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Probing the adsorption of nonionic micelles on different-sized nanoparticles by scattering techniques
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The interaction of nanoparticles with surfactants is extensively used in a wide range of applications from
enhancing colloidal stability to phase separation processes as well as in the synthesis of noble functional
materials. The interaction is highly specific depending on the charged nature of the surfactant. In the case of
nonionic surfactants, the micelles adsorb on the surface of nanoparticles. The adsorption of nonionic surfactant
C12E10 as a function of surfactant concentration for two different sizes of anionic silica nanoparticles (16 and
27 nm) has been examined using dynamic light scattering (DLS) and small-angle neutron scattering (SANS).
SANS measurements have been carried out under different contrast-matched conditions, where nanoparticles, as
well as surfactant micelles, have been contrast-matched to the solvent. The adsorption of micelles is determined
from the contrast-matched condition of silica nanoparticles with the solvent. SANS data under surfactant
contrast-matched condition suggest that there is no modification in the structure and/or interaction of the silica
nanoparticles in presence of nonionic micelles. The adsorption of micelles on nanoparticles is found to follow an
exponential behavior with respect to the surfactant concentration. These results are consistent with the variation
of hydrodynamic size of nanoparticle-surfactant system in DLS. The study on different-sized nanoparticles
shows that the lower curvature enhances the packing fraction whereas the loss of surface-to-volume ratio
suppresses the fraction of adsorbed micelles with the increase in the nanoparticle size. The adsorption coefficient
has higher value for the larger size of the nanoparticles. In the mixed system of two sizes of nanoparticles, no
preferential selectivity of micelle adsorption is observed.
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I. INTRODUCTION

The emerging applications of nanoparticle-macromolecule
complexes influence great scientific attention to the field of
nanoscience and nanotechnology. Various macromolecules
such as proteins, surfactants, and polymers when conju-
gated with nanoparticles exhibit the formation of unique
functional materials. The modeling of potent nanoparticle-
macromolecule conjugates finds numerous applications such
as the production of multifunctional materials, extended
spread time, the solubility of drugs, catalysis, enhancing the
performance of surface-active agents, in biomedicine and
therapeutics, to name a few [1-7].

One of the most important aspects of these hybrid soft
matter systems is the underlying interactions such as van
der Waals force, electrostatic interaction, hydrogen bonding,
etc., which are governed by various characteristic features
of individual nanoparticles as well as macromolecule [8—13].
The inclusion of macromolecules in nanoparticle solution,
therefore, results in significant changes in the phase behavior
and the resultant structure. One of the most prominent macro-
molecules is surfactant molecules which are amphiphilic
in nature, consisting of hydrophilic head groups and hy-
drophobic tails. Depending upon the charge possessed by
their head group, they are further categorized as nonionic,
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anionic, cationic, or zwitterionic. Upon dispersion in an aque-
ous medium, these surfactant molecules form self-assembled
structures, known as micelles, primarily due to the simultane-
ous presence of hydrophobic and hydrophilic entities inside a
single molecule [14—-16]. The surfactants arrange themselves
such that the hydrophobic part forms the inner core of the
micelles while the hydrophilic part faces solvent [17,18].
There are significant differences observed in the interactive
behavior between nanoparticle and surfactant depending on
the polarity of the surfactant [19,20]. In the case of similar
charged surfactant to the nanoparticles (e.g., anionic surfac-
tant and anionic nanoparticles), the surfactant micelles coexist
with nanoparticles without any physical interaction because
of the charge repulsion between them. On the other hand,
oppositely charged surfactant micelles strongly adsorb on the
nanoparticles and lead to their aggregation. The nonionic sur-
factant micelles have been found to show the phenomenon
of adsorption resulting in the micelle-decorated nanoparti-
cle surface. The formation of hydrogen bonds between the
ether head groups of the surfactant and the surface silanol
(Si-OH) groups of silica is behind the formation of this
core-shell structure [21-23]. The adsorption of nonionic sur-
factant micelles strongly depends on various parameters such
as temperature, concentration, and molecular structure of the
surfactant [24-27].

In this work, the evolution of adsorption of nonionic
surfactant micelles on charge-stabilized silica nanoparticles
as a function of surfactant concentration has been studied.
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Also, a strong emphasis has been given on understanding
the effect of different sized nanoparticles on the adsorption
behavior and their selectivity for mixed sizes of nanoparti-
cles. It has been achieved in a system of nonionic surfactant
decaethylene glycol monododecylether (C12E10) and anionic
silica nanoparticles (Ludox HS40 and TM40) in aqueous so-
lution. All the measurements were carried out for a fixed
concentration (1 wt%) of silica nanoparticles and varying
the concentration of surfactant in the range of 0-1 wt%.
The adsorption of CI12E10 micelles on the surface of silica
nanoparticles has been found to show exponential growth
behavior in the entire surfactant concentration regime, ir-
respective of the size of the nanoparticles. However, the
curvature of nanoparticles and available surface area for
the adsorbents decides the efficiency of adsorption which is
markedly different for the two sizes. In the mixed system
of these differently sized nanoparticles, it has been looked
into whether the micelles show any kind of preferential se-
lectivity for particular nanoparticle size in the adsorption.
Scattering techniques such as small-angle neutron scatter-
ing (SANS) and dynamic light scattering (DLS) have been
employed to investigate the nanoparticle-surfactant conjugate
systems. The structural details of the individual constituents
in the conjugates have been investigated by utilizing the
contrast-matching technique of SANS. The surface-modified
nanoparticles due to the presence of surfactant micelles have
significant implications in terms of colloidal stability and
interfacial behavior [5,28-30]. A scientific understanding of
adsorption resulting in the conjugated structures is necessary
to optimize the performance of nanoparticles-surfactant com-
posites at applied levels.

