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In addition to the repulsive and attractive interaction forces described by Derjaguin—Landau—-Verwey—
Overbeek (DLVO) theory, many charged colloid systems are stabilized by non-DLVO contributions
stemming from specific material attributes. Here, we investigate non-DLVO contributions to the stability
of polymer colloids stemming from the intra-particle glass transition temperature (Tg). Flash
nanoprecipitation is used to fabricate nanoparticles (NPs) from a library of polymers and dispersion
stability is studied in the presence of both hydrophilic and hydrophobic salts. When adding KCl, stability
undergoes a discontinuous decrease as T4 increases above room temperature, indicating greater stability
of rubbery NPs over glassy NPs. Glassy NPs are also found to interact strongly with hydrophobic
phosphonium cations (PR4*), yielding charge inversion and intermediate aggregation while rubbery NPs
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Introduction

Polymeric nanoparticle (NP) dispersions have shown promise
for use in applications ranging from the encapsulation and
delivery of active ingredients,"* support of catalysts as carrier
matrices,>* formation of highly stable Pickering emulsions,>®
to the growth of colloidal crystals.” While the advantageous
properties of polymeric NP dispersions stem from their high
specific surface area, versatile chemistries, and morphologies,
maintaining these properties requires the suppression of aggre-
gation and flocculation, which arise from attractive van der
Waals and hydrophobic interactions between independent
diffusing particles.® As a result, NP dispersions are commonly
formulated with stabilizers that impart a repulsive steric and/or
electrostatic interaction between particles.”'® Steric repulsion
provides stability via the unfavorable overlap of solvated layers
on the NP surfaces. In contrast, electrostatic repulsion relies on
the overlap of electric double layers (EDLs) arising from the
presence of ionized sites on the particle surface. In the case of
electrostatic repulsion, the addition of salt enables the tuning
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presented as a potential mechanism underlying the observed phenomenon.

of this contribution by compressing the EDL, enabling
attractive interactions to dominate at small particle-particle
separations, i.e., the so-called salting out effect. The sum of
both attractive and repulsive interactions is given by classic
DLVO (Derjaguin-Landau-Verwey-Overbeek) theory, which
provides a useful framework for discussing the stability of NP
dispersions.®

In addition to repulsive steric and electrostatic forces and
attractive van der Waals forces, a class of non-DLVO interactions
resulting from differences in hydration, surface roughness, and
chemical heterogeneities has been characterized for many inter-
acting systems. These non-DLVO interactions are commonly
invoked to explain anomalous interaction forces at close separa-
tions as well as in complex mixtures."* ™ In systems where the
observed interactions cannot be attributed to known non-DLVO
contributions, additional short-range contributions must be
empirically fit to stability and atomic force measurements."®"”
Given the diversity of systems studied, and the high variability in
measurement approaches, connecting measured interaction
forces and dispersion stabilities to underlying physical mechan-
isms is an ongoing effort within the field.

Electrostatic-stabilized polymer NPs represent a valuable
class of colloids given their tunable interactions, chemistries,
and morphologies. While the size stability of these dispersions
can be correlated with formulation parameters such as particle
size, salt concentration, and surface charge group density,**>!
the effect of the underlying polymer mobility, characterized by
the glass transition temperature (Tg), has not been thoroughly
studied.>*** When preparing polymer NPs via precipitation, the
T, has been shown to define vitrification timescales, allowing
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for complex morphologies to form from the kinetic arrest of
phase separation in polymer blend NPs.>*** In addition, there
is now substantial evidence that there exists a surface layer with
a T, suppressed compared to the bulk value for hydrophobic
polymer NPs dispersed in water.”®*” The thickness of the
mobile surface layer is estimated to be between ~3-7 nm.
Therefore, as particle size is reduced, and the surface area to
volume ratio increases according to ~ 1/r, the influence of the
mobile surface layer on overall NP dynamics grows, eventually
leading to a decrease in NP T,.***®?° Hence, although the
impact of T, on particle morphology and surface dynamics
has been studied, its effect on colloidal stability as a source of
non-DLVO contributions has yet to be systematically evaluated
beyond early studies focused on the annealing of glassy latex
particles possessing vitrified surface layers of charged initiator
end groups.””®® In this work, we investigate the effects of
polymer T, on colloidal stability in the presence of both hydro-
philic and hydrophobic salts through the study of polymeric NP
dispersions fabricated from a broad library of polymers.

