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We investigate thermodynamic and structural properties of positively charged O/W microemulsion spherical
nanodroplets, suspended in salt water and decorated with telechelic polymers PEO-m and PEO-2m at low
and high volume fraction @ (6.98%, 26.5%) by using Small Angle Neutron Scattering (SANS). We describe
and propose an effective pair potential interaction between charged colloidal particles in solution both with
and without added telechelic polymers PEO-m or PEO-2m.We solve Ornstein-Zernicke (OZ) integral
equation in the Hypernetted Chain (HNC) closure relation to obtain the pair correlation function g(r) and the
structure factor S(q). A good agreement is found between the experimental and numerical spectra assuming
the interaction potentials to be the sum of attractive and repulsive contributions in terms of decoration or
bridging of the nanodroplets by the PEO polymer chains.

Introduction

The interactions between surfactant molecules and
synthetic polymers in aqueous solutions are of importance
to many practical applications, e.g., in the food,
pharmaceutical, biotechnology, nanotechnology,
medicine, pharmacology, cosmetics, agriculture, water
purification, electronic, optoelectronic, and enhanced oil
recovery and consumer products industries [1-3].In these
mixed systems (surfactant and polymers), the nature of the
polymers plays a very important role in the interaction
between them and the surfactant film [4]. Asakura and
Oosawa were the first to investigate the attractive
depletion-interaction between two particles immersed in a
dilute solution of non-adsorbing polymer chains [5,6].
Alternately, repulsion between colloidal particles with
grafted or adsorbed polymers on their surfaces can be
attributed to osmotic interactions between segments of the
polymers. Upon approach of two covered particles, the
polymers that constitute the layers start to repeal each
other by entropic restriction related to the confinement of
available spatial configurations [7-9]. These phenomena
are often examined using either scaling analysis [10] or
via computer simulations [11,12].

The interactions between nanodroplets of oil-in-water
(O/W) microemulsion decorated and/or linked by
telechelic polymers have received considerable attention
in recent years [13]. The main advantage of these systems
over others, like binary solutions of associative polymers,
is that the number density of nodes (nanodroplets) and the
number of polymers per nanodroplet may be controlled
independently. The first theoretical approach was

proposed by Milner and Witten, who deployed self-
consistent field theories to telechelic polymer brushes
between flat plates and found a weak attraction (less than
0.1ksT per chain) due to the bridging chains [14]. Using
an approach derived from Milner and Witten, Meng and
Russel [15] found an attractive interaction for telechelic
chains between two flat plates analytically. This behavior
has been supported by experimental results [16, 17]. Other
effort has been put into the description of the adsorption of
telechelic polymers between two solid parallel flat plates
by using Monte Carlo [18] and molecular dynamics
simulations [19]. With regard to the curved surfaces, to
our knowledge, the best description of the potentials
between two spheres linked by telechelic polymers is
given by Bhatia and Russel [20]. These authors used the
diffusion equation and obtained numerical results.
Porte et. al., [21] employed Bahtia and Russel’s model to
estimate the bridging interactions between droplets due to
telechelic linkers and to compare to the experimental
results. They found a slight disagreement between the
calculated and experimental spectra at low g scattering.
Similar disagreement has also been observed for a system
composed of nanoparticles dispersed in high polymer
concentration solution [22]. Despite a fairly good semi
guantitative agreement between the theory and the
experiments, the picture is yet far from being complete
[23,24]. Then, to obtain a precise and qualitative picture of
the microemulsion nanodroplet organization with the
addition of a hydrophobically modified polymer at one or
both ends, we propose a model on the shape of the
interaction potential that describes these systems.
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In this study, we planned to describe and model
the interactions between positively charged O/W
microemulsion spherical nanodroplets in the presence of
the telechelic polymers. For this, we use a microemulsion
of decane nanodroplets stabilized in brine water by a
monolayer of the ionic surfactant CpCl and cosurfactant
octanol. To this microemulsion, we add a telechelic
polymer PEO-m or PEO-2m. We will note PEO-m or
PEO-2m, the PEO, water-soluble chain poly (ethylene
oxide), carrying one or two hydrophobic ends (CizHzs).
The PEO-m simply decorates the nanodroplets, while the
PEO-2m has two possible configurations: bridging two
different nanodroplets or decorating them. The paper is
organized as follows: In section 2, materials and
preparation of the samples (bare microemulsion, with
PEO-m or PEO-2m) are presented. The structure of the
mixture system has been studied by SANS. In section 3,
the theoretical background is proposed, through the pair
potential and the theory of Integral Equations Method. In
section 4, we first check that the size and shape of the
nanodroplets remain constant upon addition of moderate
amounts of polymers by the invariance of the form factor.
Then, we study the effect of an addition of modified
polymers on the interactions between nanodroplets by
analyzing g(r) and S(g). We show the strengthening of the
repulsive interaction between nanodroplets by adding
PEO-m on the bare microemulsion, while the addition of
PEO-2m introduces an effective attractive interaction due
to the bridging. We have modeled these interactions by
appropriate potentials and found a good agreement
between the experimental and numerical spectra for all
cases studied.We conclude our results with the
thermodynamic quantity (the excessive internal energy)
discussed in terms of the volume fraction and the polymer
concentration.