II. EXPERIMENT
A. Materials

Electrostatically stabilized 40 wt % colloidal suspensions
of silica nanoparticles (Ludox HS40 and TM40) and nonionic
surfactant C12E10 were purchased from Sigma-Aldrich. Dis-
tilled deionized water from Millipore MilliQ unit and 99.9%
pure D,O were used for the sample preparation. Samples were
prepared by dissolving a weighted amount of silica nanopar-
ticle(s) (1 wt %) and surfactant (0 to 1 wt %) in an appropriate
solvent. Distilled deionized water was used to make samples
in DLS whereas D,O and mixed D,O/H,O were used as
solvents for SANS and contrast-matching SANS, respectively.
In contrast-matched SANS experiments, the solvents H,O and
D,0 provide different contrasts for the constituents because
of very different neutron scattering lengths for H and D. The
calculated neutron scattering length densities of H,O, D,O,
C12E10, and silica nanoparticles are —0.56 x 10'°, 6.38 x
10'°,0.30 x 10'°, and 3.81 x 10'° cm™2, respectively.

B. Methods

Small-angle neutron scattering experiments were per-
formed at the Small and Wide Angle Neutron Scattering
Instrument (TAIKAN) at J-PARC, Japan [31]. It is a time-of-
flight small-angle neutron scattering instrument making use of
pulsed neutrons in a wide wavelength range. The wavelength
range used in the measurements was 0.8—7.6 A. The scattered

neutrons were detected by using three detector banks of small,
middle, and high angle to cover the data in the wide scattering
vector Q range (Q = 4mwsinf /A, where A is the wavelength of
the incident neutrons and 26 is the scattering angle). Freshly
prepared samples were held in quartz cells having thicknesses
of 1 and 2 mm, and the temperature was kept constant at
25 °C during the measurements. The data were corrected and
normalized at absolute scale using a standard procedure. The
nanoparticle-surfactant systems were studied with the three
contrast conditions: (i) no contrast-matching (in 100 vol %
D,0), (ii) surfactant micelles are contrast-matched (in 13
vol % D,0), and (iii) silica nanoparticles are contrast-matched
(in 62 vol % D,0). A multicomponent system can be simpli-
fied to study its constituents by selectively contrast-matching
that particular constituent with the solvent. The fact that the
scattering length densities of HO and D,O are very different
from each other and the contrast-matched point is obtained
by mixing them in a ratio where scattering length density of
H,0/D,0 mixed solvent matches with the particular compo-
nent to be contrast-matched. The contrast-matched point of
silica nanoparticles is around 62 vol % of D,O whereas in the
case of C12E10 micelles it is around 13 vol % D,O in the
D,0O/H,0O mixed solvent [21-23,32].

Dynamic light scattering measurements were carried out
using a SZ-100 particle size analyzer (Horiba, Japan) at a
back-scattering angle 173° and a fixed wavelength of 532 nm.

C. Small-angle neutron scattering analysis

In SANS measurement, the differential scattering cross
section per unit volume (dX¥/dS2) as a function of wave
vector transfer Q is measured. In the case of a system of
monodisperse spherical particles in a medium, it is expressed
as [33,34]

dx =nP(Q)S B 1
(%ﬁ@wm(@(®+, (M)

where n denotes the number density of particles. P(Q) is
the intraparticle structure factor and S(Q) is the interparticle
structure factor. B is a constant term representing incoherent
background scattering, which is mainly due to the hydrogen
present in the sample.

Intraparticle structure factor P(Q) is decided by the shape
and the size of the particle and is the square of form factor
amplitude F(Q) as determined by

P(Q) = V(p, — ps)*(IF(Q)*), 2)

where V is the volume of the particle, and p, and p, are the
scattering length densities of particle and solvent, respectively.
For a spherical particle of radius R, F(Q) is given by [35]

3)

F(Q) = 3[sin(QR) — OR cos(QR)i|
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In the case of core-shell structure having core radius R, and
thickness ¢, P(Q) can be written as [35]

3j1(OR,
P(Q) = [(pc — pan m{ 2Ok, lg(ic )}
371 (OR) T
+ (pshell - ps)Vm{% }i| ) (4)

where p., pshell, and pg are, respectively, the neutron scat-
tering length densities of the core, shell, and solvent. V, =
(4m /3)Rc? and V,, = (47 /3)R,,>(R,n = R. + ) are volumes
of core and core along with shell, respectively.

S(Q) describes the interaction between the particles present
in the system and it is the Fourier transform of the pair
correlation function for the mass centers of the particles. For
dilute systems, S(Q) ~ 1. In the case of an interacting isotropic
system, S(Q) can be written as

mQr 2

5@ = 1+4mn [ 15 - 0T
where g(r) is the radial distribution function. It is the proba-
bility of finding the particle at a distance r from a reference
particle centered at the origin. The g(r) is governed by the
form of the potential V(r).