Experimental methods
Materials

Eleven hydrophobic polymers with midpoint T,’s ranging from
—104 to 158 °C were chosen to prepare NPs (listed in ascending
T,): poly(1,4-butadiene) (PB), poly(cis-isoprene) (PI), poly(n-nonyl
methacrylate) (PnNonMA), poly(r-hexyl methacrylate) (PnHexMA),
poly(n-butyl methacrylate) (PnBuMA), poly(n-propyl methacrylate)
(PnPrMA), poly(iso-butyl methacrylate) (PiBuMA), polystyrene (PS),
poly(¢-butyl methacrylate) (PtBuMA), poly(4-bromostyrene) (PBrS),
and poly(4-vinyl phenol) (P4HS) (chemical structures, Tj’s, mole-
cular weights, and sourcing information are provided in the ESIT).
As all experiments were conducted at room temperature (RT ~
25 °C), resultant polymer NPs were classified as ‘glassy’ for those
with T, > RT and ‘rubbery’ for those with T, < RT.

Nanoparticle preparation

Flash nanoprecipitation (FNP), a rapid and scalable colloid
fabrication platform, was used to produce NPs of these
polymers.**?! First, polymers were dissolved in tetrahydrofuran
(THF, HPLC Grade, Fisher Scientific) at 5 mg mL™" under
gentle stirring for 3 h. Using a confined impingement jet (CIJ)
mixer, 0.5 mL of a polymer solution was impinged against
0.5 mL of DI H,O (filtered via Milli-Q IQ 7000 Ultrapure system)
and the effluent was flown into a stirred 4 mL reservoir of
H,O to yield an overall 10-fold dilution of the original inlet
solution.*?

Following FNP, dispersions were subjected to rotary eva-
poration (Biichi Rotavapor R-300) to remove the 10 vol% THF
fraction remaining in the aqueous phase. As H,O may have also
been removed during evaporation, and to avoid discrepancies
between precipitation efficiencies among polymers, thermal
gravimetric analysis (TA Q50) was used to measure final NP
dispersion concentrations in which 100 pL of a NP dispersion
was carefully pipetted onto a tared platinum pan and heated to
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100 °C for 15 min, followed by 120 °C for 30 min to ensure
complete drying. From the remaining sample mass measured,
the mass concentration of the NP dispersion was calculated
and used for subsequent experiments. Lastly, particle size and
zeta potential were measured using dynamic light scattering
(DLS) and continuously-monitored phase-analysis light scattering
(cmPALS), respectively (Anton Paar Litesizer 500).

Salting experiments

The addition of potassium chloride (KCl), tetrabutylphospho-
nium bromide (TBPB), tetraphenylphosphonium bromide
(TPPB), guanidium chloride (GdmCI), or ammonium fluoride
(NH4F) to NP dispersions was conducted in a manner to
minimize mixing time and reduce spatial heterogeneity of salt
concentrations which could lead to premature aggregation.
Samples of NP stock dispersions were first diluted with appro-
priate volumes of H,O in 1.5 mL centrifuge tubes. Holding the
tubes over a vortex mixer (Fisherbrand), appropriate volumes of
salt stock solutions were quickly injected into the samples,
which were immediately capped and vortexed for 5 seconds at
3000 rpm. In experiments with logarithmic salting series (TBPB
and TPPB), stock solutions were created with 10> order of
magnitude spacing to minimize volumetric pipetting error
across samples. Salted dispersions were then allowed to sit
for 24 hours at RT after which particle size and zeta potential
were measured.

