all our samples these numbers are twe €6n
the interfacial solution density, containing 5, 6, 7, and 8 EO tpe tail and two Ch—0O—CH, from the head, i.en=m=2
units, is consistent only if the EO concentrations are abev® 4 eq 13. The results show thatt does not depend on the degree
molar. of polymerization of the polar head. It means that in order to
The observed values for the diﬁerenIZEj are between the obtain the density of pure l(';EjH we can s|mp|y sum the
oil and the EO density; GEg is closer to the EO whereas £s contribution due to thé added EO group at the value of the
has a lower density closer to that of the oil phase; i.e., increasingdensity of pure @E;, considering them part of the pure EO
the EO units the surfactant density results closer to the pureregion. Within a few percent the values ofi £+ obtained
EO polymer density. Thus, at first, we tried to calculate the coincide with the experimental one for akndj combinations
density of the liquid surfactant as an ideal combination of the petween 5 and 8.
bulk oil and EO density, weighed by the relative volume  As a conclusion we can say that surfactants’ liquid phases
fraction. The comparison of the obtained ideal densiti§s possess densities which are the ideal combination of the oil
with the experimental valuepgﬁ,e) shows a systematic dis- density, the EO density, and the density of two Gihd two
crepancy, constant with temperature and equivalent for all the EO, characterizing an intermediate region, weighed with their
C12E; species. relative volume fractions. The definition of the intermediate
To take it into account, we assume the presence of anregion could be affected by samples not completely dehydrated
intermediate region where the head and the tail terminations since G2 is strongly hygroscopic. But an error in the surfactant
are mixed together. Therefore, there will be three regions: an concentration, i.e., in the amount water in the sample, could
oily region with a density equal to the bulk dodecane, a polar only affect the numerical determination of and m in our
region with a density equal to the pure EO, and an intermediate analysis.
region between the former two. In the pure surfactant liquid  Animportant hypothesis regarding the;E—water solutions
phase, even though we cannot talk of any aggregation state,can be stated from the previous considerations: we saw that
monomers organized in sequence of hydrophilic and hydropho- the density of the hydrophobic region can be considered equal
bic regions optimize the free energy of the system. This simply to the corresponding bulk oil. The interfacial region can change
reflects the fact that the intermonomer interaction favors{EO conformation and the number of adsorbed solvent molecules;
EO) and (oit-oil) rather than (EG-oil) interactions. Foil = 0 this can stabilize the oil core against the bulk water phase by
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Figure 3. Density of solutions of water andi&E; with j =5, 6, 7, 8 are reported as a function of the temperature, for different concentrations. For
comparison the water density (continuous line) is reported too.

taking advantage of these degree of freedom. Thus, in all therespectively?®> With a quadratic fit of the experimental curves,
following analysis the density of the micellar core will be taken we evaluated, for each surfactant concentration, the temperature

equal to the one of the bulk dodecane. at which the density reaches its maximum value. In Figure 4
the values oRTyax are reported as a function of the surfactant
5. Experimental Results for Surfactant in Solutions mole fraction for the different Especies. A linear trend with a

OInegative slope is observed for all of them, indicating that our

The experimental densities, as a function of temperature an 4 ey
samples are structure formers. It has to be noted that in the limit

at different surfactant concentration, are reported in Figure ) X .
3a,b,c,d fof going from 5 to 8, respectively. At first glance, it of zero surfactgnt co.ncentranon all the |.ntercepts giveRIB¥ax
is evident the presence of a crossing temperafugesat which the value obtained in pure water within a 5% range of error.
the solution density coincides with the solvent one up to 50%  The slopes of these lines, related to the surfactant structure
surfactant concentration by weight. In all our samples the density former attitude, are a measure of the change in the solvent
decreases with temperature; whErE Tcossthe density of the hydrogen-bound network due to the solubilization of a monomer
solution is higher than that of water and the opposite happenswithin an aggregate. The experimental slopes, reported in the
whenT > Teoss IN these nonionic surfactant solutions it was inset of Figure 4, are between 1 and 4 times the hydrogen bond
generally observed that, after phase separation, the phase agnergy. It is evident that on increasing the EO units per
lower concentration has a higher density and lies at the bottom monomer, the structuring effect of the surfactant reduces. The
of the sample holder. The surfactant-rich phase is on the top, monomer-water interaction is mainly confined in the interfacial
being lower in density* Thus, at least for all these samples, region, and thus this result indicates that the EO exposure to
Terossmust be lower than the critical temperature. the solvent decreases as the monomeric degree of polymerization
Solutes in water have been phenomenologically divided into rises. Furthermore, the values of the slope as a functign of
structure formerandstructure breakeif the maximum of the show an alternating behavior around a best fit curve; for even
solution density moves at a lower or higher temperature, j it is higher than the fitting values and it is lower for ogld
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Figure 4. Values ofRTmaxas a function of the surfactant mole fraction . . . .
for Cy2Es (full circles), GEs (full squares), GE- (full triangles up), Flgure 6. _Valge of pn as a function of th_e EO molarity at the micellar
and G2Es (full triangles down). A linear trend with a negative slope is  interface {/Vi(i)) reported for GoEs (full circles), GioEs (full squares),

observed for all the Especies. The slopes of these lines are reported CizE7 (full triangles up), and GEe (full triangles down) at two
in the inset. temperatures, 5 and 4C. The density data of E©water solutions as

a function of EO molarity and for different temperatures, from 5 to 45
°C, are reported too.