Experimental section
Preparation of the microemulsion

Cetylpyridinium  Chloride  [H3C-(CH.)15]CsHsN*CI
(CpCl), Decane [Hs3C-(CH2)sCHs] and Octanol [HsC-
(CH2)7]-OH from Fluca. Cetylpyridinium Chloride is
purified by successive recrystallization in water and in
acetone, octanol and decane are used as received. The poly
(ethylene oxide) have been hydrophobically modified and
purified in the laboratory using the method described in
Refs. [25] and [26]. The molecular weight of the starting
products is determined by size-exclusion chromatography.
The hydrophobically modified poly (ethylene oxide)
contains an isocyanate group between the alkyl
chain(Ci2Hzs) and the ethylene oxide chain. We assume
that this isocyanate group belongs to the hydrophilic part
of the copolymer. Poly (ethylene oxide) PEO-m is
modified at one extremity only. PEO-2m is modified at
both extremities. PEO-m is exactly half the PEO-2m (cf.
Table 1). After modification, NMR using the method
described in Ref. [27] determined the degree of
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substitution of hydroxyl groups. The degree of substitution
is found to be greater than 98%.

The microemulsion is a thermodynamically stable
dispersion in water of oil nanodroplets surrounded by a
surfactant film [28] O/W microemulsion. The spontaneous
radius of curvature of the surfactant film, composed of a
cationic surfactant (CpCl) and a cosurfactant (Octanol), is
adjusted by varying its composition. The ratio in weight of
Octanol to CpCl is set equal to 0.25. The ratio in weight of
Decane to surfactant film is 0.62. This ratio is chosen to be
close to the emulsification failure limit, but slightly below
this threshold. The line of the emulsification failure is the
limit above which the microemulsion nanodroplets are
saturated with oil and coexist with excess oil. On this
line, the microemulsion nanodroplets have a radius
corresponding to the spontaneous curvature radius of
the surfactant film [29]. Under such conditions the
microemulsion droplets are spheres of well-defined radius
[30,31], which can be diluted over a large concentration
range [32]. In our case, the microemulsion could be
diluted from 30% to 1% volume fraction.

Table 1. Molar mass and density of the components of the samples.

Components Molar Density
mass (g/cmd)
(Dalton)
H20 18 1
D20 20 1.105
[H3C(CHz2)15]CsHsN*C1-(CpC1) 3395 1.656
[H3C(CHz2)7]OH (Octanol) 130 1.8
[H3C(CH2)sCHs] (Decane) 142 0.73
H3C(OCH2CH2)1130(CO)NH[(CH2)1:CHs](PEO-m) 5200 1.2
[CHa(CH2)11NHCO(OCH2CHz2)2270(CO)NH 10400 1.2

[(CH2)11CHs](PEO-2m)

All samples are prepared by weight in 0.2M NaCl
brine or deuterated brine. To the microemulsion, we add
the hydrophaobically modified poly(ethylene oxide) PEO-
m or PEO-2m. The details on the components are
indicated in Table 1. Samples are characterized by a
volume fraction of nanodroplets @ and by the number ‘r’
of Cizchains per nanodroplet. To calculate the number ‘r’
of Cizchains per nanodroplet, we assume that the radius of
the spherical nanodroplet does not change with increasing
substitution of the surfactant by the copolymers. The
precision of the value of ‘r’ depends on the accurate
determination of the number of microemulsion
nanodroplets per unit volume and thus on the
determination of their size. All parameters necessary to
calculate ® from the sample composition are summarized
in Tablel. The samples prepared as described above,
are thoroughly shaken to ensure homogenization and
then kept at the temperature of observation, here
T=25°C, in a thermostated water bath for several days
before visual examination. When a phase separation is
observed, the samples are rehomogenized and set back to
rest for a couple of days to confirm the observation.

