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Abstract

Hypothesis. Poly(methyl methacrylate) (PMMA) latexes in nonpolar solvents are an excellent model system
to understand phenomena in low dielectric media, and understanding their internal structure is critical to
characterizing their performance in both fundamental studies of colloidal interactions and in potential indus-
trial applications. Both the PMMA cores and the poly(12-hydroxystearic acid) (PHSA) shells of the latexes
are known to be penetrable by solvent and small molecules, but the relevance of this for the properties of

these particles is unknown.

Ezxperiments. These particles can be prepared in a broad range of sizes, and two PMMA latexes dis-
persed in n-dodecane (76 and 685 nm in diameter) were studied using techniques appropriate to their size.
Small-angle scattering (using both neutrons and X-rays) was used to study the small latexes, and analytical
centrifugation was used to study the large latexes. These studies enabled the calculation of the core densities
and the amount of solvent in the stabilizer shells for both latexes. Both have consequences on interpreting

measurements using these latexes.

Findings. The PHSA shells are highly solvated (~ 85 % solvent by volume), as expected for effective
steric stabilizers. However, the PHSA chains do contribute to the intensity of neutron scattering measure-
ments on concentrated dispersions and cannot be ignored. The PMMA cores have a slightly lower density
than PMMA homopolymer, which shows that only a small free volume is required to allow small molecules
to penetrate into the cores. Interestingly, the observations are essentially the same, regardless of the size of
the particle; these are general features of these polymer latexes. Despite the latexes being used as a model
physical system, the internal chemical structure is complex and must be fully considered when characterizing
them.

Keywords: Nonpolar solvents; Latexes; Small-angle scattering; Analytical centrifugation
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1. Introduction

Dispersions of colloids in nonpolar solvents are prevalent in soft matter nanoscience [1-12]. The signifi-
cance of such dispersions can be appreciated by considering the many various industrial sectors that make
use of them, which include petrochemicals [13], lubricants [7, 14, 15], reprography [4, 5], inkjet printing
[5], magnetic recording media [4], rheological fluids [16, 17], and electronic displays [18-21]. Poly(methyl
methacrylate) (PMMA) latexes, originally developed through an industrial-academic collaboration between
the University of Bristol and ICI [22, 23], have proved an essential tool for colloid scientists to develop new
technologies and study fundamental interactions in nonpolar media. These PMMA latexes are typically
sterically-stabilized with poly(12-hydroxystearic acid) (PHSA) brushes, although there is active research
into developing other effective steric stabilizers [8, 24-28]. They are generally dispersed in either n-alkanes
or in mixed solvents to achieve density or refractive index matching (typically decalin and either brominated
cycloalkanes or carbon disulfide) [29-34]. The latexes are a particularly useful model system because it is
possible to reproducibly synthesize particles of a desired size with a narrow size distribution [23, 35-39].
This has enabled many enlightening studies into phenomena such as hard-sphere colloidal crystallization
[29-33, 40, 41], ionic crystallization [34, 42, 43], depletion-induced gelation and glass formation [44, 45], and
the interaction of charges in low dielectric media [10, 46-50].

Despite these PMMA latexes being an excellent physical model system, it is underappreciated that their
chemical composition is far from simple [38]. By failing to account for their internal structure, important
interactions of components, present even at small concentrations, at the surface or interior of the latexes
may be overlooked. The PHSA stabilizer that is used to stabilize latexes during synthesis is a brush poly-
mer consisting of typically pentamer or hexamer HSA polyesters with a backbone of MMA and glycidyl
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methacrylate (GMA) to enable chemical grafting to the surface of the latexes. The cores consist of pre-
dominantly PMMA but also include a thiol chain transfer agent and methacrylic acid monomer (MAA),
which reacts with the GMA. Grafting is promoted by adding, typically, diethanolamine [51] to catalyze the
GMA-MAA esterification reaction. The effect of the chemical constituents can be seen by considering either
the shell or core of the latexes. For example, differences in the precursor materials can have an effect on
their properties: varying the purity of the HSA monomer or the specific details of the synthesis can change
the degree of polymerization of the PHSA brushes [38, 52] and using different amine catalysts can change
the polarity of charged latexes [53]. Additionally, the solvent can influence the properties of the latexes.
This study focusses on particles dispersed only in an n-alkane. The use of cosolvents to achieve refractive
index or density matching are known to interact with the particles, though either swelling the latexes or
inducing charge [54, 55]. The use of cosolvents that are good solvents for PMMA is also known to swell
particles [56, 57]. While this study focusses only on n-dodecane, the approach used here could be extended
to other solvents to characterize latexes used for different purposes.