In the case of interaction leading to the adsorption or dec-
oration of micelles on the nanoparticles, the scattering cross
section comprises four terms: two terms correspond to the
scattering from nanoparticles and micelles, the third term is
a cross term between the adsorbed micelles and the nanopar-
ticles, and the last term represents the cross term between
different adsorbed micelles on the nanoparticle surface [36].
The contributions from the nanoparticle and the interference
term between the nanoparticle and micelles cancel out when
the nanoparticles are contrast-matched to the solvent. The
scattering from the remaining two terms (micelles and the
micelle-micelle interference) can be simplified as

dx = n,P, S B 6
(d—Q)@—nm 2 (Q)Sun(Q) + B, ©)

where P, (Q) is the intraparticle structure factor of the mi-
celles [37,38]. S, (Q) is the interparticle structure factor and
is numerically calculated as

Sun(@) = 1+~ ZZ““é%f"_ . o=} g

i=1 j>i

where (r; — r;) is the distance between the centers of the two
micelles adsorbed on the same nanoparticle and N is the num-
ber of micelles adsorbed on the nanoparticle surface [38,39].

The data have been analyzed by comparing the scatter-
ing from different models to the experimental data. The
silica nanoparticles have been fitted with a model of poly-
dispersed spherical particles where radius and polydispersity
are the fitted parameters. The parameters for micelles of non-
ionic surfactant C12E10 have been calculated using a model
consisting of a spherical hydrophobic core surrounded by
a hydrophilic shell. Micelle-decorated nanoparticles under
nanoparticle contrast-matched condition have been mod-
eled as a combination of the scattering from micelles and
the interaction between different adsorbed micelles on the

nanoparticle surface. Scattering length densities of the scat-
terers (nanoparticles, micelles) and the solvent are kept fixed.
The dimensions of the nanoparticles and micelles as obtained
from the analysis of pure nanoparticles and micelles solutions
are also kept fixed while carrying out analysis of micelles
adsorption on nanoparticles. The number of adsorbed micelles
per nanoparticle is used as the only fitting parameter. All the
data are fitted using SASFIT analysis software and the data
analysis is carried out on an absolute scale [40]. The model
scattering is convoluted with the resolution function [31] to
compare with the experimental data. The fitted parameters in
the analysis were optimized using the nonlinear least-square
fitting program to the model scattering [35,41].

D. Dynamic light scattering

The dynamic light scattering measures the temporal fluc-
tuation in scattering light intensity at a specific angle using
a monochromatic light. The signal generated by diffusing
particles can be analyzed by the normalized intensity auto-
correlation function gz(r) [42,43],

I+ 1)
£ =07

where [ (¢) is the scattered light intensity at time 7 and [
(t + 1) the scattered intensity at time ¢ plus delay time 7.
The normalized intensity correlation function is related to
the normalized field autocorrelation function by the Siegert
relation,

®)

¢()=1+Blg (@), 9)

where 8 (0 < B < 1) is the spatial coherence factor and
depends on the instrument optics. In the case of a monodis-
perse system of particles, g' () decays exponentially and for
a polydisperse system it can be written as

gi(r) = /OOF(F)exp(—Ft)dF, (10)
0

where I'(= DQ?) is the decay constant for a given size, which
depends on the diffusion coefficient (D) of the particles and
the magnitude of wave vector transfer (Q). F(I') is the weight
factor in the decay constant distribution representing the par-
ticle distribution with different diffusion coefficients relative
to the mean value.

For a narrow monomodal distribution, the cumulant anal-
ysis yields the mean value of diffusion coefficient (Dy,) and
polydispersity index (PI) according to the following equation:

2
2(7) = exp |:—DmQ2r + %] (11)

where w, is the variance. The PI is calculated by the ratio
of variance (u;) to the square of mean of the decay con-
stant (I",,, = Dsz) [44]. The Stokes-Einstein relation then
correlates the hydrodynamic size (diameter) of particles to the
diffusion coefficient [45],

_ kgT
"~ 3nnD,,’

12)
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FIG. 1. Plots of DLS autocorrelation functions of 1 wt % HS40
silica nanoparticles in the absence and the presence of 1 wt%
C12E10 micelles.

where kg is Boltzmann’s constant, 7 is the viscosity of the
solvent, and T is the absolute temperature. The hydrodynamic
size could be very different from the actual size depending on
hydration and/or interaction between the particles.

