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Can reverse micelle shells limit nanoparticle growth?

S. A. Tovstun™ and V. F. Razumoy
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The possibility to limit the growth of nanoparticles synthesized in reverse microemulsions
by the shells of reverse micelles is analyzed theoretically. At surface tension higher than about
30 mJ m~2, the reverse micelle shells cannot inhibit the particle growth. At lower surface
tension values, the particle growth can be limited, but the synthesized particles should be much

larger than the initial micelles.
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Reverse micelles represent water nanodrops covered
with a surfactant monolayer. A reverse microemulsion is
a thermodynamically stable solution of reverse micelles in
a nonpolar organic solvent. Reverse micelles are often con-
sidered as nanoreactors for various chemical reactions.
Therefore, the water core of a reverse micelle is called
"pool" while the surfactant monolayer on the surface of
the reverse micelle is called "shell”". An essential feature of
chemical reactions in reverse microemulsions is that the
reverse micelles can, with some probability, exchange the
content of their water pools through collisions with one
another. This allows one to consider the totality of water
pools as a continuous aqueous pseudophase. Most often,
spherical reverse micelles are regarded as nanoreactors.
The size of such micelles is mainly determined by the ratio
of the molar concentrations of water and surfactant, which
is usually denoted as W = [water]/[surfactant]. Simple
geometric considerations!-2 lead to a linear dependence of
the micelle pool size on W
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where R is the water pool radius; vy o = 30 Ais the average
volume of water molecules in the liquid phase, vy is the
volume of the polar part of the surfactant molecule, and
a, is the surface area per surfactant molecule at the
water—oil interface. Owing to the existence of relation, in
qualitative treatment the size of reverse micelles and their
molar ratio W are often used as synonyms.

Sodium bis-2-ethylhexylsulfosuccinate (Aerosol OT,
AOQOT) is one of the best-studied surfactants used for the
preparation of reverse microemulsions. AOT-based reverse
microemulsions have a spherical shape and can solubilize
a rather large amount of water,3 namely, up to W= 125 in
n-hexane at 17 °C;4 however, the maximum possible

W ratio is usually about 60. The published data on the
sizes and aggregation numbers of AOT reverse micelles are to
some extent contradictory. Data averaging by the least
squares method gives a, = 63 A2 and vy = 222 A3.5 Using
expression (1), one gets R =~ (1.4W + 11) A for the water
pool radius of AOT reverse micelles.

Since the early 1980s, reverse microemulsions are used
for the synthesis of nanoparticles.® The most widely used
synthetic procedure involves mixing two microemul-
sions whose aqueous pseudophases contain substances that
react to form nanoparticles. The use of reverse micro-
emulsions for the synthesis of nanoparticles was usually
based on the assumption that reverse micelle shells inhibit
particle growth when the particle size becomes equal to
the pool size.”—19 It was assumed that such a restriction of
particle growth allows one to control the size of the syn-
thesized particles by varying the molar ratio W. In addi-
tion, based on the assumption that reverse micelles are
monodisperse, it was expected that particles synthesized
in the micelles should be monodisperse too.19—14 Howev-
er, this concept of particle growth restriction by the shells
of reverse micelle contradicts experimental data. First, the
synthesized particles are usually much larger in size than
water pools.15:16 n some studies, no correlation between
the pool size and particle size was reported.!’—19 In this
connection, many authors consider control rather than
restriction of the particle size by the water pool size. Sec-
ond, reverse micelles are polydisperse!:5:2 and thus un-
suitable for producing monodisperse particles. Third, the
growth of monodisperse particles in reverse micelles oc-
curs rarely; most often, particles show polydispersity of
the order of 20—30%. In this study, we theoretically ana-
lyze the possibility of nanoparticle growth restriction by
reverse micelles. The numerical estimates presented were
obtained for AOT-based reverse microemulsions because
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this surfactant is most widely used for the synthesis of
nanoparticles in reverse microemulsions.