Depending on the physical model being investigated or the potential application being targeted, particles
of very different sizes may be desirable. By varying the relative concentrations of the PHSA stabilizer and the
core-forming PMMA, particles can be synthesized with a range of sizes: from less than 60 nm [51] to greater
than 2.5 pm [23]. This spans lengthscales that are relevant for many studies, including small-angle scattering
of small particles [51, 58] or confocal microscopy studies on large particles [31-33], for example. Clearly, the
fraction of stabilizer and core varies significantly between these limits. It is not possible to predict the effect
that changing the relative fractions of stabilizer and core polymers would have on the internal structure of
the latexes. In order to study this, two latexes (with solvodynamic diameters of 76 nm and 685 nm) have
been prepared to examine the internal structure of latexes of different sizes. Thus, it should be possible
to determine whether or not the internal structure is size-dependent. Two methods appropriate to the size
of the latexes were used to study the composition of the latexes in n-dodecane: small-angle scattering and
analytical centrifugation. Small-angle scattering has been extensively used before to study these latexes,
but this is a rare example of the use of analytical centrifugation. By using these complementary techniques,
the properties of the latexes are found to be independent of the particle size.

Studies on these PMMA latexes in the literature have typically used different batches of precursor
chemicals. In this study, by using the same batches of stabilizer and monomers, particles have designed to,
as much as possible, differ only in their diameter, enabling any differences to be ascribed to the size of the
particles. The properties of interest are the volume fraction of solvent in the steric stabilizer shells (relating
to solvation due to the extension of the brushes into the solvent) and the density of the polymer cores
(relating to the similarity between the latex cores and PMMA homopolymer). The precise characterization
enabled by modern scattering and centrifugation equipment means that detail about these model colloids
has been revealed with high resolution. Quantifying the properties of latexes of different sizes will enable
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aspects of their chemical complexity to be better understood. These results do not simply present significant
understanding of the internal structure of PMMA latexes in nonpolar solvents, but they should also inform
future experiments making use of these model colloids. Given the many uses of colloids in nonpolar solvents
in applied and fundamental research, the use of different nonpolar solvents to obtain desirable properties,
and the desire to generate new stabilizers for hydrocarbon solvents, these results should aid the development

of research into dispersions in low dielectric media.

2. Experimental
2.1. Latex synthesis

Two dispersions of PMMA latexes (GS1 and SF1) were prepared by nonaqueous dispersion polymer-
ization using the method described by Antl et al. [23]. The formulations used to prepare these particles is
shown in Table 1.

Table 1: Formulations for GS1 and SF1 PMMA latexes (masses in g)

Latex MMA MAA  Stabilizer®* AIBN n-Hexane n-Dodecane 1-Octanethiol

GS1 6.312  0.155  4.690 0.080  7.699 0.435 0.028
SF1  10.0158 0.1943 1.8565 0.1015 7.0511 4.1374 0.0589

@ Mass given is for 27 wt. % solution of PMMA-graft-PHSA in n-dodecane.

The monomer mixture (predominantly methyl methacrylate (MMA) with a small amount of methacryl-
ic acid (MAA)), PMMA-graft-PHSA brush copolymer stabilizer, azobisisobutyronitrile (AIBN) initiator,
l-octanethiol chain transfer agent, and the solvent mixture (n-hexane and n-dodecane) were weighed into
a three-neck round bottom flask. A condenser and septum were attached to the round bottom flask, and
a magnetic stirrer bar was used to stir the reaction. The reaction mixture was purged with nitrogen gas
before being placed in a oil bath preheated to 80°C. The reaction was monitored to ensure that nucleation
occurred (when it turned opalescent) and was conducted for 2 h, in accordance with literature [23, 35, 36].
Diethanolamine in n-dodecane (mass equal to n-hexane) was then added to fix the stabilizer to the particle
surface. The temperature was increased to 120°C, and the surface locking reaction was run for 18 h. The
crude dispersion was filtered through glass wool to remove any aggregates.

The particles were purified by centrifugation. The GS1 dispersion was centrifuged at 10,000 rpm for 3
h, and the SF1 dispersion was centrifuged at 6,000 rpm for 1 h. Each time, the supernatant liquid was
removed. Fresh n-dodecane was added, and the particles were redispersed. This was repeated five times.
2.2. Methods
2.2.1. Dynamic light scattering) DLS

Dynamic light scattering measurements were performed using a Malvern Zetasizer Nano S90 on dilute

dispersions in n-dodecane. Data were processed in the Malvern Zetasizer Software. Z-average diameters and
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polydispersity indexes (PdlIs) were determined using cumulants analysis along with intensity-weighted distri-
butions, which were calculated and then converted to volume-weighted and number-weighted distributions

using Mie theory.

