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The influence of particle size and a surface modifier on the self-assembly of the nonionic surfactant
Ci,E5 at silica nanoparticles was studied by adsorption measurements and small-angle neutron
scattering (SANS). Silica nanoparticles of diameter 13 to 43 nm were synthesized involving the basic
amino acid lysine. A strong decrease of the limiting adsorption of C;,Es with decreasing particle
diameter was found. To unveil the role of lysine as a surface modifier for the observed size dependence
of surfactant adsorption, the morphology of the surfactant aggregates assembled on pure siliceous
nanoparticles (Ludox-TMA, 27 nm) and their evolution with increasing lysine concentration at a fixed
surfactant-to-silica ratio was studied by SANS. In the absence of lysine, the surfactant forms surface
micelles at silica particles. As the concentration of lysine is increased, a gradual transition from the
surface micelles to detached wormlike micelles in the bulk solution is observed. The changes in
surfactant aggregate morphology cause pronounced changes of the system properties, as is
demonstrated by turbidity measurements as a function of temperature. These findings are discussed in
terms of particle surface curvature and surfactant binding strength, which present new insight into the
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delicate balance between the two properties.

1. Introduction

Surfactant adsorption onto colloidal particles is of eminent
importance to technological processes in which colloidal stability
or detergency plays a role.! Surfactant adsorption onto hydro-
philic surfaces can be regarded as a surface aggregation process,
reminiscent of micelle formation in solution.>® When the
anchoring of the surfactant heads to the surface is weak, as in the
case of nonionic surfactants at oxide surfaces, the morphology of
surface aggregates may depend both on the anchoring
strength'®!* and on the curvature of the adsorbing surface.’**®
For instance, for the surfactant penta(ethyleneglycol) mono-
dodecylether (C,Es) it was recently found that discrete surface
micelles are formed on silica nanoparticles,'*'¢ although flat
bilayer aggregates are preferred at planar silica surfaces.®” At
even weaker anchoring energies, surface micelles may be dis-
favoured against micelles in solution, implying that little or no
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adsorption occurs, as in the case of dodecyl maltoside (B-C,G>)
at silica nanoparticles.'

Here, we study the influence of particle size and surface
modification on the adsorption of the surfactant C,Es at silica
nanoparticles. The particles were synthesized by a modified
Stober method® yielding particles of narrow size distribution
down to the 10 to 50 nm size range which was of interest in this
study. In this method, the basic amino acid lysine is used instead
of ammonia as the catalyst for the hydrolysis of the silica
precursor. For the resulting Lys-Sil particles' it was found that
the adsorption isotherm of C,Es exhibits a pronounced depen-
dence on particle size. To assess the influence of lysine on the
surface energy and the adsorption of the surfactant at the silica
particles we also investigated the adsorption of lysine onto pure
siliceous silica nanoparticles (Ludox-TMA) and used small angle
neutron scattering (SANS) to elucidate changes in surfactant
self-assembly when adding increasing amounts of lysine to the
silica dispersion. Based on these results we discuss the effects of
surface curvature and anchoring strength of the surfactant heads
on the adsorption of C,Es at silica nanoparticles.

2. Results
2.1 Characterization of silica nanoparticles

Results of the characterization of three Lys-Sil materials by
small-angle X-ray scattering (SAXS), nitrogen adsorption and
TEM are shown in Fig. 1. The SAXS profiles of the three samples
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Fig. 1 Characterization of three Lys—Sil silica (1), (2) and (3): (a) experimental SAXS profiles and fits to the points according to form factor of spheres
dispersed in a medium. (b) BET-plot of N, adsorption isotherms (the inset is the measured complete isotherm for Lys-Sil-3 silica particles). (c¢) TEM
images of the three Lys-Sil nanoparticles, shown at the same magnification.

(Fig. 1a) can be represented by the form factor model of spherical
particles having a log-normal size distribution. Values of the
mean particle radius R and polydispersity s of the three Lys-Sil
materials are given in Table 1. The systematic deviations from
the experimental /(g) at low values of the scattering vector ¢ can
be attributed to repulsive long-range interactions between the
charged particles at pH 9. These interparticle features are of no
relevance for the mean particle size and size distribution.

The specific surface area of the silica sols was determined from
the nitrogen adsorption isotherms by the BET method in a range of
relative pressures p/py from 0.05 to 0.3 (Fig. 1b). The resulting
values aggt are given in Table 1 and compared with the geometric
surface area per unit mass, @geo = 3/Rpsio2, With R the mean particle
radius (from SAXS) and ps;o, the density of silica (2.2 g cm™3).