III. RESULTS AND DISCUSSION

Figure 1 shows the DLS data of 1 wt% HS40 silica
nanoparticles as well as in the presence of 1 wt% C12E10
micelles. It is observed that the intensity autocorrelation
function becomes significantly broader with the addition of
1 wt % C12E10. The effective particle hydrodynamic size has
been found to increase from 19.5 nm (only nanoparticles)
to 25 nm for the HS40-C12E10 mixed system. The size of
the micelles (~5 nm), being quite small compared to that
of the nanoparticles (19.5 nm), and the enhancement in the
effective particle hydrodynamic size in the mixed system
negates the possibility of coexistence of nanoparticles and
micelles in the solution but clearly indicates an interaction
between them. This increase in the mean hydrodynamic size
can attribute to the possibility of adsorption of C12E10 mi-
celles onto the surface of nanoparticles to form a conjugate
structure. The measurement of free micelles from DLS along
with nanoparticles is difficult because the signal is dominated
by the silica nanoparticles having a much larger size and
larger contrast than micelles. The inverse Laplace transform
of weighted DLS data does not show the presence of free
micelles. It is known that the viscosity of a system has a
crucial role to play in determining the effective hydrodynamic
size in DLS [Eq. (12)]. Hence, it is important to cross-check
whether there is any significant change in the viscosity of
the nanoparticle system due to the addition of nonionic mi-
celles, which if not considered could affect the calculation of
the hydrodynamic size obtained for the HS40-C12E10 mixed
system. For the addition of 1 wt% C12E10 to 1 wt % HS40
solution, the change in the viscosity is very small (~1%),
and the correction for viscosity (without and with C12E10)
in the modified hydrodynamic size is negligible. Further, to

30

1 wt% HS40 + C wt% C12E10

25+

20+

Hydrodynamic Size (nm)

15 T g T T T T T T T J T
0.0 0.2 0.4 0.6 0.8 1.0

C12E10 Concentration (wt%)

FIG. 2. The variation of mean hydrodynamic size in 1 wt%
HS40 silica nanoparticles as a function of C12E10 surfactant con-
centration (0—1 wt %).

understand the adsorption behavior of C12E10 micelles on
the surface of silica nanoparticles, the measurements have
been carried out with the addition of varying concentration
of C12E10 into the silica nanoparticle system.

Figure 2 shows the variation of the mean hydrodynamic
size in 1 wt% of HS40 silica nanoparticles mixed with
varying concentration (0—-1 wt %) of C12E10 with an incre-
ment of 0.1 wt %. Initially, with the increase in the C12E10
concentration in the solution there is a rise in the mean
hydrodynamic size. This may indicate the growing number
of adsorbed micelles sitting on the surface of nanoparti-
cles in the initial concentration phase. Beyond a particular
C12E10 concentration (~0.4 wt %), the mean hydrodynamic
size shows saturation with a further increase in the surfac-
tant concentration. At this concentration, it may be assumed
that a sufficient number of C12E10 micelles have been ad-
sorbed on the surface of the nanoparticles. The saturation
contains important information about the effective coverage
of the available nanoparticle surface through adsorption and
formation of a core-shell-like structure. To study these mi-
crostructures directly, contrast-matched SANS experiments
have been performed where the multicomponent conjugates
are simplified to highlight each of the components separately.

Figures 3(b)-3(d) show the SANS data of the HS40-
C12E10 system under three different contrast conditions, in
D,0, 13 vol % D,0 (contrast-match point of C12E10) and
62 vol % D,O (contrast-match point of silica nanoparticles),
respectively. Data analysis of HS40 silica nanoparticles (in
D,0) using a polydispersed spherical particle model gives
the mean size of the spherical nanoparticles as 16 nm with
polydispersity of 0.15 [Fig. 3(a)]. The size difference in DLS
(18 nm) and SANS (16 nm) can be expected from hydration
and/or interaction between the particles. SANS is more re-
liable because the structure and interaction can be separated
and the actual size of the particles is determined. SANS data
of C12E10 in Fig. 3(a) micelles have been analyzed using a
core-shell model consisting of a spherical hydrophobic core
surrounded by hydrophilic shell [36]. The mean core size
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FIG. 3. SANS data of 1 wt% HS40 with 1 wt% C12E10 under different contrast conditions: (a) pure components in D,O, (b) no
component is contrast-matched (100 vol % D,0) (dissimilarity between the measured data and calculated addition of data is shown in the inset),
(c) surfactant micelles are contrast-matched (13 vol % D,0), and (d) silica nanoparticles are contrast-matched (62 vol % D,0).

(2R.) and the shell thickness (t) of the micelles are found
to be 4 and 1.2 nm, respectively. In Fig. 3(b), the SANS
data for the mixed system of HS40-C12E10 has the scattering
contributions from both the components (nanoparticles as well
as surfactant micelles) but the scattering is not simply additive
[inset of Fig. 3(b)], confirming the formation of a conjugated
structure. This supports the observations made in the DLS data
(Fig. 1). Now, to simplify the structure of this multicomponent
conjugated structure, contrast-matched SANS measurements
have been used. The measurements were done at 13 vol %
D,0 where the scattering from C12E10 micelles diminishes,
and as a result of that only HS40 nanoparticles are visible
to neutrons and contribute to the scattering cross section.
In this case, the data in Fig. 3(c) fit to the scattering from
individual dilute nanoparticles (parameters as obtained from
the nanoparticles in D,0), suggesting there is no significant
change in the structure and/or interaction of the nanoparticles
in the presence of micelles. On the other hand, information
about the changes in the micelle structure in the presence
of nanoparticles is established from the data measured in
62 vol % D,0O where nanoparticles are contrast-matched as
shown in Fig. 3(d). The nanoparticle contrast-matched data
of the mixed system shows a buildup in scattering in the
low-Q region and also, a hump on the mid-Q region (at
Q ~ 0.04 A=) which is not seen in the scattering profile of
the pure surfactant system. These SANS data are modeled on
the basis of the micelle-decorated bead model [20-23,46-52].