The possibility of nanoparticle growth restriction by mi-
celle shells: an analysis. We assume that particles are spher-
ical and monodisperse. Here, particle growth implies a de-
crease in the number of particles and a constant total vol-
ume of all particles; this corresponds to the Ostwald rip-
ening and coagulation conditions. Thus, particle growth is
driven by the decrease in their total surface energy. Until
the particle size is smaller than the water pool sizes of
reverse micelles, particle growth is unrestricted. Once the
particle size becomes equal to the water pool size, further
particle growth is restricted by micelle shells. Since the
micelle shells are not rigid, the reverse micelles should
increase their size due to exchange of water and surfactant
molecules with other reverse micelles under the pressure
of the growing particles. As a result, the micelle size distri-
bution deviates from the equilibrium one and becomes
bimodal, which leads to an increase in the total Gibbs free
energy of the micelles. Thus, as the particle grows, its
surface energy decreases but the Gibbs free energy of re-
verse micelles increases. Particles grow until some reach
the critical size that corresponds to the minimum value of
the total Gibbs free energy of the system.

Now we will show that the change in the Gibbs free
energy, AGy,y, of the system comprising the reverse mi-
celles and the growing particles can be calculated as the
sum of independently calculated terms:

AGfull = AGmic + AGpart’ (2)

where AG,;. is the change in the Gibbs free energy of the
reverse micelles that accompanies the passage to the bi-
modal size distribution ignoring the growing particles,
AG ¢ is the change in the Gibbs free energy of the grow-
ing particles ignoring the fact that the particles grow with-
in the reverse micelles. Now imagine the particle growth
in reverse micelles as a sequence of hypothetical steps
(Fig. 1) and include the water reservoir. Step (/) involves
the reverse micelles whose water pools are filled with par-
ticles. On going to step (2), particles are transferred to the
water reservoir and the volume previously occupied by the
particles is now occupied by water from the reservoir. On
going to step (3) one gets a bimodal micelle size distribu-
tion. Step (4) corresponds to particle growth. On going to
step (5) the grown particles are transferred to large mi-
celles and the excess water from the reverse micelles is
transferred to the water reservoir. On going from step (2)
to step (3) and from step (3) to step (4), the Gibbs free
energy changes by AG,,;. and AG,,,, respectively. On go-
ing from step (/) to step (2) and from step (4) to step (9),
the Gibbs free energy remains unchanged. The latter state-
ment is substantiated as follows. Except for a thin layer
near the micelle shell, water in a reverse micelle has the
same properties as conventional water at a negative pres-
sure. The negative pressure is produced because the mi-
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Fig. 1. Thermodynamic chain illustrating the possibility of inde-
pendent consideration of the changes in the Gibbs free energies
of reverse micelles and particles growing in them. Water is shown
in grey, grey rectangles denote water reservoirs, grey circles de-
note the water pools in reverse micelles, and black circles in the
water reservoirs and micelles denote particles. Numbers (1)—(5)
denote the hypothetical steps of particle growth in reverse
micelles.

celle shell tends to attain the natural curvature and de-
creases in absolute value as the micelle size increases. The
negative pressure affects the Gibbs free energy in accor-
dance with the general equation:

dG=—-8dT+ VdP, (3)

where G is the Gibbs free energy, .S is the entropy, 7T is
absolute temperature, V'is the volume, and P is the pres-
sure. At constant temperature, taking into account in-
compressibility of water, from Eq. (3) one gets that the
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contribution of some water volume in the reverse micelle
pool to the Gibbs free energy of the reverse micelle is equal
to the product of this volume by the pressure in the water
pool. As the water volume V in the micelle water pool is
replaced by the same volume occupied by the particle
transferred from the water reservoir, the Gibbs free energy
of water is changed by — PV, and the Gibbs free energy of
the particle changes by PV; therefore, the total Gibbs free
energy remains unchanged. Thus, the Gibbs free energy of
the system has a constant value on going from step (/) to
step (2) and from step (4) to step (5). Summation of the
changes in the Gibbs free energy in all steps gives Eq. (2).