2.2.2. Small-angle X-ray scattering (SAXS)

X-ray scattering measurements were performed using the instrument 122 at Diamond Light Source.
Samples were measured in 1 mm capillaries, and data were recorded on a PILATUS 2M detector. The
sample-detector distance was 9.4 m, and two X-ray wavelengths were used (A = 1.77 A, E = 7 keV,
Q=0.001-0.11 A~ and A= 0.73 A, E = 17 keV, Q = 0.003-0.27 A—'). Raw scattering data were radially
integrated using YAX 2.0, a macro script for ImagelJ [59, 60], normalized for measurement time, and the
empty cell and solvent background subtracted to give scattering cross-sections. Data were fit to models

as described in the text using the SasView small-angle scattering software package [61] and weighted by
WVI(Q)]-

2.2.3. Small-angle neutron scattering (SANS)

Neutron scattering measurements were performed at the ISIS Pulsed Neutron Source. On Sans2d, a
simultaneous Q-range of 0.003-0.43 A~! was achieved using an instrument set up with the source-sample
and sample-detector distances of L;=Ly=8 m and the 1 m? detector offset vertically 60 mm and sideways
—290 mm [62]. On LOQ, data were recorded on a single two-dimensional detector to provide a simultaneous
Q-range of 0.008-0.24 A~! using neutrons with 2 < A\ < 10 A [63]. The beam diameter was 8 mm.
Raw scattering data sets were corrected for the detector efficiency, sample transmission, and background
scattering and radially averaged using the instrument-specific software, Mantid. These data were placed on
an absolute scale (cm~!) using the scattering from a standard sample (a solid blend of hydrogenous and
perdeuterated polystyrene) [64]. Data have been fit to models as described in the text using the SasView

small-angle scattering software package [61].

2.2.4. Analytical centrifugation

Analytical centrifugation was performed using a LUMiSizer analytical photocentrifuge (LUM GmbH,
Berlin, Germany). The temperature was 25°C, and measurements were performed on latex dispersions at
a concentration of 1 wt. % in n-dodecane and at a volume fraction equivalent concentration in n-dodecane-
dog (0.79 wt. %). For the dispersion in n-dodecane-dsg, a concentrated dispersion was transferred into the
isotopically-labeled solvent by centrifugation and redispersal in fresh solvent (centrifugation at 6,000 rpm for
1 h, repeated three times) and then diluted using n-dodecane-dyg. The latexes were centrifuged at 1,000 rpm
in 2 mm path-length polyamide cells. The sedimentation process was monitored as a function of time across
the entire cell using STEP Technology (space- and time-resolved extinction profiles), enabling determination

of the sedimentation velocities or the particle size distributions.



3. Results
3.1. Latex size

The mean size and the distribution of the latexes were determined first to enable realistic parameters to
be inputted into subsequent analysis. Dynamic light scattering was used to characterize the latexes initially.
This technique measures the intensity-weighted solvodynamic diameter of the latexes; therefore, the size of
the core as well as the thickness of the shell contributes to the size determined.

Size distributions of the two latexes are shown in Figure 1. The Z-average diameters (dz) determined
from cumulants analysis are 76 nm (PdI = 0.10) for the GS1 latexes and 685 nm (PdI = 0.17) for the SF1
latexes. The size distributions shown in Figure 1 can be used to determine the intensity-weighted diameters
(d;) from the location of the peak. They were found to be similar to the Z-average diameters. The values of
d; are 84 nm for the GS1 latexes with a polydispersity (o, standard deviation divided by mean) of o = 0.31
and 683 nm for the SF1 latexes with ¢ = 0.19.

dz=76 nm
— dz=685 nm

10 100 1000
Diameter / nm

Figure 1: Diameters of the PMMA latexes used in this study measured using DLS. The Z-average diameters are given in the
legend. The peaks of the intensity-weighted size distributions giving diameters that correspond to the Z-average diameters.

In addition to DLS, which is sensitive to the whole diameter of the latex, techniques that are sensitive to
the cores and appropriate to the size of the two latexes were used. Small-angle X-ray scattering (SAXS) was
used to study the 76 nm diameter latexes (the stabilizer shells have no X-ray contrast with the solvent), and
scanning electron microscopy (SEM) was used to study the 685 nm diameter latexes (the stabilizer shells

collapse under vacuum).



Core size distributions of the two latexes are shown in Figure 2. The SAXS curve of the smaller 76 nm
diameter latexes was fit to a spherical form factor [65, 66] with a log-normal size distribution [51, 58]. The
PHSA stabilizer has the same electron density as the n-dodecane solvent and, therefore, no X-ray contrast.
Because of this, SAXS data on the latexes can be fit assuming a simple sphere form factor. The diameter of
the cores was found to be 57 nm with a distribution width of ¢ = 0.09, and the resulting size distribution is
plotted in Figure 2. (The raw SAXS curve is shown in the Electronic Supplementary Material.) The SEM
histogram (418 particles) of the larger 685 nm latexes was processed with 10 nm bins, and the curve fit
to a log-normal distribution. The diameter of the cores was found to be 660. nm with a size distribution
width of o = 0.05. (A typical SEM image is shown in the Electronic Supplementary Material.) These core
sizes are consistent with the Z-average solvodynamic radii of the particles measured using DLS. The DLS
radii are greater than those determined by SAXS or SEM because the solvodynamic radius includes the
size of the stabilizer shells. Additionally, the weighting of the diameters determined by the techniques are
different: DLS reports intensity-weighted diameters whereas SAXS reports volume-weighted diameters and
SEM reports number-weighted diameters. Therefore, the peaks in these differently weighted distributions
also need to be compared. The raw DLS intensity-weighted distributions were converted to the appropriate
weighting and are shown in Figure 2. The distributions from the different techniques compare well. The
difference in the radii of the 76 nm latexes measured using SAXS and DLS can be accounted for by the
thickness of the stabilizer layer, which will be discussed later. The fact that the DLS d,, is smaller than the
SEM d,, is contrary to this assertion. However, due to processing required to determine the number-weighted

DLS distribution and how broad it is, this difference can be accounted for by experimental uncertainty.