Results and discussion

Nanoparticles of all eleven polymers were produced by FNP, a
versatile precipitation process in which fast micromixing
between polymer solutions and antisolvents produce signifi-
cant supersaturation and rapid chain collapse.'®*® Following
the diffusion-limited aggregation of the collapsed polymer
nuclei, particles were found to be stabilized by a negative
surface potential which has been attributed to the hydrophobic
adsorption of naturally-occurring anions from the surrounding
aqueous medium.***> NP size and zeta potential for all poly-
mers NP dispersions were measured and are presented in Fig.
S2 and S3 within the ESL.

Stability trends in the presence of a hydrophilic salt

In colloidal dispersions, the addition of a hydrophilic salt such
as KClI results in the compression of the EDL surrounding the
NPs, screening of the electrostatic repulsion arising from their
overlap at close proximity, and an eventual loss of stability as
attractive interactions dominate. The threshold salt concen-
tration for this instability, termed the critical coagulation
concentration (CCC), sets the upper limit for salt addition in
dispersions beyond which particle begin to aggregate. This is
important in applications such as Pickering emulsions wherein
charged NPs encounter repulsion from charged oil/water inter-
faces, requiring the addition of salt to screen this electrostatic
repulsion and enable interfacial adsorption while remaining
below the CCC.?" To assess stability for polymer NPs spanning
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Fig. 1 Effect of polymer T4 on the stability of NP dispersions in the
presence of KCl. The ordinate threshold [KCl] is defined by the concen-
tration at which a 25% increase in particle diameter over 24 hour was
observed. Room temperature (25 °C) is indicated on the plot via a dashed
red line. Error bars represent the next nearest measured values of [KCl]
between which the instability threshold is observed.

the range of T,'s, KCl was added at concentrations ranging
from 0.5-50 mM to each NP dispersion ([NP] = 0.1 mg mL™ "),
and particle size was measured after 24 hours (see Fig. S5,
ESIT). Glassy NPs were found to aggregate for [KCI] > 2.5 mM
with sharp increases in aggregate size. In contrast, rubbery NPs
showed instability for [KCI] > 10 mM followed by gradual
increases in size from reformation into denser aggregates due
to higher chain mobility."® Defining a threshold [KCI] in which
particle sizes increased by 25%, Fig. 1 shows a sharp decline in
NP stability as polymer T, exceeds RT, indicating greater
stability for rubbery NPs compared to glassy ones. Interestingly,
for the case of poly(n-butyl methacrylate) (PnBuMA) for which
Ty (~20 °C) lies within proximity of RT, this threshold is found
to lie at an intermediate value of [KCI] = 7.5 mM.
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Given the distinct differences in salt stability between glassy
and rubbery NPs across multiple chemistries, the connection
between T, and stability was further investigated via kinetic
studies of poly(n-propyl methacrylate) (PnPrMA) NP aggrega-
tion at temperatures above and below T,. PnPrMA was selected
as a glassy polymer with an intermediate T, (~43 °C) ade-
quately above RT but sufficiently below 100 °C to minimize
evaporation during tests. To perform the kinetic studies,
PnPrMA NP dispersions and KCl solutions were independently
heated in an oven at 60 °C. At the same time, the DLS sample
holder was equilibrated to target incubation temperatures of
25, 35, 40, 45, or 55 °C, respectively. As shown in Fig. 2a, the
procedure of starting from the rubbery state at high temperature
and cooling to a lower target temperature was chosen to avoid
potential aggregation. In the converse approach, initially glassy
dispersions would have become unstable as they were slowly
heated above T, in the DLS sample holder. This experimental
design was informed by the observed trend in Fig. 1 which is
represented as the dashed boundary within Fig. 2a separating
stable and unstable regions. For each test, the pre-heated KCl
solution was quickly mixed with the PnPrMA NP dispersion to
yield a 0.1 mg mL~"' NP and a 10 mM KCl mixture. 10 mM was
chosen for [KCI] as it was sufficiently above the previously
measured glassy stability threshold of ~3.75 mM at RT. The
mixture was then immediately transferred to the DLS sample
holder upon which a timed-series measurement was initiated.
Within the sample holder, the salted dispersion cooled to the
target temperature and particle aggregation was continuously
measured.