Now we will determine the change in the Gibbs free
energy AG,,;. of the micelles. Assume that the particles start
to grow in the micelles whose size corresponds to the mo-
lar ratio W, and that the number of particles is much
smaller than that of micelles. The growing particles cause
the micelle hosts to "stretch". This leads to a bimodal
micelle size distribution (Fig. 2), namely, some micelles
have the size corresponding to the molar ratio W), while
the size of other micelles corresponds to a some larger W
value: W > W,. For brevity, we will call the reverse mi-
celles corresponding to the molar ratios W, and W "small"
and "large" micelles, respectively.

Now a small proportion of water and surfactant mole-
cules from small micelles should be consumed to form
large micelles. The corresponding change in the Gibbs
free energy is given by

AGyic = NsAug + Ny, 04,0, (C))

where Ny o and Ng are respectively the numbers of the
water and surfactant molecules used to form large reverse
micelles; Auy o and Aug are the changes in the chemical
potentials of water and surfactant upon an increase in the
molar ratio from W; to W, respectively. Since large mi-
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Fig. 2. Bimodal size distribution of reverse micelles appeared in
the course of particle growth. The growing particles in the large
micelles are dashed.

celles are formed using a small proportion of water and
surfactant molecules from small micelles, the molar ratio
for the small micelles can be considered constant and,
therefore, the chemical potentials of the constituent water
and surfactant molecules are also constant. The changes
in the chemical potentials of water and surfactant are
as follows:

Aup,o = Hu,0(W) — uu,0(Wo), (5)

Aug = ug(W) —us(Wy), (6)

where quo(W) and pg(W) are the dependences of the
chemical potentials of water and surfactant on the molar
ratio W, respectively. The Gibbs—Duhem relation for the
reverse micelle solution has the form

NHZOd“Hzo + NSduS + Nsolvdusolv =0, )

where N, is the number of solvent molecules and i, is
the chemical potential of the solvent. Since the micelle
aggregation numbers are large, the change in the chemical
potential of the solvent in Eq. (7) can be neglected; thus
one gets

Nu,odity,o + Nsdug = 0. ®)

Indeed, the differentials duy o and dyg in Eq. (7) are
of the order of kTdNy,0/Ny,0 and kRd N/ N respective-
ly, while the differential of the chemical potential of the
solvent, in accordance with the theory of dilute solutions,
is equal to kKTdN i/ Nyory (Vi 1s the number of reverse
micelles). Given that at large aggregation numbers, the
number of reverse micelle is much smaller than the num-
ber of water and surfactant molecules, the last term in
Eq. (7) can be neglected.

From the definition of the molar ratio W one has:

_ Nupo

w Ny )

Equations (8) and (9) allow one to express one chemi-
cal potential through the other:

Hs = =[Wdip,o = = [Wdu'n0 (W)AW, (10)
= [ Lapg=-[Lwsmyaw 1
B0 = =] 37 dus = =[5 Ws (W) dW. ()

Taking into account Eq. (11), the change in the chem-
ical potential of water is given by:

w
L,
Mo =- | wh s(W)Hdw. (12)
W

From Egs (4), (6), (9), and (12) one may find the
expression for the change in the Gibbs free energy of the
system of reverse micelles:
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Nu,o
AGmic = VVZ

w
1
~Nio | 37's W)dW. (13)
W

(ns(W) —us (W) -

The change in the surface energy of particles is de-
scribed by

AGp = (Q- Q)0 =%—QOG ~

3v, Nyo
zLW_rozN 20 oo, (14)
3VH20 W H0 W
o

where Q is the surface area of the particles grown to the
size equal to the water pool size of the large micelles; Q is
the surface area of the particles whose size is equal to the
pool size of the small micelles; o is the surface tension of
particles; V' is the total volume of particles (a constant);
R is the radius of the particle; vy g is the volume of the
water molecule; vy, Ny, is the total volume of the large
micelle water pools equal to the total volume of particles;
and ay is the surface area per surfactant molecule on
the surface of the reverse micelle. Here we used an ap-
proximate expression for the radius of the micelle pool,
R = 3vy,oW/ay, which provides a sufficient accuracy for
large micelles.