3.2. 76 nm diameter latexes

Small-angle scattering (SAS) has been used in the literature to study small latexes (typically < 100 nm).
Small-angle neutron scattering (SANS) has been used to study the composition and interaction of latexes
by the Ottewill group at the University of Bristol [51, 58, 67-70] and others [71, 72] as well as to study the
distribution of surfactants in charged latexes [73-76]. Small-angle X-ray scattering (SAXS) has also been
used to study the interaction of such PMMA latexes [77, 78]. Recently, spin-echo SANS (SESANS) has also
been used to study the composition and interactions of latexes [79]. Modern SAS instrumentation enables
more detailed analysis of nanoparticles over a broader Q)-range, and consequently size range, with increased
intensity resolution than was possible in the past.

The internal structure of the small 76 nm (GS1) latexes was studied using both SANS and SAXS. SAXS
characterization of a dilute dispersion of 76 nm latexes was discussed in Section 3.1. Contrast variation-SANS
(CV-SANS) was further used to characterize the latexes by determining the scattering length density (SLD,
pn)- CV-SANS is an approach where the SLD of the solvent is varied to modify the intensity of scattering

arising from certain species. The scattering intensity per unit volume (I(Q)) is defined as the product of the



dz=76 nm
— dz=685 nm

DLS dy=65 nm DLS d,=648 nm

SAXS dy=57 nm (0=0.09)

SEM dn=660. nm (0=0.05)
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Figure 2: Diameters of the cores of PMMA latexes compared to DLS diameters. The core diameters are measured using
techniques sensitive only to the polymer cores and appropriate to the particle sizes: small-angle X-ray scattering (SAXS) for
the 76 nm latexes and scanning electron microscopy (SEM) for the 685 nm latexes. The dimensions determined are shown
in the labels. The appropriately weighted DLS distributions are shown depending on the technique used to size the cores:
volume-weighted for SAXS and number-weighted for SEM.



volume fraction (¢), the volume of the particles (V},), the difference in SLD between solvent and scattering
particles (Apy), the form factor (P(Q)), and the structure factor (S(Q)). P(Q) is determined from the
particle morphology, and S(Q) is determined from the particle interactions, which are only significant for

concentrated dispersions [80].

1(Q) = ¢V, 20, P(Q)S(Q) (1)

For dilute dispersions (where S(Q) = 1 and can be ignored), when @Q = 0, P(Q) is equal to 1, and the square
root of the scattering intensity is proportional to the difference in SLD (I(Q = 0)1/ 2 x Apy).

1(Q = 0) = ¢V, Ap; (2)

By fixing the particle volume fraction and extrapolating the Q = 0 scattering intensity using the Guinier
approximation [81], it is possible to experimentally determine the SLD of the latexes from the point where
the solvent and particle have identical SLDs (Ap, = 0).

Figure 3 shows the measured values of the scattering intensity as a function of solvent SLD, which is
varied by dispersing the latexes in mixtures of n-dodecane and n-dodecane-dog. As expected, there is a

1/2 and Psolvent- Lhe scattering intensity cannot be negative, and therefore,

linear relationship between I(Q)
the experimental data is fit to the modulus or absolute value function. A fit to these data gives an SLD for
the latexes of p, = (1.140.1) x 1078 A=2. This is consistent with recent experimental measurements of the
SLD of a similar PMMA latex [74] and the values used in other studies [58, 69, 70]. The scattering of the
latexes has been analyzed using a model for core-shell spheres under different contrast conditions, and this
confirmed that the scattering length density is higher in the center of the latex than in the stabilizer shell
[73, 82, 83]. Given that the scattering length density of the whole latex is much more similar to the PMMA
core than the PHSA stabilizer [58], for these dilute dispersions, it is reasonable to assume that the observed
scattering intensity arises solely from the PMMA core.

Determining the SLD of the latexes enables the mass density of the particles (p,,) to be estimated.

The SLD depends on the number of nuclei (x;) each with a known coherent neutron scattering length (b;)

distributed across the molecular volume (v,,) [80].