© IAAM - VBRI Press

Adv. Mater. Lett. 2020, 11(8), 20081548

[2 of 9]



Advanced
Materials Letters

AAM*

Advancement of Materials
to Global Excellence

www.vbripress.com/aml

SANS measurements

Small angle neutron scattering (SANS) experiments are
carried out on the PACE spectrometer at the LLB-Saclay

(France). The configurations used were: 1.5m at6Aand
4.68m at 13A. The range of scattering vectors covered
is 0,004 A'<q < 0,16 A, the temperature T=25°C.The
scattering data are treated according to standard
procedures. The differential scattering cross sections per
unit sample volume denoted 1(q) =dX/dQ were put on

absolute scale by using water as standard of known cross
section. We obtain the intensity in absolute units (cm™)
with accuracy better than 10%. To simulate correctly the
experimental spectra, all the model spectra are convoluted
by the instrumental response function taking into account
the uncertainty of the neutron wavelength and angular
definition [33]. We carried out experiments with sphere
contrast: the results obtained from samples prepared
with hydrogenated constituents (decane, surfactant) in
D,O- saline system (0.2 mol/l). In this case we
observe "homogeneous" nanodroplets on the scale of
the spatial resolution of the scattering experiments
n/ Quax ~ m / 0.21 ~ 15A. We calculate an average
scattering length  density of the microemulsion
nanodroplets from scattering length density of the
components using the data in Table 1. Thus, we calculate
the contrast Ap = 6.8 10 cm2. In all samples studied here
the scattering is essentially due to the nanodroplets, the
scattering by the PEO chains being negligible due to their
small mass as compared to the nanodroplets.

Theoretical backgrounds
Form Factor P(q)

SANS experiments provide information on the structure of
colloidal solutions [32, 34], the scattered intensity 1(q) by
a dispersion of spherical colloids with a moderately spread
distribution of size was modeled using the following
expression [35],

()= @.v.(Ap)*.P(q).S(q) (1)

where q (A1) is the scattering vector, ®is the
volume fraction of the aggregates, v (cmd)is the dry
volume of the aggregates, Apis the scattering length
density (corresponding to sphere contrast). P(q) is the
form factor of the colloidal aggregates, andP(q — 0) =1.

The analysis of measurable structure factor S(q) allows to
extract information on the interparticle potential
of the system (e.g., whether the interactions between
particles are repulsive or attractive); it is unity at large or
for very dilute samples where these interactions can be
neglected. For monodisperse spheres of radius R [36],

_|8[Sin(aR)-(aR)Cos(qR)] 2
(q.R)3

P(q.R) )
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At high q values, the structure factor S(q — «) =1, the

scattered intensity is therefore only related to the form
factor P(g). In this limit, we will use the Porod
representation (g*.1(q)) as a function of ‘q’ which
amplifies the oscillations of P(q). Furthermore, one has to
take into account of the polydispersity, we assume that the
distribution size of spherical nanodroplets is described by
a Gaussian distribution and write for the average form
factor P(q, R):

+00

P@,R)= [ P(aR)f(R)dR (3a)
0
The function f(R) is described by the Gauss distribution
1 R-R)?
(R)= RR) (30)

exp[-
J2nAR 2AR?
with a mean radius R and a standard deviation AR.

Structural and thermodynamic properties
a. Expression of the pair potential

The bare microemulsion nanodroplets (reference case) are
modeled by uniformly charged hard spheres, interacting
by an effective potential U(r), which is the sum of a hard
sphere potential Uus(r), the attractive van der Waals
Uwiw(r) contribution and a screened Coulomb (Yukawa-
type) effective pair potential Ucouloms(r) [37,38],

U(r)= Uns(r)+ Uyaw (r)+ Ycouoms () (@)
The pair potential Uns(r) between hard spheres of
diameter 2R is given by:
+oo  for r<2R

UHS(r):{ 0 for r>2R

Here, ‘r’ is the center-to-center distance and R is the
radius of the nanodroplets.

The attractive interaction of van der Waals acts at
distances between nanodroplets of the order of 10% of
their diameter. In the case of two dispersed sphere, Uyvaw(r)
potential is approximately [39],

A 2R? 2R? r’ —4R?
Uygw (1) = _?H{rz—4R2+ 5 +In[ 2 (4b)

Ay is the effective Hamaker constant, Ay is of the
order of a few kgT[40]. In this study, Ay = 1.1kgT, this
value is appropriate for decane droplets interacting
through water [41].