Fig. 2b shows particle size over time for the five incubation
temperatures. As the temperature increased from RT but
remained below the NP T, the onset time of aggregation was
found to decrease, agreeing with classical DLVO theory in
which the electrostatic energetic barrier to aggregation (W),
depressed from salt screening, was overcome with higher

Tincubation

——35°C
—v—40 °C

—=-55°C

O 20 40 60 80 100 120 140
Time (min)

Fig. 2 The effect of temperature on the stability of PnPrMA NPs: (a) Schematic of the experimental set-up informed by the underlying phase diagram
from Fig. 1 in which salted NP dispersions initially at To = 65 °C are cooled to a target Tincubation @and NP size is continuously monitored. (b) Trajectories of
NP diameter over time for increasing Tincubation- FOr Tincupation < Tg Wherein PNPrMA NPs are glassy (25, 35, 40 °C), aggregation is observed. In contrast,
for Tincupation > Tg, @ggregation was not observed within the experimental timeframe.
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frequency as thermal energy (k,7) increased. However, as the
temperature exceeded the NP T, (45, 55 °C) and the NP became
rubbery, no aggregation was observed; hence, a reversal from
the prior trend. This discontinuity in aggregation behavior for
NPs formulated from a single polymer further supports the
effect of the glassy state of polymers on NP stability in which
rubbery NPs demonstrated enhanced stability in comparison to
glassy particles. Whether independently varying T, via differences
in monomer chemistry or adjusting dispersion temperature (7),
the relation between NP stability behavior and the glassy state of
NPs is shown to be consistent.

Stability trends in the presence of hydrophobic salts

Having already seen that T, plays an important role in polymer
NPs formulated with hydrophilic salts that interact with the
EDL surrounding NPs, we explored if T, also played an important
role in the stability of NPs formulated with hydrophobic salts
which interact with the polymer NP itself. Specifically, hydropho-
bic salts can adsorb to particle surfaces via hydrophobic inter-
actions, manifesting as potential-determining ions. Symmetric
hydrophobic ions such as substituted ammonium, phosphonium,
and borate derivatives have been shown to strongly modify
electrophoretic mobilities of PS latexes beginning at extremely
low concentrations (10°® M)."®'7*¢3% gymmetric hydrophobic
cations have also been demonstrated as effective charge modifiers
to controllably screen the zeta potential of silica NPs,>*™*" enabling
their use as Pickering emulsifiers.*” To further investigate whether
T, impacts interactions and stability in the presence of
hydrophobic ions, two symmetric phosphonium salts, tetrabutyl-
phosphonium bromide (TBPB) and tetraphenylphosphonium
bromide (TPPB) were added to the polymeric NP dispersions.

To investigate the effect of T, on stability in the presence of
hydrophobic ions, PS and PI were selected as candidate glassy
and rubbery polymers, owing to their similar interfacial ten-
sions with water and well-characterized phase separation in
polymer NPs which enable the formation of tunable complex
morphologies including Janus, core-shell, and multi-lobed
NPs.*?*?>% Hydrophobic phosphonium salts were added to
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PS and PI NP dispersions at concentrations spanning multiple
decades (10~ *-10”> mM). For PS NPs, the addition of phosphonium
salts resulted in concentration regimes in which dispersions were
unstable, forming macroscopic aggregates due to fast rates of
aggregation, followed by re-entrant stability at higher concentra-
tions. Conversely, PI NPs only exhibited a singular instability
threshold near [TBPB] = 10" mM (Fig. 3a) above which turbid
dispersion were formed. In the case of TPPB (Fig. 3b), both the
intermediate regime of instability (PS) and instability threshold (PI)
shifted to lower concentrations than observed for TBPB, indicative
of enhanced hydrophobic adsorption stemming from the greater
hydrophobicity provided by the phenyl groups.