PR L. 3)

U,
Using the experimentally determined SLD (p, = 1.1 x 10~° A_Q) and assuming that the latex cores consist
solely of PMMA ((C502Hs),), the mass density of the latexes is calculated to be p,, = 1.176 g cm~3.
This is less than the density of PMMA homopolymer (1.188 g cm~2 [84]), which shows that the core of the
latexes is similar to, yet not equivalent to, PMMA itself. This reduced density could be due to less efficient
packing of polymer chains compared to the homopolymer, the presence of PHSA stabilizer in the core, or
penetration of solvent into the core. If solvent in the core caused this reduction in density, it is possible to
estimate the volume fraction of solvent that has penetrated into the latex cores using the mass density of
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Figure 3: Experimental determination of the SLD of the 76 nm latexes. The scattering intensity (I(Q)) was measured for five
dispersions at fixed volume fraction (¢ = 0.02) with different solvent SLDs (psolvent)- A linear fit to the data gives an SLD of
pn = (1.14£0.1) x 1076 A-1.

PMMA homopolymer and the mass density of n-dodecane at this SLD. The amount of solvent in the cores,
determined from this calculation, would be 0.03.

For the dilute dispersions, SANS intensity is dominated by scattering from the cores for several reasons.
The SLD of the PHSA brushes (ppusa = —0.06 x 1076 A‘2) is similar to organic solvents (pdodecane =
—0.43 x 107 A=2), the SLD of the PMMA cores (ppava = 1.07 x 1076 A=2) is greater due its density, and
the shell volume is occupied by a large amount of solvent. (Values of p, taken from Markovié et al. [58].) The
solvated latex shells, therefore, have little contrast with the solvent. For concentrated dispersions, however,
the small contrast between the solvated PHSA brushes and the cores and the solvent results in detectable
SANS intensity. SANS and SAXS measurements were performed on concentrated dispersions (¢ = 0.2) of
76 nm latexes in either unlabeled n-dodecane (SAXS) or latex contrast-matched n-dodecane (SANS), shown
in Figure 4. The latex SLD was assumed to consist solely of the PMMA cores. The SAXS intensity arises
from scattering of the cores only, as the stabilizer polymers have the same electron density as the solvent.
Therefore, if the SANS contrast-matching to the cores is perfect, there should be detectable SAXS intensity
and no detectable SANS intensity. As can be seen in Figure 4, this is not the case. There is measurable
SANS intensity despite the solvent having the same SLD as the contrast-match point determined in Figure
3. It must, therefore, be due to the core-shell nature of the latexes. The PHSA chains have a different SLD

than the PMMA cores, and when the scattering from the PMMA cores is suppressed, scattering intensity
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is measured due to contrast between the solvated PHSA shells, the PMMA cores, and the solvent. Because

the PMMA cores dominate at most solvent SLDs, this can only be observed near the contrast-match point.

12
i o SAXS [
10 H SANS [ 0.05
8- [ 020 o
5 17 3 ¢
5 6 [ 015 D
@ ' . N
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0 —0.10 §
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i —0.05
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Figure 4: SANS and SAXS measurements conducted on concentrated dispersions (¢ = 0.2) of 76 nm latexes in n-dodecane
(SAXS) and latex contrast-matched n-dodecane (SANS). Both are fit to a concentric sphere form factor [51, 85] with a core
radius of 27.9 nm and a shell thickness of 6 nm, including a hard sphere structure factor [86]. The difference in the profiles of
the two curves originates from a contribution to the SANS intensity from the PHSA polymer in the stabilizer shells.

Both raw scattering SAXS and SANS data along with model fits to a concentric sphere form factor
[51, 85] with a hard-sphere structure factor [86] are shown in Figure 4. The concentric sphere form factor is
used in accordance [51, 70, 85] with literature to account for any scattering from the PHSA stabilizer shells
and to set the radius for the hard-sphere structure factor to that of the whole latex (core radius plus shell
thickness). As concentrated dispersions are now studied (unlike the dilute dispersions used for the data in
Figure 3), there is an S(Q) contribution to the scattering curve. The radii of the cores are determined from
fitting to the SAXS data from the concentrated dispersion, and the thicknesses of the PHSA shells are set
to 6 nm, which is the value used by Markovié¢ et al. [58].

The SAXS data are useful for studying the interaction of the latexes, and as can be seen, the data are
well fit using a hard-sphere S(Q), which is gratifying given their use as model spheres. The hard-sphere
volume fraction, which determines the profile of the S(Q) curve, is greater than the anticipated volume
fraction by ~ 10% (¢a; = 0.21). Defining and determining the volume fraction of these latexes is known to
be a challenging problem [87]. The anticipated volume fractions are determined by mass loss, and it is not
surprising that the real volume fraction would therefore be greater. The mean radius and size distribution

are allowed to vary to best fit the data, and the best fit radius (r = 27.9 nm with ¢ = 0.12) matches the
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dilute case well and is less than the solvodynamic radius, emphasizing that SAXS intensity arises exclusively
from the latex cores.