2.2 Surfactant adsorption onto Lys—Sil nanoparticles

Adsorption isotherms of the surfactant C,Es at the three Lys-Sil
sols at pH 7 and 20 °C are shown in Fig. 2. The graphs present

the surface concentration I" of the surfactant (amount adsorbed
per unit area) vs. solution concentration expressed in the units of
the critical micelle concentration (cmc = 7 x 107> M at 20 °C).
The isotherms exhibit a steep increase in adsorption starting at
an onset concentration below the cmc, and a plateau value that is
reached shortly above the cmc. The isotherms can be represented
by the S-type isotherm equation by Gu and Zhu,*

rr K(c/cme)"

=T (femey” @

where I',, represents the maximum surface concentration
(plateau value of the adsorption isotherm), K is the adsorption
constant and # is nominally the aggregation number of surface
micelles. Fits of eqn (1) to the adsorption data are shown by
the full curves in Fig. 2 and the parameters are summarized
in Table 2. Also given is the surface aggregation concentration
co, which can be calculated from the parameters K and n by
eqn (2):*°

Table 1 Parameters for synthesis and characterization of three Lys-Sil samples: stirring rate r of the reaction mixture at temperature 7, mean particle
radius R and size polydispersity s as derived from SAXS, and specific surface area aggr of the sols as determined from the nitrogen adsorption

measurements’

Synthesis SAXS N, adsorpt.
Silica T(°C) r (rpm) R (nm) K aggr (M? g7") ageT/dgeo
Lys-Sil-1 60 1300 0.13 293 1.40
Lys-Sil-2 60 800 11.0 0.11 154 1.24
Lys-Sil-3 70 300 21.5 0.10 95 1.50
Ludox-TMA — — 13.4 0.13 115 1.13

“ Polydispersity is expressed by the standard deviation from the mean particle size; ag., is the geometric surface area.
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Fig. 2 Adsorption isotherms (20 °C) of the surfactant C;,Es at Lys—Sil
silica particles of radius 6.5, 11 and 21.5 nm: experimental data and fits by
the Gu-Zhu equation. The dashed vertical line indicates the cmc of the
surfactant.

Table2 Adsorption of Ci,Es at Lys-Sil nanoparticles. Fit of adsorption
data of Fig. 2 by eqn (1): maximum surface concentration I'y,, adsorption
constant K, nominal aggregation number of surface micelles , and ratio
of surface aggregation concentration to critical micelle concentration?

Silica R (nm) I'y, (pnmol m—2) K n colcme
Lys-Sil-1 6.5 1.5 1.9 3.7 0.42
Lys-Sil-2 11 3.9 2.8 6.2 0.58
Lys-Sil-3 21.5 5.5 12 8.8 0.58

“ c¢me of C,Es5 in water is found to be 7 x 107> M.

n—1 (n+1)/n
¢p/cme = (n T 1) K 2)

As indicated in Fig. 2, the uncertainty in the experimental
values of I'y, is large for the smallest particles. The uncertainty in
co/cme is estimated to £20%.

The most interesting aspect of the adsorption isotherms in
Fig. 2 is the strong decrease of the limiting surface concentration
I'y, with decreasing size of the Lys—Sil particles. In preliminary
adsorption measurements for C,Es on pure siliceous Ludox-
TMA particles (R = 13.4 nm) we found a plateau value I', =
4.5 mmol m~2, which fits into the size dependence of I'y,, observed
with the Lys-Sil particles.

Yokoi et al?' investigated the formation and properties of
Lys-Sil nanoparticles using a combination of liquid-state '*C
NMR, solid-state *C CP/MAS NMR, thermogravimetry, and
differential thermal analysis. They concluded that a substantial
fraction of lysine used in the particle synthesis remains adsorbed
at the nanospheres. To find out in what way adsorbed lysine may
affect the adsorption of the surfactant we studied the adsorption
of lysine onto pure siliceous nanoparticles.

2.3 Lysine adsorption onto silica nanoparticles

The adsorption of lysine was studied on a Ludox-TMA silica sol,
as this material is free from any other organic base. The results
are shown in Fig. 3. Within error limits the adsorption data can
be represented by the Langmuir equation, I'* = I'sbe/(1 + be),
where I'™ is the surface concentration of lysine at equilibrium
concentration ¢. We find a limiting surface concentration I';, =
1.8 umol m~2 (corresponding to a surface density of 1.1 nm™2),
and adsorption constant » = 1.6 mM '. Our value of the limiting
surface density is consistent with the value of 0.5 nm~2 reported
by Yokoi et al? for the specific conditions of their particle
synthesis. From here on, the amount of lysine adsorbed at silica
nanoparticles will be expressed by the relative surface concen-
tration § = I''/T%, to avoid mix-up with the adsorption of the
surfactant.