From Egs (2), (13), and (14), the total change in the
Gibbs free energy of particles upon an increase from W),
to Wis

N
AGgyy = %(HS(W) -us(W)) -

w
1, ayo
—NHZO”'[—WHS(W)dW+NHZO—I/(;/ -Qpo. (15
0

The particle growth ceases at the molar ratio of large
micelles W= W,,,, corresponding to the minimum in the
Gibbs free energy change (15) (Fig. 3), i.e., at

dAGyy,

Wy (16)

Bearing in mind that Ny o = const (it follows from the
constant total volume of the growing particles), from
Egs (15) and (16) one gets

us(Wp) — us(Wnax) = cay. (17)

Equation (17) allows one to calculate the equilibrium par-
ticle size using Eq. (1) or to determine that there is no
such particle size.

The dependence pg(W) appeared in Eq. (15) can be
obtained from the dependence quo(W) using Eq. (10). In
turn, the chemical potential of water py,o can be deter-
mined using the known water vapor pressure under the
microemulsion from the expression HH,0 = kTIn(p/py),
where p is the saturation water vapor pressure over the

AG

WO Wmax W
Fig. 3. Qualitative dependences of the changes in the Gibbs free
energy on the molar ratio W of large micelles: the surface energy of

particles plotted vs. W (I), the Gibbs free energy of micelle
plotted vs. W (2) and the total change in the Gibbs free energy (3).

surface of the reverse microemulsion and pj is the satura-
tion water vapor pressure over the water surface at the
same temperature; the chemical potential of water is cal-
culated relative to pure water. Thus, at the maximum pos-
sible parameter W, when the microemulsion can be in
equilibrium with the aqueous phase, one has HH,0 = 0.
Calculations were carried out using the data?! for the sys-
tem AOT—water—isooctane at 37 °C and W values rang-
ing from 0 to 18 (Fig. 4). The dependence of the chemical
potential of AOT on the molar ratio W for this system is
shown in Fig. 5. The chemical potential of AOT was cal-
culated relative to the state at W= 50 (maximum possible

/Py (rel.units)

0 1 L L 1

4 8 12 16 W (rel.units)

Fig. 4. The saturation water vapor pressure p over the reverse
microemulsion AOT—water—isooctane microemulsion at 37 °C
plotted vs. molar ratio W; p, is the saturation water vapor pres-
sure over pure water at the same temperature.2!
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Fig. 5. Plot of the chemical potential of AOT vs. molar ratio W
calculated using the data of Fig. 3.

Wvalue for this system at 37 °C (see Refs 3 and 22). As the
molar ratio W increases from 0.75 to 50, the chemical
potential of AOT decreases by 3.9k T (see Fig. 5). For the
AOT-based reverse micelles, one has a, = 63 A2, It follows
that Eq. (17) has no solutions at ¢ > 26 mJ m~2 for the
microemulsion in question. The lack of solution means
that particle growth cannot be limited. However, inhibi-
tion of particle growth is possible at lower surface tension
values. In this case, the equilibrium size depends on the
surface tension (Fig. 6) and on the molar ratio W}, (Fig. 7).
In the zero surface tension limit, one gets W,,,, = W,,. For
any W,, there exists such a surface tension that at higher
surface tension values, particle growth becomes unlimit-
ed. Vice versa, for each surface tension value, there exists
such a W, value that at higher W} values, the particle
growth becomes unrestricted.