The SANS curve in Figure 4 is qualitatively different to the SAXS curve. As the SLD of the solvent
is matched to the particle SLD determined in Figure 3, there should be no residual scattering. This is
indeed the case for a dilute dispersion of 76 nm latexes in contrast-matched n-dodecane, but the data in
Figure 4 show that there is scattering from a concentrated dispersion. (Scattering curves comparing the two
dispersions in latex contrast-matched solvent are shown in the Supporting Material.) If the residual SANS
intensity was due to the PMMA cores of the latexes, then the profiles of the SAXS and SANS curves should
be identical. Since they are not, this indicates that the additional intensity must come from the shells of
the latexes. This makes sense, given that the curve shifts to lower-@Q, corresponding to a larger size. The
difference in the peak in the hard-sphere S(Q) is different for the SANS data due to use of a core-shell form
factor and the scattering from the shell, rather than the core, dominating

To model the SANS data, the dispersion is assumed to be identical to the dispersion measured by SAXS,
as the only difference between the two is the isotopic-labeling of the solvent. Therefore, the differences
between the scattering curves are due solely to different values for the SLDs. The shell thickness (6 nm),
the core radius (27.9 nm), and the size distribution (¢ = 0.12) are fixed. The solvent SLD is set to the value
known from sample preparation (psolvent = 1.16 X 10~¢ A=2) rather than the fit core SLD (peore = 1.1 x 1076
Afz) as the high particle concentration means that a small contrast mismatch could result in detectable
scattering. The SLD of the shells was initially set to the value of pure PHSA used in the literature (pshen =
—0.06 x10~% A=2 [51, 58]). When these values are chosen, the scattering intensity is much greater than that
measured experimentally. In order to fit the data, the size dimensions are fixed, and all SLDs are allowed
to vary. This gives a good fit to the data, as shown in Figure 4. The values of psolvent and peore do not vary
significantly (< 5%), but the change in pgen is significant. It increases to 0.96 x 1076 A=2. This greatly
reduces Ap, between the shells and both the cores and the solvent, but it does not reduce it to zero. This is
the origin of the residual scattering in Figure 4. If the SLD of the shells is assumed to consist of scattering
from the polymer as well as penetrated solvent, then this gives a solvent volume fraction in the stabilizer
shells of 0.83. In the SANS study of this concentrated dispersion of latexes, data cannot be fit if the SLD
of the shells is set to that of the PHSA homopolymer as reported previously [51, 58], but they also cannot
be fit if the scattering from PHSA is ignored (assuming completely solvated shells with no scattering from

the PHSA brushes).

3.3. 685 nm diameter latexes

Analytical centrifugation can be used to study large (> 100 nm) latexes. This technique has been
infrequently used to study PMMA latexes; the only reports in the literature use the technique to study

dense colloidal fluids [88] or the density of nanoparticle-containing latexes [89]. This study provides a rare
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example of how this technique can be used with polymer colloids in nonpolar solvents.

The internal structure of the large 685 nm latexes cannot be studied using SANS as their size is much
greater than that the Q-range of conventional SANS instrumentation (typically 10~3-10~* A=1) [90], al-
though the particle surfaces could be studied over this range. Such length-scales can be studied using ultra
small-angle neutron scattering (USANS) [80, 90, 91], but these measurements cause other difficulties. Due to

the greater scattering intensities (I(Q) o V;? o< 1§

1), any difference from the anticipated solvent SLD caused

by sample preparation would result in considerable scattering intensity. Also, given the density difference
between the particle and solvent, particles could sediment during the experiment.

Analytical centrifugation is a method that can be used to study the particles; it is a well-known way
to study the size and density of colloids [92]. However, the approach has predominantly been employed in
water, due to application in the study of biomolecules [93, 94]. Growney et al. recently used the technique to
study polymer-stabilized carbon black particles in n-alkanes, which shows its versatility in nonpolar solvents
as well [95-97]. To enable more precise determination of colloidal properties, sedimentation measurements
can be performed in isotopically-labeled solvents, which are chemically identical but differ in fluid properties.
This has been done with H,O and D50 [98, 99], but similar experiments can be conducted with any pair of
solvents that are chemically similar but of different densities and viscosities.

The sedimentation velocities of 685 nm latexes dispersed in both n-dodecane and deuterium-labeled n-
dodecane-dyg have been measured using the LUMiSizer instrument. A consequence of isotopically-labeling
the solvent is that both the fluid density and viscosity are different, and the physical properties of the two
solvents are shown in Table 2. The densities of the two solvents are known [100]. The viscosity of n-dodecane
was taken from the literature and that for n-dodecane-dog was calculated using an empirical mathematical
relationship between molar mass and viscosity for isotopically-labeled compounds: the viscosity is propor-

tional to the square root of the molar mass [101, 102].