In the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory [42], the screened electrostatic repulsion (Yukawa-
type) between the charged colloidal spheres is described
by the effective pair potential,

Zesr g
U coutomn (1) = kBT—2
(1+ KR)
The solvent is reduced to a structure less uniform
continuum of dielectric constant & = 80 and
temperature T=25°C with a Bjerrum length of
1g = €%/ 4eoerksT = 7.18A. The Debye length determines

(42)

(40)
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the range of repulsive interactions k. In this study
k1= 6,77A, which corresponds to a concentration of small
ions added to the solution, Zes is the number of charge
effective per nanodroplets [43], it determines the strength
of the electrostatic repulsions.

To the bare microemulsion (reference case), we add
telechelic polymers with one and two ends (PEO-m, PEO-
2m). The addition of PEO-m induces a steric repulsive
potential between nanodroplets due to the resistance to the
confinement. To calculate S(g) for this situation, an
additional repulsive contribution due to the decoration of
the nanodroplets by the chains of PEO was added to the
existing interaction in the bare microemulsion.

Uy(r) = U(r)+V(r) (5a)
The potential V(r) is a steric repulsive interaction that

is described here by a Yukawa-type potential added to the
previous one defined in eg. (4). We have:

2R r—-2R
V(I’) = Vsteric (_j exp{_ 2 J
r steric
where Veric describes the strength of the potential via its
value at contact and A its characteristic range.

The last case study is to add the PEO-2m with two
ends to the bare microemulsion. To calculate S(q), the
repulsive effect is always present and an interesting
additional contribution due to the bridging of nanodroplets
by PEO chains must be added to the existing interaction in
the bare microemulsion,

Uy (r) = U(r)+V(r)+W(r) (6a)

The potential W(r) is an effective attractive
interaction potential of entropic origin [12].

We propose here a simple model of Yukawa attractive

potential,
2R r-2R
W (1) = Wyridging [—j exp| — (6b)
r kbridging

(Sb)

where Whridging IS @n attractive contact potential and Apridging
its characteristic range.

The range of interactions Aseric and Apridging OF the
polymers is set by their size. In the numerical study, we
have fixed these parameters: Aseric IS approximately
35A which is close to the radius of gyration of PEO-m
chain with molar mass M (Ry = 0.107 + 0.1MC63200L4)
[44,45]. In the same way, Aoridging IS Of the order of
100A corresponding to the average end-to-end distance
of PEO-2m chain, i.e., three times the radius of gyration
[24].

b. Structure factor

The validity of the potential U(r) is tested by comparing
the experimental and numerical structure factor S(q). To
calculate S(g) which is the Fourier transform of the pair
correlation function g(r), we use a program developed by
Belloni based on the Ornstein-Zernike integral and
hypernetted-chain approximation (HNC) closure relation.
For more details, consult the appendix.
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c. The excess of internal energy

The pair correlation function g(r) and the pair potential
U(r) provide access to the thermodynamic properties of
liquids. Thus, the relationship giving the internal energy:

E=Eyn t+ u™)

3

-
E:ENKBT +%pNJ4nr2U(r)g(r)dr ")

The internal energy is the sum of a kinetic part,
(SNKBT) and an interaction part, U (rV).
The excess of internal energy is given by,

AE=E- E, =U@N) = %pNManU(r)g(r)dr (7a)

The sign of AE indicates the nature of the interaction,
repulsive for AE ) 0and attractive for AE 0.

Results and discussion
Shape and size of microemulsion nanodroplets

We have studied the SANS patterns for bare
microemulsion as reference case and for samples with
POE-m or POE-2m at different values of @ and r (number
of Cq2-stickers per nanodroplet). We have showed that the
spherical shape of microemulsion nanodroplets is identical
from @ = 1.4% to @ = 26.5%, and in the presence of PEO-
m or PEO-2m at different r, with an average radius of

62A, and AR =6.2A | i.e. a polydispersity p = 10%. This
indicates that the droplet structure of the microemulsion
remains unaltered by the polymer addition [43].