The model accounts for the structure of the adsorbed surface
micelles on spherical silica nanoparticles in the nanoparticles
contrast-matched scenario. The adsorbate-adsorbate structure
factor [Eq. (7)] is calculated numerically by considering the
random adsorption of the spherical micelles on nanoparticles.
In the simulations, a particle of radius R (equal to the mean
radius of the nanoparticle) is considered and the spherical
micelles are distributed over this particle, where the position
of the micelles is allocated randomly in a spherical polar
coordinate (r, 6, ¢) system, centered at the center of the
nanoparticle. The r coordinate is fixed equal to the center-to-
center distance (d..) between micelle and nanoparticle, and
0, ¢ are randomly chosen. The possibility of adsorption is
realized by setting the condition r = R + R,,, where R, is the
radius of the adsorbed micelle. The value R,, is taken as the
sum of core radius and shell thickness (R,, = R, + t) of the
micelles. The placement of the micelles on the nanoparticle
surface is carried out one after the other. The overlapping
of the micelles is realized by simultaneously calculating the
distance (d;,,) from the center of the new micelle (say n th
micelles) to the centers of all the micelles already adsorbed
[1 to (n—1)th micelle]. The same is then avoided by putting
the condition dj, > 2R, and immediately placing the next
micelle at some other random position [37,53]. The analysis of
the data confirms the formation of a core-shell structure where
the C12E10 micelles get adsorbed (shell) on the surface of
HS40 nanoparticles (core) coexisting with some free micelles.
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FIG. 4. SANS profiles of 1 wt% HS40 nanoparticles with
varying CI12E10 surfactant concentration (0.1 to 1 wt%) under
nanoparticles contrast-matched condition.

The increase in the mean hydrodynamic size for this mixed
system as evidenced in the DLS data is now relatable due to
the formation of these micellar-decorated nanostructures. The
analysis shows that the number of micelles adsorbed on each
nanoparticle is around 15 and about 44% of the total micelles
at 1 wt% CI2E10 get adsorbed. This adsorption has been
attributed to the formation of the hydrogen bonding between
the hydrophilic region of surfactant and surface silanol groups
(SiOH) of silica nanoparticles [23,48]. We have also looked
into the evolution of adsorption of C12E10 micelles on the
surface of silica nanoparticles through the addition of varying
concentration of C12E10 into the silica nanoparticle system.
The SANS data of 1 wt-% silica nanoparticles with varying
concentration of C12E10 when nanoparticles are contrast-
matched are shown in Fig. 4. The scattering in the low- and
mid-Q region shows significant buildup with an increase in
the surfactant concentration from 0.1 to 1 wt%. This en-
hancement in scattering in the low-Q region is definitely
attributed to more and more surfactant micelles introduced in
each step of an increase in concentration (when nanoparticles
are not contributing to the scattering). The enhancement in

(@) 20
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0.01 0.1 0.5
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the buildup in the mid-Q range arises because of an increase
in overall surfactant concentration. Analysis shows that the
number of adsorbed micelles per nanoparticle increases when
C12E10 concentration increases along with free micelles in
the solution. In the lower surfactant concentration regime,
at the lower-Q region, the scattering profile shows sharp
distinctiveness with the formation of the corona, while at
higher concentrations the profiles are almost parallel because
of the saturation of micelles in corona. It means that at higher
surfactant concentrations, the fraction of free micelles tends
to increase. Figure 5(a) shows the fitted structure factor of
adsorbed micelles with varying concentration of C12EI10.
The structure factor contribution solely arises from the ex-
cluded volume effect between the micelles. The functionality
of structure factor depends on both the sizes of nanoparticles
and micelles. For a given size of nanoparticles, the value of
structure factor of adsorbed micelles in the low-Q region and
structure factor peaks is enhanced without any change in the
peak position on increasing the number of adsorbed micelles.
The variation of adsorption of micelles on the nanoparticles
is shown in the adsorption curve in Fig. 5(b). There is satu-
ration of adsorbed micelles on nanoparticles around 0.5 wt %
and the maximum number of adsorbed micelles is 15. These
observations are corroborated by the DLS data (Fig. 2) where
a similar feature has been noticed for the mean hydrodynamic
size with increasing surfactant concentration.

In general, adsorption between adsorbents and adsorbates
may involve chemical forces (covalent or coordinate bond-
ing), hydrogen bonding force, electrostatic force, hydrophobic
association force, or molecular force. In the present case, it
is physisorption (molecular adsorption at the interface) by
hydrogen bonding between nanoparticles (adsorbent) and sur-
factant micelles (adsorbate) [21-23]. The micelle adsorption
as a function of surfactant concentration (C) is modeled by
N = Ng(1 — exp’kc), where Ng is the saturation value and &
is the adsorption coefficient [54,55]. In the initial stage of the
adsorption, when the surfactant concentration is well below
critical micelle concentration (CMC) (0.01 wt % for C12E10),
the surfactant monomers get adsorbed on the nanoparticle
surface by orienting themselves conversely, dangling their hy-
drocarbon chains towards the solution. In this situation (below
CMC), the surfactant is adsorbing on a surface where there are
very few molecules and the adsorbate-adsorbate interaction