2.4 SANS study of surfactant aggregate structures

SANS measurements were made to study surfactant aggregate
structures at silica nanoparticles in the absence and presence of
lysine. As in the preceding studies,*!> SANS measurements were
made with a H,O-D,O mixture that matches the scattering
length density of the silica. In this contrast-match scenario the
silica particles become invisible to the neutron beam. Hence in
the absence of surfactant only a constant scattering background
is observed, as shown in the inset in Fig. 4a. When a surfactant is
added, a scattering intensity profile /(g) appears which is char-
acteristic of the shape and size of the surfactant aggregates and
their arrangement in space. Fig. 4a shows the scattering profile
for Cj;Es in a 3.3 wt% Ludox-TMA silica dispersion at
a surfactant concentration corresponding to I' = 3.5 pumol m~2
(i.e., well below the limiting adsorption, I'y, = 4.5 pmol m~2).
Also shown in Fig. 4a is the scattering profile of the surfactant in
the absence of silica, measured at a similar concentration but in
pure D,0, to enhance the scattering contrast. The scattering
curve for C,Es in the absence of silica can be represented
quantitatively by the form factor model of wormlike micelles.
The resulting fit parameters are given in Table 3.
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Fig. 3 Adsorption isotherm of lysine on Ludox-TMA silica: experi-
mental data and fit by the Langmuir equation.
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Fig. 4 SANS intensity profiles I(g) for the surfactant Cj,Es in a 3.3 wt% Ludox-TMA dispersion (I' = 3.5 pmol m~2) at silica/water contrast match
conditions: (a) comparison of scattering profiles in the presence of silica particles (squares) and the corresponding amount of surfactant in the absence}
of silica particles (circles) (the inset shows the contrast match of silica in absence of surfactant); (b) fit of the scattering curve by the shell model (dotted
curve) and the micelle-decorated bead model (full curve), with R, = 2.2 and N = 105; (c) fit to the scattering curve accounting for the dual population of
the 25% surfactant as wormlike bulk micelles (red line) and rest adsorbed; the dashed curve in the graph is the form factor of the wormlike micelle.

Table 3 Analysis of SANS data for C,Es adsorbed onto Ludox-TMA particles by the micelle-decorated bead model and spherical shell model?

I' (umol m—2) Rpeaq (nm) Ry, (nm) Ap (x107* nm~?) Nmic L (nm) X
Surf-micelles 3.5 13.37 22 2.36 105 — 0.25
Shell 3.5 13.37 — 2.36 — 4.0 —

“ Ry, is the radius of surface micelles and L is the thickness of shell according to core shell model.

The scattering profile of the surfactant in contact with silica
particles was analysed in terms of two different models: (i)
a spherical shell model,'* assuming that the surfactant is forming
a layer of uniform thickness L, and (ii) the micelle-decorated
bead model,?* assuming a random distribution of N spherical
surface micelles of radius R, located at a distance R + R,, from
the center of the silica particle. The parameters used to fit the
data are given in Table 3. Fig. 4b shows that both models give
a fair representation of the experimental data in the low-g regime
including the local maximum near ¢ = 0.3 nm~'. For higher ¢ the
shell model predicts a steeper decrease of I(g) than the observed
scattering curve. This deviation indicates that the shell model
underestimates the overall surface area of the surfactant aggre-
gates. The micelle-decorated bead model gives a satisfactory fit of
the entire scattering curve. The higher-order oscillations in the
region of ¢ > 0.4 nm~! produced by this model are caused by
artifacts arising from the Fourier transformation of the pair-
correlation function of surface micelles to derive the inter-
micellar structure factor. This pair-correlation function was
generated by simulating random distributions of N spherical
micelles on the silica bead (see ESIT). We stress that we have not
attempted to determine the detailed shape of the surface micelles,
but the model of spherical surface micelles was adopted for the
sake of simplicity. However, we have tested if the fit can be
further improved by assuming that a part of the surfactant is not
adsorbed but exists in the form of free wormlike micelles.
Specifically, the total scattering intensity was represented by

I(q) = (1 - x)lsurt(q) + ijulk(q) (3)

where Ig.{(q) and Iyu(g) represent the scattering intensity
functions of the micelle-decorated bead model and the model of
free cylindrical micelles, respectively, and x is the fraction of
scattering intensity contributed by the free micelles. Fig. 4c
shows that eqn (3) with x = 0.25 gives indeed some improvement
of the fit. However, more systematic studies and consideration of
the finite experimental resolution of the SANS data (experi-
mental smearing) would be necessary to discriminate between the
small differences of the two models. The limitations of eqn (3) to
account for the co-existence of two populations of surfactant
micelles in the system are discussed below.