Structural properties

The validity of the steric and bridging potential caused by
the presence of PEO-m or PEO-2m is tested by comparing
the experimental and numerical structure factor S(q),
whichis the Fourier transform of the pair correlation
function g(r). The pair correlation function is calculated
with a program kindly provided by Luc Belloni. In this
program, the (OZ) integral equation associated with the
(HNC) is used, with an effective pair potential for each
experimental situation. It should be noted that in the
calculation of S(q), Ze is the only adjustable parameter
for the bare microemulsion,Vsteric and Whridging are the only
adjustable parameters for the microemulsion with POE-m
or POE-2m. For each fraction studied, experimental
structure factor is obtained by dividing scattered intensity
1(q) by the form factor of the bare microemulsion at very

low volume fraction (S(g)=———————
Wvol fon (S(@) I(g, ®=1.4%)

a. Reference case: Bare microemulsion

Fig. 1 represents a comparison of experimental and
numerical structures factors at different @ (from 2.8% to
26.5%). Generally, an excellent qualitative agreement is
observed, proving that the model of the proposed potential
is satisfactory in the range of the wave vectors and for all
fractions studied.The peak location carries information
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about the mean inter-nanodroplet distance, and the
sharpness of the peak about the fluctuations around this
mean distance, which in turn is dictated by the
nanodroplet interaction potential. At low volume fraction,
@ =2.8% and ® = 6.98%, the structure factor S(q) shows
a weak and broad principal peak. This is a signature of a
weak repulsive interaction between nanodroplets, the
suspension is less ordered and nanodroplets have more
positional fluctuations. At high volume fraction @ = 14%,
26.5%, we observe a pronounced and narrow principal
peak and apparition of the second peak, which reflect the
existence of strong repulsions, the suspension is more
ordered and the nanodroplets do not fluctuate much
around their average positions.

1,88

S(q). ©=2,8%
S(q), ©=6,98%
s(q). @=14%
s(q). ©=26,5%

QC o0

1,41

T T T T T T T
0,00 0,03 0,08 0,09 0,12 0,15

Fig. 1. Comparison of structure factorS(q), for bare microemulsion, at
different o (— 2.8%, — 6.98%, — 14%, —26.5%).

A general remark, as expected, when the volume
fraction increases from 2.8% to 26.5%, the height of the
(principal) peak of the structure factor becomes more
pronounced (from 1.015 to 1.83). This change in
amplitude is accompanied by a shift toward in high values
of g. As the position of the correlation peak indicates the
average distance between nanodroplets, (q ~ 2n/d), the
preferred distance is estimated at different volume fraction
(®=28%:d~328A0=698%:d~279 A ®=14%:
d~ 175 A, @ = 265% : d ~ 147 A): we note that it
decreases with increasing @ as d ~ @3, all results are
summarized in Table 2.

We followed the evolution of the interaction between
nanodroplet, we consider the colloidal particles are
described as uniformly charged hard spheres interacting
by an effective potential, which is the sum of a van der
Waals attractive term, a hard sphere repulsive potential
and screened Coulombic repulsive potential. In Fig.1, the
solid line is the spectra calculated with the parameters:
R=62A, AR =6.2A, T = 298°K, Ap = 6,8.10°° cm?, k! =
6,77A, An = 1.1ksT. Ze = 130 is the only adjustable
parameter.

In summary, the droplets of the bare microemulsion
are well represented by spherical shapes interacting
through a potential that is the sum of an attractive and

www.iaamonline.com

repulsive contribution. Now, we are interested in the
features of the effective interactions introduced upon
addition of polymers POE-m and POE-2m to the bare
microemulsion.

Table 2. Analysis of S(q) curves obtained by SANS and HNC.

Method 03 Srmax D(A)
NS o lm @
W e 1@
WS e nTm
W wes  wmw

b. Microemulsion with PEO-m

In Fig. 2, we report the structure factor S(q) of the
microemulsion with PEO-m (r = 4m, 8m, 12m), for a low
and high nanodroplet volume fraction. At low volume
fraction, ® = 6.98% (Fig.2a), firstly, we note the
diminution of S(q) at very low q’s when ‘r’ varies from 0
to 12, secondly, the peak becomes slightly more
pronounced (Smax varies from 1.06 to 1.16) induced by the
decoration of the droplet by POE-m. But the position of
the maximum of the correlation peak remains at the same
position with addition of POE-m (see Table 3). At high
volume fraction ® = 26.5% (Fig.2b), the principal peak-
height becomes more pronounced (from 1.86 to 2.1) when
r varies from 4 to 12, see Table 3. As expected, the
addition of POE-m does not influence on the position of
the correlation peak (distance between the nanodroplets
remains approximately constant). Such results indicate
that the addition of POE-m to the bare microemulsion
introduces an effective steric repulsive interaction. This
interaction is repulsive at distance shorter than polymer
size due to the resistance of the confinement.

Now, our objective is to “weight” the steric repulsion
due to the presence of PEO-m for all volume fraction®.In
Fig.2, the solid line is the spectra calculated with the
parameters: R = 62A, AR = 6.2A, T = 298°K, Zet = 130,
Ap =6,8.101° cm?, Ay = 1.1k T, k= 6,77 A.