43

volume per monomerw defined after eq 10, the portion
occupied by each of the EO unit decreases going freab to

j = 8. Furthermore, it indicates that the overall interfacial density
is characterized by a higher contribution from the EO units than
in EO—water solution at the same temperature and concentra-
tion.

The values ofp, obtained by using eq 12 at a fixed
temperature and surfactant concentration, depend f. 1/
Sincej is fixed for each surfactant species, this equation defines
the values opp as a function of the EO molarity at the micellar
interface. In Figure 6 these trends forifEs, Ci2Es, CioEz,
C,2Esg) are reported at two different temperatures, 5 and@5
The densities of E©water solutions as a function of EO unit
molarity and for the different temperatures, from 5 to 45

Molar Volume

37 | | ] . | ‘ are also reported. As suggested by the considerations made on
0 10 20 30 40 50 60 70 the EO molar volume, the interfacial densities of all the E
T¢°C) species are higher than that of the EO polymer in water solutions

Figure 5. Molar volume per EO units at the micellar interface for at the same temperature. However, the interfacial density of
Cuks (full circles), GiFs (fEII squares), GE; (full triangles up), and CleEr? is lower than thtle one of ﬁE5hand closer to the density
C12Es (full triangles down) plotted as a function of the temperature; or t ? .EO—vyate.r SO utlpns at the same j[emperature. On
the molar volume per EO units in a solution of water and PEG600 COMbining this with the increase of the partial molar volume
(open circles) is reported too. of EO units withj, the number or the density of the interfacial
water molecules per EO unit must decrease Withe., each
Such even/odd alternating behavior was observed in the EO unit in GJEs is less hydrated than those in#£s. From
adsorption properties otalkyloligooxypropylene ethertoo and  our results we cannot univocally determine either the end-to-
represents still an open problem for these solutins. end distance of the EO termination or the voluvﬂethus the
From the apparent molar volumes of our samples we evaluate,cross-sectional area per polar head cannot be evaluated.
using eq 5, the dry molar volume of the polar heads. Dividing Nevertheless, the observed reduction of the degree of hydration
these values by the degree of polymerization of the relative with increasingj suggests that the hydrophobic -eWwater
surfactant species, we obtained the dry molar volume per EO repulsion decreases at the-edlore interface. As a consequence,
unit for the different surfactant&/{(j)/j). In Figure 5 we report the cross-sectional area per chain termination can increase with
our results, the molar volume per EO units for a solution of j, and this consideration agrees with those obtained from surface
water and PEG6@8 is reported too. In all the cases a linear tension measurements in nonionic surfactdhts.
trend with temperature is observed. The EO molar volume of  As a conclusion to this section, we present the excess density
Cy1.Es is closer to the one of the E@water solutions and in computed from the experimental results on two different
Ci2Es, Ci2E7, and GoEsg it decreases progressively. Also this thermodynamic representations. The first, used for symmetric
result reinforces the hypothesis of a reduction of the EO solutions, defines the reference state as an ideal combination
exposure to the solvent with Thus in the hydrated average of the density of the pure components: water and surfactant.
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0.0040 the crossing temperatures. In the case pEg€and G2Es the
sphere to rod transition temperature is below the pure surfactant
00035 - free;ing temperature, Wheregs foroEg it is too close to the .
: demixing temperature; thus in these other cases any breaking
temperature cannot be reliable. But in any case it is evident
0.0030 - that in those nonionic surfactant solutions the micellar interfacial
& region undergoes many structural rearrangements on increasing
E temperature.
£ 00025 - In the framework of dilute solutioR%the excess density is
cl‘f given by
< 0.0020 -
IOEXCESS: pmeasured_ pwater (19)
0.0015 For this case the results are shown in Figure 8a, where the data
are normalized on the concentration. In Figure 8b the same graph
0.0010 ‘ | ‘ . : | \ of Figure 8a is given as a function df — T¢ress With this

0 10 20 30 40 50 60 70 80 abscissa scale the dilute excess densities of the different
T¢C) surfactant monomers rescale one over the other; hejs
represents a scaling temperature for them. The sphere to rod
) : transition temperaturd, is a scaling temperature too, and in
crcls) Gl suares), G (ul gl up). and G (ul ., fact th diference betweeh.andTy is a constant, about 20
surfactant concentration; at the temperature below the pure surfactant C. in Ci2Es, C12E7, and G2Es, where the sphere to rod transition
freezing point the density of the pure surfactant was evaluated by temperatures are known. Ini4Es spherical aggregates were
extrapolation from the liquid phase. never observed and, consequently, the previous consideration