Table 2: Physical properties of n-dodecane and n-dodecane-dag

Solvent Density / (g ecm™3) [100]  Viscosity / (1073 Pa-s) [101, 102]
n-Dodecane 0.75 1.383
n-Dodecane-dsg 0.864 1.485

The analytical centrifugation data were processed using LUMiSizer software to determine the sedimen-
tation velocity of the particles. (Raw data from the LUMiSizer measurements are shown in the Supporting
Information.) The particles sediment completely during the course of the measurements in both solvents,
and the sedimentation fronts do not diverge with time, indicating that the particle size distribution is rela-
tively narrow. Due to the differing densities and viscosities of the solvents, the sedimentation velocities are

Lin n-dodecane-dag).

indeed different (7.7 pm s=! in n-dodecane and 5.2 ym s~
For spheres of uniform composition, the particle density can be calculated from the properties of the fluid
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(viscosity n and mass density p) and the particle velocity (v) for measurements performed in unlabeled and
deuterium-labeled solvents [92]. This simple approach, however, is not strictly appropriate for the concentric
spheres used in this study. The density cannot be averaged over the particle, as the core and shell densities
differ. Also, the different densities of the two solvents mean that the densities of the shells, which were
shown in Section 3.2 to be considerably solvated, differ in the two cases, whereas the density of the cores
stay the same.

To determine the particle density for spheres of uniform composition, the radii of the particles in the
two solvents are taken to be equal, and the same approach can be taken for concentric spheres. In this
case, the composite particle densities are now size dependent (due to the ratio of the volume of the cores
to the total volume), and the shell densities differ in the two solvents (due to the different densities of
n-dodecane and n-dodecane-dag). The shell densities (ps i in n-dodecane and ps p in n-dodecane-dsg) can
be determined from the density of the brush polymer (ps), the density of the fluid (py for n-dodecane and

pp for n-dodecane-dys), and the volume fraction of the shell volume occupied by solvent (¢y).
psp = drpn + (1= df) ps (4)

psp = ¢rpp + (1 — df) ps (5)

The dimensions of the particle, the core radius r. and the total radius rg, as well as the volume fraction
of solvent in the shells (¢f) are known, from measurements discussed in Sections 3.1 and 3.2. Using these
values together with the sedimentation velocities calculated from the LUMiSizer, it is possible to calculate

the density of the cores (p.) unambiguously using Equation 6.

pe =12 [(mron — nowp)] " x [(mpop) [(72 = 72) psu — pur?] — (nwon) [(72 = 72) psp — ppr?]]  (6)

PHSA shell thicknesses in the literature range from 6 nm to 19 nm, depending on the solvent, the batch
of particles, and technique used to study them [51, 58, 79]. As the same batch of PHSA stabilizer was used
to prepare both the 76 and 685 nm latexes, the values of the shell thickness (6 nm) and ¢; (0.83) calculated
in Section 3.2 were used to solve Equation 6. This gives a core density of p. = 1.173 g cm™3. This value
is gratifyingly similar to that determined for the 76 nm latexes. The volume fraction of solvent that has
penetrated into the cores can be estimated from the density of the cores, as was done from the CV-SANS
determined mass density of the 76 nm latexes, although strictly if solvent penetration were responsible for
the reduction in density, then the core densities would be different for the two solvents. However, the volume
fraction occupied by solvent is small, and so if this were the case, the difference in core densities would be
very small. Using the density of n-dodecane to perform this calculation gives a fraction of solvent in the
cores of 0.04.

Having determined the density of the latex cores, it is possible to calculate the composite density of the
entire sterically-stabilized particles. This is a sum of the volume fraction weighted densities of all species
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that make up the particle (PMMA cores, PHSA stabilizer, and associated solvent). The composite density
of the latexes in n-dodecane is 1.146 g cm~3 and in n-dodecane-dag is 1.153 g cm~2. These are lower than
the core density due to the solvent associated with the stabilizer shell. This composite density was used to
determine particle size distributions from the LUMiSizer data, and the results are shown in Figure 5 along
with the volume-weighted DLS distribution. The LUMiSizer data were fit to a log-normal distribution. The
radii and widths of the distributions determined from this fit are » = 333 nm and ¢ = 0.03 for n-dodecane
and r = 330. nm and o = 0.05 for n-dodecane-dsg. The data from the LUMiSizer are very similar, despite
the differing solvents. On the other hand, if the density of PMMA homopolymer is used for these calculations
rather than the correct composite density, the calculated particle sizes are much too low. This emphasizes

the importance of treating the particles as concentric spheres with highly solvated stabilizer shells.

dy=712 nm, 0=0.20 DLS (volume-weighted)
dw=666 nm, 0=0.03 LUMiSizer (n-dodecane)
dyw=660. nm, 0=0.05 LUMiSizer (n-dodecane-dbg)
I T T I T T T I I T
100 200 500 1000 2000

Diameter / nm

Figure 5: Size distributions for 685 nm latexes measured using DLS and the LUMiSizer. The LUMiSizer gives a mass-weighted
distribution, which can be compared to the DLS volume-weighted distribution. The LUMiSizer centrifugation profiles were fit
using composite densities calculated for the latexes and solvent densities and viscosities appropriate to the isotopic labeling,
as explained in the text. The radii of the latexes in the two solvents are found to be essentially equal and consistent with the
size determined from DLS.