To establish the effect of lysine on the aggregate structure of
the surfactant in the silica dispersion, SANS measurements were
made for a set of samples of fixed concentration of C;,Es
(20 mM) in 3.3 wt% dispersions of Ludox-TMA and with
gradually increasing concentrations of lysine. From the known
adsorption isotherm of lysine on Ludox-TMA (Fig. 3) its
amount in the samples was adjusted such as to cover a wide range
of surface concentrations while keeping the concentration of free
lysine in the solution as low as possible (¢ < 3 mM). Scattering
profiles for lysine surface concentrations 6 from 0.004 to 0.76 are
presented in Fig. Sa. It can be seen that the peak in I(g) at ¢ =
0.3 nm~', which is a measure of the amount of surfactant forming
the adsorbed layer, decreases in height as the lysine concentra-
tion at the surface increases. A small peak is still detectable at
a lysine surface concentration § = 0.62, but the peak has vanished

1 The scattering curve for C,Es without silica was measured in pure D,O
to enhance the contrast.
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Fig. 5 (a) SANS experimental scattering curves for C;,Es in a 3.3 wt%
dispersion of Ludox-TMA with increasing lysine concentration corre-
sponding to relative surface concentrations ¢ from 0.004 to 0.76; (b)
simulation of data in (a) based on eqn (3) with weight factor x of bulk
micelles as given in the graph. In (a) and (b) curves for higher 6 or x are
shifted downward by factors of 3.

at § = 0.76. The scattering profile at this highest lysine concen-
tration resembles the profile obtained for the surfactant in the
absence of silica (¢f. Fig. 4a). This clearly indicates that at
6 > 0.75 all surfactant has been displaced from the surface of the
silica particles and is forming wormlike micelles in the aqueous
phase. This conclusion is justified as it was confirmed by SANS
measurements that lysine does not affect the scattering profile of
C1,E5 in the absence of the silica (not shown), and hence has no
significant influence on the morphology of the bulk micellar
aggregates at the lysine concentrations relevant in the present
context. Quantitative modelling of the scattering profiles in terms
of two co-existing populations of surfactant aggregates (surface
micelles and bulk aggregates) in the presence of lysine was not
practicable because too many of the relevant parameters were
unknown. Instead, we checked if the gradual change of the
scattering profile as a function of added lysine can be represented
by eqn (3), i.e., an incoherent superposition of contributions
from surface micelles and free cylindrical micelles as in the bulk
solution. Results for x = 0 (all surfactant forming spherical
surface micelles), x = 1 (all surfactant forming wormlike micelles
in solution) and intermediate states with x = 0.25, 0.5 and 0.75
are shown in Fig. 5b. The parameters used for simulating indi-
vidual form factors of a silica bead with adsorbed surface
micelles (Psyrrmic(q)) and free wormlike micelles in the bulk
(Pworm(q)) are given in Table 4. It can be seen that the simulated

curves reproduce the trends of the experimental scattering
profiles as a function of § (Fig. 5a).

Closer inspection of the SANS profiles in Fig. 5a reveals that
the main oscillation in /(g) shifts to lower values of ¢ as the
surface concentration 6 of lysine increases. In terms of the simple
core-shell model, this shift corresponds to an increase in the
mean layer thickness from 4 nm to roughly 6 nm. This suggests
that small surface concentrations of lysine are causing only
partial detachment of the oxyethylene head groups of the
surfactant, connected with a rehydration of these groups. Hence
the lysine-induced weakening of the binding of surfactant to the
surface may involve the formation of a water-rich layer between
the surfactant aggregates and the surface, which ultimately leads
to the complete detachment and reorganisation of the surfactant
aggregates. This finding is reminiscent of the effect of tempera-
ture on the layer of C,Es at silica particles as reported by
Cummins et al.,'* which was attributed to a temperature-induced
reorganization and partial desorption of the surfactant.