Up to this point, our conclusions about the ability of
reverse micelle shells to restrict particle growth were based
on the water vapor pressure data for a single system. Now
we will relate the polydispersity of reverse micelles to their
ability to limit particle growth. The relative standard devi-
ation g,, of the ratio w of the number of water molecules to
the number of surfactant molecules in one reverse micelle
can be calculated as follows:

€2 kT

_ . 18
dup,o {18)

nSW2 aw

where ng is the number of surfactant molecules in the
reverse micelle. For high molar ratios, the micelle radius
can be considered proportional to W and the relative stan-
dard deviation e, of the micelle radius is approximately

W hax (rel.units)

O L L ' 1

5 10 15 20 o/mJm2

Fig. 6. The equilibrium molar ratio W,,, of large micelles in the
bimodal size distribution plotted vs. surface tension ¢ of particles
for the molar ratios W, equal to 0.75 (1) and 5 (2).

equal to g,,. Taking into account Eqgs (8), (9), and (18) one
can write

2 _ kT

dus
nH,0 aw

) (19)

€

where nyq is the number of water molecules in the re-
verse micelle. The estimate for the chemical potential dif-
ference in Eq. (17) has the form

apg - Sis Mo A KL (20)

W hax (relunits)

12
3 2 1
9 -
6 L
3k
1 2 3 W, (rel.units)

Fig. 7. The equilibrium molar ratio W, of large micelles in the
bimodal size distribution plotted vs. molar ratio W, for ¢ equal
to 10 (1), 15 (2), and 20 mJ m~2 (3).
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Substituting the chemical potential difference (20) into
Eq. (17), one gets the limiting surface tension above which
the particle growth is unrestricted:

kT
”38300

21

o=

Evaluation for AOT reverse micelles using expression
(21) at W=0, ¢,= 10%, and ng = 22 (see Ref. 23) gives a
value of 30 mJ m~2. This is consistent with the more rigor-
ous estimate (see above) obtained from the water vapor
pressure data. From the estimate (21) it follows that at
large W), (ng is also large), particle growth cannot be re-
stricted because otherwise, the surface tension of particles
should be too low. The relation to the polydispersity of
micelles is not accidental because the decrease in the Gibbs
free energy with an increase in the particle size should be
compensated by an increase in the Gibbs free energy due
to deviation of the micelle size distribution from the equi-
librium distribution. In turn, the polydispersity of reverse
micelles is related to the so-called rigidity of micelle shells
(x) as follows®

kT @)

€, =

48m<[1 - 3&] +65,
3 Rs

where R, is the average radius of the reverse micelle water
pool; Ry is the equilibrium radius of curvature of the mi-
celle shell; and S is a correction including translational
motion of micelles in solution. The micelle shell rigidity
characterizes the dependence of the Gibbs free energy on
the curvature of the shell. Taking into account Eq. (22),
the estimate (21) takes the form:

ngano =~ 48mK. (23)

According to expression (23), the ability of reverse mi-
celles to restrict the particle growth is also related to the
micelle shell rigidity; this is intuitively understandable.

In the present study, we considered the thermodynam-
ics of restriction of nanoparticle growth by the shells of
reverse micelles. Evaluation was performed for AOT be-
cause this surfactant is most widely used in the synthesis
of nanoparticles in reverse microemulsions. It was found
that at typical surface tension values (30 mJ m—2 and high-
er), the reverse micelle shells can not inhibit the particle
growth. At lower surface tension values, the particle growth
can be restricted at a fairly small molar ratio W},. In this
case, the final particles will be much larger than the initial
micelles. At molar ratios larger than 10, particle growth
becomes almost unrestricted. Note that when particle grow
by consuming individual molecules produced in a chemi-
cal reaction, a much higher energy is released compared
to particle growth at the expense of the surface energy.
Therefore, in the former case, particle growth will be all
the more unrestricted. Thus, traditional explanation for

the dependence of the size of synthesized nanoparticles on
the size of reverse micelles, namely, "the shells of reverse
micelles restrict the particle growth", is incorrect. Probably,
restriction of particle growth in reverse microemulsions is
first of all due to the adsorption of surfactants on their
surfaces.
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