(b) 2
1 wt% HS40 + C wt% C12E10
15 o & & e
o .
© s
(%)
g 101 //
° F e
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o /
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] .
o 51
<
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FIG. 5. (a) Structure factor of adsorbed micelles and (b) adsorption curve for C12E10 micelles interacting with HS40 silica nanoparticles.
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FIG. 6. Comparison of SANS profiles for (a) pure nanoparticles 1 wt % HS40 and 1 wt % TM40 in D,0 and (b) 1 wt % HS40 and 1 wt %
TM40 with 1 wt % C12E10 under nanoparticles contrast-matched condition. Panel (c) shows the comparison of structure factor of adsorbed

micelles on HS40 and TM40 nanoparticles.

is negligible as the molecules are far away from each other.
With the introduction of more and more number of surfactant
molecule (just above CMC), local monolayers (hemimicelles)
start forming and the slope of the adsorption curve [Fig. 5(b)]
starts rising. The monolayer adsorption produces a hydropho-
bic surface, which eventually forms local bilayers (micelles),
and the slope of the adsorption curve proceeds towards satura-
tion. With further increasing surfactant concentration (beyond
0.5 wt %), the excess micelles coexist as free with the ad-
sorbed micelles [27,56]. The average limit of the maximum
number of adsorbed micelles on each nanoparticle decides
the plateau of the adsorption curve. The hydrodynamic size
in Fig. 2 is fitted with the same value of k as obtained from
SANS data and using relation dj, = dpy + dps(1 — exp’kc),
where djg is the hydrodynamic size without surfactant and
dps 1is the saturation value of hydrodynamic size at higher
surfactant concentration.

There are several factors like molecular structure of sur-
factant, temperature, or electrolyte having an influence on the
adsorption and the adsorption curve. This is due to adsorbate-
adsorbate and adsorbate-solvent interactions, which cause
surfactant aggregation in bulk solution and leads to a change
in orientation and packing of surfactants at the surface. For
example, within a homologous series it is found that the
increasing length of the hydrocarbon chain of nonionic sur-
factant, increasing temperature and electrolytes, generally

increases the magnitude of adsorption at the plateau
[27,57,58]. The packing fraction of micelles on the nanopar-
ticle surface and the fraction of adsorbed micelles is expected
to strongly depend on the size of the nanoparticles in terms of
curvature and available surface area. We have therefore also
examined the adsorption behavior of micelles for different
sized nanoparticles.

Figure 6(a) shows the SANS data for comparison of 1 wt %
of silica nanoparticles HS40 with TM40. Both the nanoparti-
cles show a monotonically decreasing scattering cross section
as a function of Q as the scattering is primarily governed by
the intraparticle structure factor P(Q). It is known that the
scattering profile becomes narrower with an increasing parti-
cle size as its width depends inversely on the particle size. The
overall scattering intensity also increases with the increasing
particle size (proportional to the particle volume at a con-
stant volume fraction of particles). The higher scattering cross
section for TM40 compared to that for HS40 and the width
variation opposite to this trend indicates the order of increas-
ing particle size for TM40 as compared to HS40. The analysis
shows that the silica nanoparticles HS40 and TM40 have mean
particle sizes 16 and 27 nm, respectively with a polydispersity
of ~0.15. Now, coming to the conjugate system, Fig. 6(b)
shows the SANS data of 1 wt % HS40 and 1 wt % TM40 with
1 wt% CI12E10 when nanoparticles are contrast-matched to
the solvent (62 vol % of D,0O in H,O/D,0). The scattering
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TABLE I. Fitted parameters from the SANS data of 1 wt % C12E10 micelles with 1 wt % silica nanoparticles of two different sizes (HS40

and TM40).

Number Surface to  Maximum Adsorption Packing Fraction of
Nanoparticle Mean density Curvature Surface volume adsorbed  coefficient fraction  adsorbed
system size (nm) (cm™3) (nm™) area (nm?) ratio (nm~')  micelles (1/wt %) (%) micelles (%)
HS40 160 £05 2.14£02x 105 0.12540.004 804450 0.38 4 0.01 151 520+£020 2843 44 + 4
T™M40 270+0.8 44404 x 10" 0074 4+0.002 22904135 0224001 65+3 7354023 51+£5 35+£3

here, therefore, is only from that of the adsorbed micelles
and/or free micelles. Both the data match in the higher-Q
region where the scattering is contributed by both the ad-
sorbed and free micelles. On the other hand, the buildup in
the scattering data in the low-Q region is governed by the
distribution of adsorbed micelles. The comparison of structure
factor of adsorbed micelles on HS40 and TM40 nanoparti-
cles is shown in Fig. 6(c). The structure factor is enhanced
with a shift towards lower Q on increasing the size of the
nanoparticles. The fitted parameters of particle size-dependent
micelle adsorption on nanoparticles are given in Table I. It is
found that the number of adsorbed micelles per nanoparticle
and packing fraction increases significantly with the increase
in the size of the nanoparticle which is also pointed out by
the increase in the scattering intensity in the low-Q region
for TM40 nanoparticles. This indicates that the nanoparticle
curvature is definitely an important factor in determining the
resultant adsorption of micelles on nanoparticles. However,
the fraction of the adsorbed micelles decreases, which can
be expected as the surface available to micelle adsorption de-
creases with the increase in the nanoparticle size (decrease in
the surface-to-volume ratio). The micelles on nanoparticles do
not pack in the close packing pattern possibly because the mi-
celle adsorption is largely governed by micelle-nanoparticle
interaction and not by micelle-micelle interaction. The micelle
adsorbed on the nanoparticle surface (via hydrogen bond-
ing) at a particular location may influence or restrict the
position of the further adsorbed micelles. Such adsorption is

0.1 wt% C12E10
0.2 wt% C12E10
0.3 wt% C12E10
0.4 wt% C12E10
0.5 wt% C12E10
0.6 wt% C12E10
0.8 wt% C12E10
1.0 wt% C12E10

o4 D>oo

0.2 . . .