The range of steric interactions Aseric Of the polymers
PEO-m is fixed at 35A, Vseic is the only adjustable
parameter. The fits reproduce in a satisfying manner the
low-q depression of the structure factor. For PEO-
m(r=4m), the best numerical fit is obtained with a steric
potential in contact,Vsweric= 2.6ksT.When we doubled the
amount of PEO-m added (r=8m), the potential in contcact
Veeric= 5.2kgT. In the same way, the amount of PEO-m
added (r=12m) gives a potential in contact Veric= 7.8ksT
(Table 3).

To summarize, the steric potential in contact, Vseric,
increases roughly proportionnaly to the amount of
polymer added, the proportionality factorVseric/r is 0.65.
This is similar to what has been found in the litterature
with other microemulsion systems decorated with
hydrophobically modified polymers [23].
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1,32

a O S(q), ® =6,98%, r=0
@ $(q), @ = 6,98%, r=4m

0 S(q), @ = 6,98%, r=Bm

@ S(q), ® = 6,98%, r=12m

1,10

0,22 4

0,00 0,02 0,04 0,08 0,08 0,10 0,12
q(a™)

S(q), © = 26.5%, r=0
S(q), © = 26.5%, r=4m
8(q), ® = 26.5%, r=8m
$(q), © = 26.5%, r=12m

o
(ol e o s]

1,65

S(a)

1,10 o

0,55 =

0,00 =
0,00 0,03

T T
0,12 0,15

6 L, 0,09
q(A”)

Fig. 2. Comparison of structure factor S(qg), for bare microemulsion
(o r=0) and with PEO-m (o r =4m, o r =8m, o r = 12m), in the diluted
and concentrated cases(® = 6.98%, ® = 26.5%).

Table 3. Comparison of results for: S(0), Sma, distance between
nanodroplets (d), Vseric, Whrigging, TOr bare microemulsion, with PEO-m
(4m, 8m, 12m) and PEO-2m (4_2m, 8_2m), in diluted (® = 6.98%) and
concentrated case (@ = 26.5%).

® =6.98% ® =26.5%
Cases
Studies S(0)  Smax d(A) Vsteric Woridging ~ S(0) Smax  d(A)  Vsteric  Whridging
(keT) (ksT) (ksT) (ksT)

r=0 055 1083 279 - - 0088 18 147 - -
r=4m 045 1064 238 26 - 0,09 186 149 26

r=8m 038 111 235 52 - 0062 203 148 52

r=12m 031 1156 235 78 - 0,06 21 149 78

r=4_2m 06 108 216 26 -0.53 0,05 19 149 26 -0.53
r=8_2m 062 1074 223 52 -1.05 0,03 202 149 52 -1.05

c. Microemulsion with PEO-2m

In this section, we want to understand the effect of the
addition of PEO-2m on the interactions between
nanodroplets for a low and high nanodroplet volume
fraction (® = 6.98%, 26.5%). At the low volume fraction
® = 6.98% (Fig. 3a), we compare the structure factor of
the bare microemulsion (r=0) with PEO-2m (4_2m,
8_2m). We note a large rise of S(q) at very low q’s as r
increases from 0 to 8. This indicates that addition of the
POE-2m to the bare microemulsion introduces an effective
attractive interaction between the nanodroplets. The
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attractive interaction can be pictured as due to the longer
time the droplets spend close to one another in the low
volume fraction because of the bridging which leads to
more accessible configurations for the PEO chain and thus
to an increased entropy. The structure factor gives us
another clue, namely, the distance between the droplets
exists in the sample, as indicated by the existence of a
correlation peak. The shoulder is shifted to its smaller
values of inter-distance between nanodroplets (d ~ 279A),
for bare microemulsion (r=0), d ~ 216A, for
microemulsion with PEO-2m (r=4_2m), (see Table 3).
The distance (d ~ 226A) is shorter than the average
distance expected between nanodroplets at @ = 6.98%
(d: ®*B). This distance is imposed by the telechelic
polymers in configurations corresponding to their average
end-to-end distance (~100A)[20]. The centre-to-centre
distance of two adjacent nanodroplets in an aggregate is
then ~224A, in excellent agreement with the experimental
observation. At high volume fraction (® = 26.5%) (Fig.
3b), the correlation peak of S(q) is very narrow and the
position of nanodroplets is more localized. The height of
peak remains constant (Smax~ 2) when r varies from 4 to 8.
The preferred distance varies as ®3(Table 3).