3. Discussion
3.1 Size dependence of the adsorption of C;,Es on Lys—Sil

The sigmoidal shape of the adsorption isotherms in Fig. 2 is
a well-known signature of aggregative adsorption of nonionic
surfactants at hydrophilic surfaces.**'"** On the other hand, the
strong decrease of the maximum surface concentration of the
surfactant with decreasing size of the Lys-Sil nanoparticles
represents a remarkable new result. To our knowledge such
a pronounced size effect on the adsorption has not been reported
previously. This may be due to the difficulty of preparing oxide
nanoparticles of well-defined size in this size range and deter-
mining the precise concentration of surfactant in the dispersion.
Here we will discuss this finding from a point of view of the
different structures of surfactant aggregates at the surface of the
nanoparticles and in solution.

The SANS measurements presented in Section 2.4 have
established that C|,Es is forming discrete surface aggregates at
the Ludox-TMA silica particles, in agreement with our earlier
findings with C1,E5 at Stober-type silica nanoparticles of similar
size (16 nm).* In that paper we conjectured that surface micelles
are preferred because the high surface curvature of small parti-
cles prevents an effective packing of surfactant molecules in
a bilayer film. For a particle of radius R with an adsorbed bilayer
film of thickness L the area at the midpoint plane of the bilayer
exceeds the surface area of the particle by a factor f = (1 +
L/I2R)*. For the present Lys-Sil particles and a bilayer thickness
of 4 nm we have /= 1.2 for the largest particles (R = 21.5 nm),
but /= 1.7 for the smallest particles (R = 6.5 nm). For large
particles this curvature-induced handicap may be met by
formation of an asymmetric bilayer, having a higher number of
molecules in the outer layer. For the smallest particles, on the
other hand, it appears that the curvature-induced handicap is too
high for any form of bilayer structure. Instead, self-assembly
apparently leads to discrete, more highly curved surface aggre-
gates, as indicated by the SANS study. As shown above for C|,E5
at Ludox-TMA particles, the data can be represented by spher-
ical surface micelles of about 4.4 nm in diameter. Assuming that
this also pertains to C|,E5 adsorbed at the Lys-Sil particle, we
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Table 4 Parameters used to simulate the form factors of spherical surface micelles and bulk wormlike micelles as further used in eqn (3)¢

Psurf mic(q) Pworm(q)
Rbead (nm) Sbead Nmic Rm (nm) Smic Rworrn (nm) Lc (nm) Lk (nm)
13.37 0.13 100 2.2 0.1 2.0 142 40.5

“ Rypead 18 the radius of the silica particle, speaq its polydispersity, and sy is the polydispersity of the surface micelles, whereas R0y, is the radius, L. and

Ly are the contour and Kuhn length of wormlike bulk micelles.

may estimate the number of surface micelles per particle from the
adsorption isotherms of the surfactant. The volume of adsorbed
surfactant per particle at the plateau of the adsorption isotherm
is given by V, = AI',Nav,, where A = 47t R? is the surface area of
a particle of radius R, N4 is the Avogadro constant, and v, is the
volume of a surfactant molecule (v, = 0.97 nm’® for C,Es
hydrated with 10 water molecules*). The number of surface
micelles per particle is then given by N = V, /vy, with v, = (47t/3)
R3,, where R,, is the radius of a surface micelle. The maximum
number of micelles that can be accommodated at the particle
surface can be estimated as Ny, = A'/a,, with A’ = 4(R + R,)?
and a,, the effective cross-sectional area of a surface micelle,
which we approximate by a,, = 4R%, assuming a square lattice.
Values of N and Ny, for surface micelles of radius R, = 2.2 nm
at the three Lys-Sil nanoparticles are given in Table 5. These
values indicate that the fraction of surface occupied by adsorbed
micelles is strongly increasing with the particle size. For the
smallest particles (R = 6.5 nm), this estimate yields N/Np.x =
0.2, i.e., only a relatively small fraction of the surface is occupied
with surface micelles. For the largest particles (R = 21.5 nm), on
the other hand, our estimate yields N/Ny,.. > 1, suggesting that at
particles of this size the surfactant is not forming spherical
surface micelles but aggregates which allow a higher packing
density at the surface. This finding is plausible in view of the fact
that C,Es is forming flat (patchy) bilayer structures at planar
surfaces.®’

A particle-size induced transition from surface micelles to
a surfactant bilayer can be rationalized by considering that
adsorption of a surfactant bilayer onto a curved surface involves
bending the bilayer and that the bending energy needed to wrap
the particle can be balanced by the adhesion energy of the
adsorbed layer. This is the essence of a phenomenological model
by Lipowsky and Ddbereiner,? which predicts a transition from
the naked particle to the particle wrapped by the bilayer to occur

at a critical particle radius R, = \/2«/|wpi|, where « is the
effective bending constant of the bilayer and wy,; is the adhesion

Table 5 Adsorption of Ci,E5 onto Lys-Sil silica nanoparticles of radius
R: measured maximum surface concentration I',, (Fig. 1), estimated
number of spherical surface micelles (R, = 2.2 nm) per silica particle, N,
and N/Ny..”