QA"

FIG. 7. SANS profiles for 1 wt % TM40 nanoparticle in presence
of varying C12E10 surfactant concentration (0.1-1 wt %) with the
condition of nanoparticles are contrast-matched.

completely random and thus does not lead to a close packing
arrangement.

The scattering profiles of 1 wt % TMA40 silica nanoparticles
with varying concentration of C12E10 when nanoparticles are
contrast-matched are shown in Fig. 7. Data show a rise in
the scattering at the low- and mid-Q region with an increase
in the surfactant concentration from 0.1 to 1 wt% as pre-
viously observed in the case of HS40. The enhancement in
scattering in the low-Q region is definitely attributed to more
and more surfactant micelles introduced in each step of an
increase in concentration, and their subsequent adsorption on
the nanoparticle surface. Unlike for HS40, the contribution of
structure factor of adsorbed micelles in the scattering profiles
for TM40 is distinct for all the C12E10 concentrations. In
the low-Q region, the saturation of buildup of scattering is
observed faster for TM40 than HS40. This can be attributed
to the overall reduced availability of surface for adsorption
due to the bigger size of TM40 silica nanoparticles. Evidence
to support this can be found from DLS results of TM40 with
varying concentration of C12E10 as shown in Fig. 8. The
mean hydrodynamic size is observed to increase from 31 to
38 nm throughout the C12E10 concentration range. It is also
observed that the variation in mean hydrodynamic size with
respect to C12E10 concentration is similar in form for both
TM40 and HS40 nanoparticles. The increase in hydrodynamic
size for TM40 tends to saturate faster as compared to HS40.

The adsorption curves from SANS analysis for differ-
ently sized silica nanoparticles expressed as the number of

40

35+

30 —m— 1 wt% TM40 + C wt% C12E10
—e— 1 wt% HS40 + C wt% C12E10

25

20

Hydrodynamic size (nm)

15 T ¥ T L T ' T ¥ T x T
0.0 0.2 0.4 0.6 0.8 1.0
C12E10 concentration (wt%)

FIG. 8. The variation of mean hydrodynamic size in 1 wt%
TM40 silica nanoparticles and comparison with 1 wt % HS40 silica
nanoparticles as a function of C12E10 surfactant concentration over
arange of (0-1 wt %).
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FIG. 9. Comparison of adsorption curves for CI12E10 mi-
celles interacting with differently sized HS40 and TM40 silica
nanoparticles.

adsorbed micelles per nanoparticle with varying concentration
of C12E10 are depicted in Fig. 9. Considering both these
isotherms under the condition where the size of nanoparti-
cles is distinctly different, one finds that the overall trend
of the isotherm is similar for different adsorbent sizes. In
both the curves, in the initial stages of the adsorption (the

(@)

0.8] 1 Wt% HS40/TM40 + 0.1 wt% C12E10
—~ o6
£ ® HS40/TM40
& B (HS40+TM40)2
c ]
g 0.4
N
T
0.2 :
0.01 0.1 5
QA"
(c) 10

1 wt% HS40/TM40 + 0.5 wt% C12E10

® HS40/TM40
B (HS40+TM40)/2

dx/do (cm™)

0.2 T .

0.01 0.1 5

QA"

surfactant concentration is well below CMC), the surfactant
is adsorbing on a surface where there are very few molecules
and the adsorbate-adsorbate interaction is insignificant. With
the introduction of more and more numbers of surfactant
molecules, the formation of local monolayers (hemimicelles)
and then local bilayers (micelles) begins. At higher surfactant
concentrations, the slope of the adsorption curve proceeds
towards saturation [27,59]. As it is understood that the average
limit of the maximum number of adsorbed micelles on each
nanoparticle decides the plateau of the adsorption curve, it is
clear that the adsorption capability (in terms of the number of
adsorbed micelles on each nanoparticle) is higher for TM40
than HS40. However, the fraction of the adsorbed micelles,
an equally significant aspect, shows the opposite trend. The
decrease in the fraction of adsorbed micelle with an increase
in the size of the nanoparticle is attributed to the overall reduc-
tion in the available surface (surface area of one nanoparticle
x number density of nanoparticles) for the micelle adsorp-
tion. For TM40, the larger particle will have a lower number
density (for a fixed concentration) and hence the effective
coverage of the nanoparticle surface will be attained with a
lesser fraction of available micelles. The rate of attainment
of a constant plateau region and the packing fraction of the
micelles on the nanoparticle are also related to the surface
curvature of the adsorbent. With the rise in the concentration

(b) 2
1 Wt% HS40/TM40 + 0.2 wt% C12E10
L]