4. Discussion

The results discussed in the previous sections have enabled the internal structure of the latexes to be
examined. Properties of interest for both latexes as well as PMMA homopolymer are shown in Table 3.
SANS has enabled the density of the PMMA cores (p,,) and the solvation of the PHSA shells (¢5) of the
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76 nm latexes to be determined. Analytical centrifugation has enabled the size of the latexes as well as the

density of the PMMA cores (p,,) to be determined.

Table 3: Solvation and Density of PMMA latexes

Latex Method Shell solvation (¢)
76 nm  Concentrated SANS 0.83
685 nm Centrifugation 0.83¢
Latex Method Core density, p,, / (g cm™3)
76 nm CV-SANS 1.176
685 nm Centrifugation 1.173
PMMA homopolymer Literature® 1.188

¢ Set to value determined for 76 nm latexes
b Value from Gall and McCrum [84].

The experimentally determined densities of the PMMA cores of the latexes are similar to that of PMMA
homopolymer [84] rather than a mix of PHSA and PMMA. This shows that the PHSA stabilizer chains are
predominantly segregated to the edge of the latexes. The similarity of the core density of the latexes to that
of pure PMMA is also interesting given previous experiments on such colloids. The densities of the cores can
be estimated to be essentially equivalent PMMA polymer with either a small amount of solvent penetration
(~ 0.03) or a slight expansion. Fluorescence energy-transfer studies have shown that small molecules can
distribute throughout the cores [103-105]. Other small molecules, such as residual hexane solvent [106] or
surfactant charging agents [74, 76], can also be distributed throughout the cores of the latexes. Given that
molecules are able to partition throughout the volume of the latexes, the core polymers could be highly
porous and therefore significantly less dense than the pure polymer. It appears that only a small reduction
in density is required; the volume that molecules can partition through is small.

The solvation of the shells these latexes in n-dodecane is also gratifyingly similar to that determined
by Washington et al. using SESANS [79]. Both values are determined using different neutron scattering
methods (either SESANS or CV-SANS) but different solvents. The fact that two different approaches
give similar values for the fraction of solvent in the stabilizer shells of similar, yet not identical, systems
gives confidence to the values obtained and shows that PHSA shells are solubilized similarly by different
hydrocarbon solvents. The shells of these latexes are highly solvated but cannot be thought of as equivalent
to either the solvent or the PHSA homopolymer. The detectable scattering intensity shown in Figure 4,
seen for concentrated dispersions but of too low intensity to be seen for dilute dispersions, must be carefully

considered and accounted for when interpreting neutron scattering data from these latexes.
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5. Conclusions

PMMA latexes are frequently used as model physical particles, and in this study, both small-angle
scattering and analytical centrifugation measurements show that considering them as effective hard spheres
is appropriate. That these types of latexes interact as essentially hard spheres is known from small-angle
scattering [58, 77] and confocal microscopy [31-33] measurements, in particular, but there have been few
studies into the internal structure of the cores [106] and the amount of solvent contained in the stabilizer
[79]. Comparing results using different latexes is challenging as the particles will have been prepared by
different groups, and the synthesis of the PHSA stabilizer is known to be variable [38]. By studying latexes
of different sizes that are prepared using the same batches of reagents, it is possible to directly determine
the intrinsic, size-independent internal structure of these latexes and to isolate any differences that are due
solely to the size.

The high resolution of modern scattering and centrifugation instrumentation has revealed information
about the internal structure in greater detail than possible before. The experiments performed in this study
show that, regardless of the size of the latexes, their core densities are similar to, though slightly lower than,
that of PMMA homopolymer and their shells are highly solvated (~ 85% by volume). These properties are
found to be independent of the particle size. The approach used to study these two latexes dispersed in
n-dodecane is a promising method for characterizing the internal structure of latexes in nonaqueous solvents
generally, and it could be extended to other solvents or mixtures of solvents as required for other experiments
or applications.

This has consequences for correctly interpreting experiments using such latexes as well as sterically-
stabilized colloids in nonpolar solvents generally. As an example, when using these particles to study
charged sphere interactions or the depletion potential, autoionizable solvents [42, 43], charging agents [10, 46—
48, 50], or non-adsorbing polymers [45] are added. Introducing additional solutes to the dispersions further
complicates an already complex system. Without an appreciation of the chemical composition and internal
structure of the latexes, the distribution of these added components cannot be known. This is particularly
true when interpreting data from neutron scattering experiments on dispersions of these latexes [51, 58, 67—
74, 76, 79], where the contrast between the polymer and isotopically-labeled solvents may be significant.
Neglecting this interaction could lead to incorrect interpretations of the scattering data. As an example, in
dilute dispersions, the small amount of scattering from the PHSA shells is not significant in contrast-matched
solvent [73, 74], whereas in concentrated dispersions, whether in contrast-matched solvent or for SESANS
measurements [79], the scattering from the stabilizer shells can be significant. The results in this study show
how complementary structural information of colloids of different sizes in nonpolar solvents can be obtained.
Regardless of the technique used to study the properties of the colloids, the structural detail presented is

expected to aid the accurate interpretation of measurements of academically and technologically interesting
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dispersions in nonpolar solvents in the future.
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