Silica R (nm) Iy (pmol m™2) N NINmax
Lys-Sil-1 6.5 1.5 10 0.21
Lys-Sil-2 11.0 3.9 77 0.68
Lys-Sil-3 21.5 5.5 417 1.14

“ Here Npax is the maximum number of surface micelles that can be
accommodated at a particle of given radius (see text).

energy per unit area. Small surface micelles may be adsorbed also
onto particles of radius R < R, but due to the less effective
packing their adhesion energy per unit area, wy,;., will be smaller
than for an extended bilayer. On the basis of this argument we
may expect a transition from a dense layer of micelles to
a uniform Dbilayer to occur at a particle radius
Ry = \/2k/|Wbi — Wmic|. For surfactant bilayers we expect
a bending constant k = 5kT and an attractive van der Waals
interaction per unit area of the silica surface wy; = k7. However,
[Wbi — Wmic] may be much smaller than wy;. Assuming |wy; —
Wmic] = 0.025kT leads to a transition at a radius R, = 20 nm,
which is roughly the particle radius suggested by the analysis of
the adsorption data (Table 5). Hence this model may explain the
transition from discrete surface micelles to a uniform bilayer, but
not the pronounced decrease of the number of surface micelles
per unit area observed for the smaller particles. This size
dependence of the surface concentration is considered in the
following section.

3.2 Effect of lysine on binding strength of surfactant

In order to gain some understanding of the low surface
concentration of the surfactant at the smallest silica particles we
need to look more closely at the anchoring of the surface
micelles. For surfactants of the poly(oxyethylene)alkyl ether
type, such as C|,Es, on hydrophilic silica it is believed that
hydrogen bonding of the silanol groups to the ether groups of the
surfactant, either directly** or mediated by water molecules,!
represents the dominant binding mechanism. To attain the
necessary number of such bonds, surface micelles must acquire
a sufficiently large contact area with the surface, which generally
will imply some distortion of micellar shape relative to that in
solution. For convex-shaped micelles the degree of distortion will
depend on the mean curvature of the solid surface, being weakest
at concave surfaces (as in nanopores)® and largest at spherical
nanoparticles. Since the strain energy caused by distortion of the
surface micelles is of opposite sign as the binding energy, surface
micelle formation will become less favourable the higher the
surface curvature of the particles. Accordingly, fewer surface
micelles will be formed per unit area as the particle size decreases.
Hence the concept of strained surface micelles may explain the
observed decrease in the number of surface micelles with
decreasing particle radius (Table 5).

The observed displacement of surfactant from the surface of
the silica particles induced by adsorption of lysine may be
rationalized on the basis of these arguments. Lysine is more
strongly adsorbed onto the silica surface than the surfactant by
hydrogen bonds between the weakly acidic silanol groups and the
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basic terminal amino group of lysine. Accordingly, adsorption of
lysine causes a decrease in the number density of free silanol
groups at the silica particles and thus a weaker binding of the
surface micelles. As can be seen in Fig. 5, the increase in the
surface concentration 6 of lysine (Fig. 5a) indeed correlates
directly with the fraction x of the displaced surfactant (Fig. 5b).

Finally, we discuss the possible influence of lysine on the size
dependence of the adsorption of Ci,Es at the Lys-Sil nano-
particles (Fig. 2). Since the three samples of Lys-Sil were
synthesized from the same reaction mixture, and particle size was
tuned solely by the stirring rate and a weak temperature increase
(see Table 1), we believe that the surface density of lysine and
silanol groups was independent of particle size. This is in line
with earlier published results on similar silica particles,>® where
the surface density of lysine on the Lys-Sil particles was esti-
mated to be 0.5 nm~2, and a value 3 nm~2 was adopted for the
surface density of silanol groups as reported previously by
Shenderovich et al?* From these values the fraction of silanol
groups blocked by lysine was estimated to be 15%. This then
implies that the surface density of free silanol groups at the Lys—
Sil particles will be lower than for pure Stober-type or Ludox-
type silica. On the assumption that the binding strength of
surface micelles of C|,Es is proportional to the surface density of
free silanol, we may expect that the number of surface micelles on
the Lys-Sil particles will be smaller than on Stober-type or
Ludox-type particles of equal size. Furthermore, we propose that
this effect should be more pronounced for small, highly curved
silica particles because in this case the straining energy would be
higher than on larger particles. This conjecture is supported by
the results of the earlier study of Cj;Es at Stober-type silica
nanoparticles of radius 8 nm," for which a significantly higher
limiting surface concentration was found than on the present
Lys-Sil particles of radius 11 nm. However, more systematic
work is needed to corroborate this combined influence of particle
size and density of binding sites.