— 1

g ® HS40/TM40

L m  (HS40+TM40)/2
G

3

W

T

0.2 :
0.01 0.1 5

10

—_—
=

1 wt% HS40/TM40 + 1 wt% C12E10

® HS40/TM40
m  (HS40+TM40)/2

dz/dQ (cm™)

0.2

0.01 0.1 5
QA"

FIG. 10. SANS profiles for 1 wt % mixed nanoparticles (HS40/TM40) in presence of varying C12E10 surfactant concentration (0.1, 0.2,
0.5, and 1 wt %) with the condition of nanoparticles are contrast-matched (in 62 vol % D,0). Averaged SANS data of pure nanoparticles
(1 wt %) with corresponding C21E10 surfactant concentrations are also shown for comparison.
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of micelles, the micelles supported on a high curvature ex-
perience different balances of A-A (amphiphile-amphiphile)
and A-S (amphiphile-surface) interaction than that on flat cur-
vature. The high surface curvature of the silica nanoparticles
(HS40) prevents an effective packing of the hydrophobic tails
of the molecules in a bilayer configuration. On the other hand,
micelles on a low curvature surface (TM40) can have favor-
able A-S interactions without significant changes in aggregate
structure, that is, without sacrificing the A-A interaction en-
ergy [27,38,51,60]. This evidently shows that the adsorption
parameters derived from two different-sized nanoparticles are
quite contrasting. Considering this, it creates a possibility that
the adsorption of nonionic micelles on silica nanoparticles can
be tuned through a bimodal size distribution of nanoparticles.
Though the phenomenon of adsorption of surfactant on a
single-sized nanoparticle surface has been inspected actively,
there have been no studies with mixed systems involving
differently sized nanoparticles. This aspect has been exam-
ined by the adsorption phenomenon for the mixed system of
differently sized nanoparticles (HS40/TM40) in the presence
of C12E10.

The SANS data of mixed 1 wt% HS40/TM40 silica
nanoparticle system (0.5 wt% HS40 + 0.5 wt%TM40)
interacting with varying concentration of CI2E10 when
nanoparticles are contrast-matched are shown in Fig. 10. If
each concentration is specifically looked into, the scatter-
ing from the mixed HS40/TM40 system is somewhat higher
than that from pure HS40 and lower than that from pure
TM40. To investigate this, SANS data of a mixed 1 wt%
HS40/TM40 (0.5 wt % HS40 + 0.5 wt % TM40) nanoparticle
system have been compared to the mathematically averaged
data of the individual scattering from their pure configurations
(1 wt% HS40 and 1 wt %TM40) interacting with nonionic
surfactant. Depending on the concentration of the surfactant
and its subsequent adsorption (in different self-assembled
conformations), the functionality is obviously different. How-
ever, the scattering profile of the mixed system of differently
sized nanoparticles matches that of the averaged pure
nanoparticles system in the presence of C12E10 for all the
concentrations. It seems that surfactant distribution on the
nanoparticle surface does not get affected in the presence
of a combination of differently sized nanoparticles. The
surfactant molecules self-assemble and similarly distribute
themselves as they do for an individual nanoparticle and there
is no size-dependent preferential adsorption in the case of
the simultaneous presence of differently sized nanoparticles.
The nonpreference of micelle adsorption for different-sized
nanoparticles at higher surfactant concentrations can be easily
understood when all the nanoparticles have been saturated.
There is enough concentration of surfactant for the micelles to

adsorb on all the nanoparticles. However, the nonpreference of
micelle adsorption for different-sized nanoparticles at lower
surfactant concentrations is quite interesting. This suggests
that micelles get randomly distributed with equal probability
irrespective of the size of the nanoparticles. These results
can be used to systematically tune the adsorption behavior of
micelles of nanoparticles by varying the concentration of one
size in the mixed different-sized nanoparticles.

IV. CONCLUSIONS

SANS and DLS have been used to study the adsorption
of nonionic surfactant C12E10 as a function of surfac-
tant concentration for two different sizes of anionic silica
nanoparticles. SANS measurements have been carried out
under different contrast-matched conditions to simplify the
analysis and probe the changes in both surfactant and
nanoparticles in the complexes. The SANS data with contrast-
matched nanoparticles reveal that the adsorption of nonionic
surfactants on a nanoparticle results in the formation of
micelle-adsorbed nanoparticles and the number of adsorbed
micelles increases with increasing surfactant concentration.
The adsorption follows an exponential behavior with increas-
ing surfactant concentration. The packing fraction of adsorbed
micelles strongly depends on nanoparticle curvature and
increases with the nanoparticle size. The adsorption coef-
ficient of the concentration dependent exponential behavior
also increases with the increase in the nanoparticle size. On
the other hand, the fraction of adsorbed micelles decreases
with the increase in nanoparticle size because of a decrease in
the surface-to-volume ratio. In the case of the number density
of the silica nanoparticles with different sizes being the same,
the fraction of the adsorbed micelles will be higher for the
largest particles as both the low curvature (higher packing
fraction) and high surface area (higher number of adsorbed
micelles) support higher adsorption. In the mixed systems of
different sizes of the nanoparticles, there is no preferential
selectivity observed for the adsorption of micelles on nanopar-
ticles, suggesting that the micelles are randomly distributed
with equal probability on the nanoparticles.
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