Another aspect of this study is the “weighting” of the
attractive potential due to the presence of the polymer
chain PEO-2m for all volume fraction® (Fig. 3a,
Fig. 3b). An excellent agreement between experimental
and numerical spectra is observed.The fits reproduce
in a satisfying manner the low-gq depression of the
structure factor. At low volume fraction (® = 6.98%)
(Fig.3a), the best numerical fit is obtained with following
parameters:

- FOF (I’ = 4_2m) Vsteric = 26kBT, Wbridging = '053kBT
n FOF (I’ = 8_2m) Vsteric = 52kBT, Wbridging = '105kBT

We note that the prefactor Whrigging increases again
linearly with r (Whrigging/ r = 0.13). This is expected from
the theory by Bathia and Russel [20], or Elghazrani et.
al.,[24]. At high volume fraction (® = 26.5%) (Fig. 4c), it
is observed that all the spectra are superimposable, the
difference in behavior between the two polymers POE-m
and POE-2m gradually fades by increasing @, i.e., the
addition of the polymer chains PEO-2m has the same
effect as POE-m on the microemulsion. The droplets are
already closer than the typical attractive interaction range,
the distance between nanodroplets becomes equal to or
smaller than the end-to-end distance of polymer chain,
bridging can occur without adding any attractive
component to the interaction between nanodroplets and
the repulsive interaction part plays a dominant role.
Nevertheless, some influence of the bridge npersists
(Fig.3b). The attractive interaction exists but it is lower.
For the sample PEO-2m(r=4_2m), the best numerical
fit is obtained with the range of the bridging interaction,
7\«bridging = lOOA, Vsteric = 2.6kgsT, Wbridging = -0.53ksT (See
Table 3).
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a o S(q). @ =6,98%, r=0
o S(q), @ =6,98%, r=4_2m
¢ S(q), @ =6,98%, r=8_2m

1,04 =

S(q), ® = 26.5%, r=0
$(q), ® = 26.5%, r=4-2m
$(q), ® = 26.5%, r=8-2m

S(a)

T T
0,12 0,15

0,00 0,03 0,06 r. 0,09
a(A®)

Fig. 3. Comparison of structure factor S(q), for bare microemulsion
(o r=0) and with PEO-2m (o r =4 _2m, o r =8_2m), in the diluted and
concentrated cases (® = 6.98%, ® = 26.5%).

In Fig.3, the solid line is the spectra calculated with
the parameters: R = 62A, AR = 6.2A, T = 298°K, Ay =
1.1keT, Ap = 6, 8.10'° cm?, Zer = 130, k* = 6,77 A,
7\.steri(; = 35A and kbridgingz 100A
u FOI’ (I’ = 4_2m) Vs[eric = 26kBT, Wbridging = '053kBT
u FOI’ (I’ = 8_2m) Vs[eric = 52kBT, Wbridging = '105kBT

In summary, in diluted case, the bridging polymer
chains introduce an effective attraction interaction
between nanodroplets. While in concentrated case, PEO-
2m will add to the repulsion in the same way as the
decorating  polymer  chains  PEO-m  resisting
interpenetration and longing to swell in brine. Therefore,
both polymers have the same effect on the microemulsion;
the reinforcement of the repulsive potential.

Thermodynamical properties

The aim of this section is to verify through the
thermodynamic properties (internal energy) the results
found in the previous section.

Generally, the stability of the colloidal suspensions
studied by the integral equations is discussed in terms of
the internal energy, taken as a thermodynamic potential,
instead of the free energy. The sign of AE (internal energy
excess (Eq.7a) indicates the nature of the interaction
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Fig. 4a shows the variation of AE/NkgT with volume
fraction @, for various values of r (0, 4m, 8m, 12m). We
observe a monotonic increase of the excessive internal
energy with increasing @ or polymer concentration. This
result is in agreement with the behaviours of the repulsive
interaction between nanodroplets and the compressibility
[44]. Fig. 4b indicates the evolution of internal energy
excess with volume fraction @ for various values of r (0,
4 2m, 8_2m). Remark that the internal energy excess
presents two volume fraction-regimes. The first
corresponds to low volume fraction, AE/NKgT takes
negative values which are sensitive to the variation of the
number of Ciochains. Hence, by increasing the amount of
the POE-2m added, attractive effect is reinforced. The
second corresponds to higher volume fraction, AE/NksT
takes positive values. Consequently, the bridging polymer
chains will add to the repulsion in the same way as the
decorating polymer chains, i.e. the reinforcement of the
repulsion. In Table 4, we report the results of AE/NKgT,
found for all fractions studied (from 1% to 30%).