3.3 Potential application relevance

The finding that a nonionic surfactant can be displaced readily
from the surface of nanoparticles by small amounts of a more
strongly adsorbed substance is of practical relevance for the
formulation of dispersions stabilized by such surfactants. In
addition, the displaced surfactant can cause significant changes
in the macroscopic behaviour of the system. Since non-ionic
surfactants like Ci,Es are forming wormlike micelles in a wide
temperature and concentration range their displacement from
the surface can affect the rheological behaviour of the system.?”
For these surfactants it is even possible that the displacement of
the surfactant drives the system from the one-phase region to the
two-phase region of the surfactant + water phase diagram. For
the present system this is demonstrated in Fig. 6. The phase
diagram of the C;Es + water exhibits a lower critical point
(cloud point) at about 31 °C and 1 wt% surfactant.®® Above this
temperature the system separates into a water-rich and a surfac-
tant-rich phase. Fig. 6a shows the turbidity vs. temperature of a 1
wt% Ludox-TMA dispersion containing 0.2 wt% C,Es, without
and with added lysine. In the absence of lysine almost all
surfactant is adsorbed at the particles (surface concentration I' =
4 umol m~2, i.e., close to the limiting adsorption). The turbidity

75 T T T T
—@— with lysine
—m— without lysine

()

2]
>
N

Turbidity (cm’/g)
N
(9]

Fig. 6 (a) Turbidity of 5.2 mM C,Es in a 1 wt% dispersion of Ludox-
TMA without lysine (squares) and with 3 mM lysine (circles); (b)
photograph of the two constantly stirred samples at a temperature well
above the cloud point 7, (dashed line in (a)).

of this sample is moderately low and independent of temperature
up to 50 °C. In the presence of lysine (3 mM), however, when the
surfactant is detached from the particles, the turbidity of the
stirred sample strongly increases at temperatures 7> T, as most
of the free surfactant is now forming droplets of the surfactant-
rich phase. The silica particles remain dispersed in the aqueous
phase. SAXS measurements on the samples without and with
lysine show no increased intensity in the Guinier regime at
different temperatures, confirming the absence of any aggrega-
tion of silica nanoparticles.” The scattering curves taken at
temperatures from 20 to 50 °C superimpose (see ESIT). Photo-
graphs of the samples without and with lysine at a temperature
above T, are shown in Fig. 6b. This is a striking example to show
the potential significance of such displacement effects for
the formulation of nanoparticle dispersions with nonionic
surfactants. Related phenomena were reported recently by
Mustafina et al.*

4. Experimental
4.1 Materials

C,Es (Sigma-Aldrich, =98%), 2,6-diaminohexanoic acid
(lysine) (Fluka, purity >98%), tetraethyl orthosilicate (TEOS)
(ABCR GmbH, purity >98%) and D,O (Euriso-top, 99.9%) were
used without further purification. Water was purified by a Mil-
liPore QPAK®(2) unit. Ludox-TMA (30 wt% suspension in
water) was supplied by Sigma-Aldrich and further purified by
dialysis and filtration through 0.22 pm filters.

4.2 Synthesis of silica nanoparticles

Lys—Sil silica sols of different particle sizes were prepared by the
hydrolysis of TEOS with water in the presence of the basic amino
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acid lysine, as reported by Davis et al.'® and Thomassen et al.®!
Particle size was tuned by using pre-optimized stirring rates and
temperature conditions of the reaction mixture (Table 1). The
resulting silica dispersions were dialyzed to remove unreacted
TEOS, lysine and reaction byproduct ethanol. Details of the
synthesis and product clean-up are given elsewhere.?® The silica
concentration of the resulting dispersions was determined
gravimetrically (ca. 3 wt%).