. . . gives in this cas@q = —7 °C.
The second, used for diluted solutions, has the solvent density

as its reference stateIn the former case the excess density is . Discussion and Conclusions

Figure 7. Excess ideal density for solutions of water angHs (full

given by :
The experimental results on each of the pure surfactant
Pexcess— Pmeasured Pideal a7 species, in their liquid states, unambiguously indicate that most
of the oil and EO terminations possess values of density
with equivalent to those of the bulk respective phase. In all the

investigated surfactant species there exists an equivalent inter-
Pidea = (1 = 2 Pwater T $Ppure surtactant (18) mediate region containing two GHand two CH—O—CH,
units. The existence of this region is, in our opinion, due to the
whereg? is the volume fraction of the anhydrous surfactant. In entropy of mixing of the surfactant monomers at their bonding.
Figure 7 the excess ideal density is reported for all the different  Micellar aggregates in water could present features similar
monomeric species. The values are taken from data obtained ato that of the pure surfactant one: an intermediate region could
a low surfactant concentration. At temperatures below the pure exist at the bonding between the hydrophilic and hydrophobic
surfactant freezing temperature, the densities of the pure moieties, where water molecules as well as hydrophobic and
surfactants were extrapolated from the temperature dependencéydrophilic units are present. This region could correspond to
of the relative liquid phases. the theoretically predicted roughness at the micellar inteff&t%.
For Ci;E; the excess ideal density presents a breaking Following the hypothesis made for the pure surfactants, the oil
temperature at 45C, between the sphere to rod transition and core must have a density equal to the one of an oily bulk phase,

0.04 0.04
0.03 0.03
g o024 0.02 |
<
)
0.01 0.01 -
0.00 — Q%b‘\N 0.00 |
-0.01 | T T T -0.01 T 1 | i .
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a) b)

Figure 8. (a) Excess diluted solution densities, normalized on solution concentrations, for the solution of watesEr{tuiCcircles), G:Es (full

squares), GE7 (full triangles up), and GEs (full triangles down) as a function of the temperature. (b) The same quantities are plotted as a function

of T — Teross With this abscissa scale the normalized excess diluted solution densities of the different surfactant monomers rescale one over the
other.
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whereas the outer interfacial EQvater mixture must cor- rich phase after demixing under the gravitational gradient. The
respond to an equimolar EQvater solution at the same difference between the crossing and the critical temperatures is
temperature. The intermediate region can have an arbitrarynearly constant (13- 0.5°C) forj = 5, 6, and 7, whereas it is
density between the one of the oil and the one of the outer EO about 7 °C for j = 8. Extrapolating our results to some
water mixtures. This point of view was already proposed by temperature, above the critical temperature, we can determine
one of the authors analyzing static dielectric measurements inthe density of the two phases after separation. In fact, if the tie
C12Es and GEg solutions as a function of temperature. This lines connecting the separated phases are horizontal, it is easy
data indicates that the EO molarity at the interfag®/)(j)) to get from the phase diagram the concentrations of each of the
increases with temperature and numbejrtefminations. Inthe  surfactant solutions after the mixing. AC above the critical
case of G,Eg the interfacial molarity reaches, at high temper- temperature, for all the surfactant species wjthx 8, the
atures, values close to that of the pure EO polymer in its liquid concentrations of the two phases are 1.5 and 25 wt % (wt % is
phase® Somehow, highly dense polymers anchored onto an the percentage in weight) the relative densities are 0.983 and
interface could have a sort of brush to mushroom transition at 0.977 g/cri and a slow demixing can occur under a gravitational
a low degree of polymerization due to the interpolymer field. In the case of GEg the crossing temperature and the
interaction. In the mushroom configuration the outer-B@ter critical temperature are closer, 7C difference, and the
mixture, the hat of the mushroom, can reach compositions highly temperature derivative of the density is nearly constant with
concentrated in EO terminations, close to the value observedconcentration. It then follows that the densities of the two
with dielectric spectroscopy. The density we obtain from eq 12 separated phases are the same withiri g@&n? difference up
is only an average density over the entire volume of the head to 2 deg above the critical temperature. Thus in the case&5C
termination th) and an intermediate region cannot be distin- the phase separation occurs under a sort of microgravitational
guished. Therefore, the above picture of the interfacial region field.
can be verified only through a comparative analysis of these
data with other complementary experimental techniques. Ac_knowledgment. T_he authors thank Prof. Giovanni D_’Arrigo

In any case, our results suggest that with the degree of for his useful suggestions on the molar volume analysis as well

polymerization,j, the number of water molecules enclosed in &S Prof. Giovanni Ciccotti for his comments on the first writing

the interfacial region decreases, supporting an increase of the?f this work. This work was supported by INFM and ASI.
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