a s =0
¢ r=4m °
¢ r=8m
94 ¢ r=12m e
-] [ ]
H
~ [ ]
Z 5 ° .
3 o .
° [ .
34 . ° o * *
» L
‘,G L * *
L 3K IR .
. ¢ §i%e . e
0 o e @
0 :t é 1I2 1IB 2IO 2I4 2IS 32
D (%)
24
b * r=0 ’
¢ r=4_2m @
18 ¢ r=8 2m f
o r=12_2m
*
I;m1,2- ; .
< t
ﬂ [ ]
0,6 4 ? [} [
TIERL
*
H
1lee pseee 83 %
0.0 m $ " *-;
a ® aea?® a
9
'056 T g?oa T T T T T
0 4 8 12 16 20 24 28 32
@ (%)

Fig. 4. Dimensionless excess internal energy,AE / NkgTversus the
volume fraction®, for bare microemulsion(c r = 0), with PEO-m

(or=4m, or=8m, or=12m) and PEO-2m (o r=4_2m, o r = 8_2m,
repulsive for AE ) Oand attractive for AE ( 0. ©r=12_2m).
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Table 4. Dimensionless excess internal energy, AE/NkgT of the bare
microemulsion, with PEO-m and PEO-2m, at different volume fractions
@ (from 1% to 30%).

AE
r=0 [r=4m|r=8m |r=12m|r=4_2m|r=8_2m
©(%)
28 0,024 0,16 0,24 0,29 -0,04 -0,13
6,98 0,07 05 0,81 1,06 -0,04 -0,23
14 0,21 1,41 2,42 33 0,16 0,009
26,5 0,77 3,84 6,55 8,93 1,27 1,57

Conclusion & future prospective

In this paper, we studied the thermodynamic and structural
properties of positively charged O/W microemulsion
spherical nanodroplets suspended in salt water and
decorated with telechelic polymers PEO-m and PEO-2m
by using SANS. We have shown that microemulsion
nanodroplets do not change shape and size, by varying the
volume fraction, and in the presence of polymers with
different quantities. They are described by slightly
polydispersed spheres with an average radius of 62A (c =
10%). The structure factor can be reproduced qualitatively
using the (OZ) equation, with the HNC approximation.
The system is described as uniformly charged hard
spheres. We have adopted the Yukawa interaction
potential between nanodroplets. The addition of PEO-m
with different amounts induces repulsive interactions
between nanodroplets. At low and high volume fraction,
the repulsive potential increases linearly with the amount
of polymer added. The addition of PEO-2m to the bare
microemulsion leads to an effective attractive bridging
interaction between the nanodroplets in the diluted case. In
the concentrated case, the polymers have the same effect
on the microemulsion; the reinforcement of the repulsive
potential. It must be stressed that the model potentials for
the effective interaction introduced by the polymers
allowed us to have a reasonable agreement between the
calculated and experimental spectra for all volume
fractions studied. The dynamical properties of the system
will be described by using the molecular dynamics
simulation in a forthcoming paper.
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The theoretical methods which allow to calculate the g(r)
are based on the Ornstein—Zernike (OZ) integral equation,
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h(r) = c(r) + p| e([r-r| h(e)dr ®)

The (0Z) equation is a relation between the total

correlation  function h(r)=g(r)-1, and the direct
correlation function c(r) [46, 47].

To compute g(r), the (OZ) equation was solved using
the hypernetted-chain approximation (HNC) [48]. In terms
of c(r) , the (HNC) closure relation,

c(r) = -BU®) +h(@) - In[1+h@®)]  (9)
Exponentiation gives,

9(r) ~ exp[-BU(r) + h(r) - c(1)] (10)

The interactions are very weak in the very diluted

sample (® = 1.4%). This is the reason why, we have

chosen to divide the scattered intensities | (g) of all the
samples by | (g, @ = 1.4%), see the Figure below.

4000
—I(q), ®=1,4%
—l(q), ®=2,8%
i —I(q), ©=6,98%
3200 I(q), ©®=14%

—I(q), ®=26,5%

)
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=]
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QYD (on)

1600 +

800

0,03 0,06 0,09 0,12 0,15 0,18
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Fig. 5. The SANS spectra of the scattered intensityof bare
microemulsion, as a function of g, at different o (— 1.4%, — 2.8%,—
6.98%, —14%, —26.5%).
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