The silica sols were characterized by small-angle X-ray scat-
tering (SAXS), nitrogen adsorption, and transmission electron
microscopy (TEM). SAXS measurements were performed on
a SAXSess mc? instrument (Anton Paar, Austria) and the Saxs-
quant 3.50 software was used for data reduction and desmearing.
Nitrogen adsorption isotherms at 77 K were determined on
a Gemini III 2375 volumetric surface analyser (Micromeritics).
For this purpose the dialysed silica dispersions were dried at 350
K for two days, then outgassed at 393 K for 1 h under vacuum,
and finally reweighed to determine the precise mass of the
sample. TEM images were taken by a FEI Technai G* 20 S-Twin
electron microscope operating at 200 kV.

4.3 Adsorption measurements

Adsorption isotherms of C,E5 on the silica sols were determined
with dilute dispersions (0.1 wt%) by equilibration with appro-
priate amounts of the surfactant (24 h). After removal of the
silica by centrifugation (4 h at 9500g) the concentration of non-
adsorbed surfactant in the supernatant was determined by
surface tension measurements. Surfactant concentrations above
the cmc were determined by dilution with known amounts of
water until the surface tension ¢ attained a value somewhat
higher than o.,.. Systematic errors in the determination of the
adsorbed amount in the plateau region of the adsorption
isotherm can arise if not all the silica was removed by the
centrifugation. In this case the surfactant can be desorbed from
the particles in the dilution step, thus purporting a lower
adsorption. Such an error will be largest for the smallest silica
particles due to their slowest sedimentation in the centrifugation
step. Systematic errors in the surface concentration I' of adsor-
bed surfactant can also arise from errors in the silica concen-
tration of the dispersion (up to £5%) and the specific surface area
of the silica (+£2%).

The extent of lysine binding at the silica surface was deter-
mined by adsorption measurements on Ludox-TMA. Lysine
solutions of appropriate concentrations in water were prepared
and a fixed volume of the silica dispersion was added. After
equilibration (24 h) the silica sol was separated from the super-
natant by centrifugation (2 h at 21 000g) and the residual
concentration of lysine was determined by reaction with ninhy-
drin to Ruhman’s purple which was detected by its absorbance at
570 nm.

4.4 SANS measurements

Dispersions of Ludox-TMA (3.3 wt%) were prepared in a H,O—
D,0 mixture with 61.7 wt% D,O, which has the same scattering
length density (SLD) as silica (SLD = 3.54 x 10~* nm?). A
constant amount of Ci;Es but increasing quantities of lysine
were added to these silica dispersions. SANS measurements were

carried out using the SANS-II instrument at the Paul Scherrer
Institute, Villigen (CH). Three different sample-to-detector
distances were used to cover values of the scattering vector ¢
from 0.05 to 2.8 nm~'. The 2D scattering data were reduced to
1D profiles using the BerSANS software package. SciLab was
used for building up codes of different models for further anal-
ysis of the scattering curves.

5. Conclusions

This study has shown that the self-assembly of surfactants in
a dispersion of nanoparticles can be tuned by an additive which
modifies the surface energy by adsorption onto the particles.
Lysine acts as an effective surface modifier in the present system.
Small concentrations of lysine cause a complete displacement of
the surfactant C,Es from silica particles. SANS measurements
reveal that the displacement process represents a morphological
transition from discrete surface micelles attached to the particles
to elongated (wormlike) micelles in the aqueous bulk phase. The
detachment seems to proceed via an intermediate state in which
a hydrated layer of adsorbed lysine intercalates between the
surfactant aggregates and the surface. Further SANS studies are
needed to elucidate this process.

For Lys-Sil particles we find a pronounced decrease of the
maximum surface concentration of the surfactant with
decreasing particle size. Our study suggests that this size effect is
caused by the adsorbed layer of lysine, which reduces the binding
strength of the surfactant head groups, in combination with the
increasing curvature of the solid surface. For the smallest parti-
cles (diameter 13 nm) only a fraction of their surface is decorated
with surface micelles. We speculate that this may be a conse-
quence of a stronger distortion of surface micelles that is needed
for attaining a sufficiently large contact area with the surface of
small particles when some of the sites are blocked by lysine. The
much higher limiting adsorption of the surfactant at the largest
particles (43 nm) indicates that in this case the surfactant is not
forming discrete surface micelles but less highly curved aggre-
gates which allow a higher packing density at the surface. We
present a simple model to account for such a transition in surface
aggregate structure. Hence, this study can contribute to a better
understanding of the factors controlling the self-assembly of
surfactants at nanoparticles. This will be useful in the formula-
tion of nanoparticle dispersions and their application in particle
nanotechnology.
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