To understand the mechanism underlying the distinct size
trends for PS and PI NPs, zeta potential ({) was measured for
each hydrophobic salt concentration (Fig. 3c). For PS NPs, (
exhibited a large increase with logarithmic increases in [TBPB]
and [TPPB], undergoing charge inversion at lower concentra-
tions, well below the regime where charge screening effects
dominate (~10" mM), indicating the strong adsorption of
hydrophobic cations onto the glassy NP surface to become
potential-determining ions. Consequently, the salt concen-
tration regimes in which { inversion (|{| < 25 mV) and positive
{ (>25 mV) were measured respectively corresponded to the
observed regimes of PS NP aggregation and re-entrant stability.
The greater hydrophobicity of TPPB enhanced its adsorption to
the PS NP surface, shifting the onset of increases in { and
aggregation to lower concentrations (10~ * mM). Conversely, the
{ of PI NPs exhibited minimal variation for concentrations
below 10> mM, followed by partial inversion for both phos-
phonium derivatives. As a result, PI NPs showed a singular
instability threshold concentration for both salts with no re-
entrant stability.

To see whether the distinct trends between { and hydro-
phobic salt concentration observed for PS and PI NPs could be
generalized across a range of polymer Ty’s, { was measured for
TBPB-salted NP dispersions formulated from ten polymers with
Ty's spanning —104-158 °C (Fig. 4). As [TBPB] increases, the { of
all polymers NPs increased while variance among polymers
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Fig. 3 (a and b) Size stability trends for PS and PI NPs in the presence of (a) TBPB and (b) TPPB and (c) the corresponding inversion of zeta potentials.
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Fig. 4 The effect of T4 on the average zeta potential of polymeric NPs
with logarithmic increases in [TBPBJ. RT (25 °C) is indicated on the plot by a
vertical dashed line.

exhibited distinct trends: (1) for [TBPB] = 10 *-10"' mM,
the { of rubbery NPs showed little variation while glassy NPs,
especially those with high T, (>100 °C), showed a positive
correlation between { and Ty; (2) for [TBPB] = 10° mM, glassy
NPs maintained the positive correlation while rubbery NPs
exhibited scatter in { across Ty's, potentially attributable to
the high sensitivity of { to slight differences in net surface
charge density, o, near charge inversion as indicated by the
Grahame equation ({ ~sinh™" ¢); (3) for [TBPB] = 10" mM, a
positive correlation between { and T, emerged, spanning the
entire range of T,’s tested.

Consistent with the trend previously observed for PI NPs,
rubbery NPs exhibited a ‘induction’ [TBPB] range ([TBPB] <
10~" mM) wherein negligible charge inversion was measured.
This in turn differentiated the initial trajectories of charge
inversion between rubbery and glassy NPs. At high [TBPB]
where charge inversion was observed for all polymer NPs,
{ was found to continuously increase with T, across both sets of
rubbery and glassy NPs, suggesting differences in polymer mobi-
lity, characterized by the difference between T and Ty, may directly
affect the equilibrium adsorption of hydrophobic ions onto NP
surfaces. This behavior lies in contrast to the discontinuity in CCC
measured between rubbery and glassy NPs when screening elec-
trostatic repulsion with a hydrophilic salt such as KCIL

Proposed mechanisms connecting stability and T,

While the mechanism underlying the observed connection
between polymer NP stability in salted dispersions and T is
not fully understood, these results may suggest an adsorption-
mediated mechanism such as surface structuration***® or
charge-regulation.*®

Surface structuration was demonstrated by Siretanu et al. for
glassy polymer thin films submerged in degassed salt solutions
where ion adsorption and resultant interfacial charge inter-
actions were found to amplify surface fluctuations, thereby
deforming the film surface.**** Specifically, degassed solutions
were required to eliminate the presence of nanobubbles which
were posited to accumulate on hydrophobic surface and

1216 | Soft Matter, 2023, 19, 1212-1218
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interfere with ion adsorption through occupation of the inter-
facial region of reduced water density wherein hydrophobic
ions would preferentially localize.*® The extent of these surface
deformations has been directly linked to surface plasticization
via repulsive confinement effects which reduce the local T, at
the film-aqueous phase interface.”” For nanoparticles with
diameters on the order of the reported characteristic size of
nanobubbles observed by AFM (50-100 nm),*® their high cur-
vature would make the accumulation of nanobubbles on their
surfaces highly unlikely. As a result, the adsorption of cations
onto the surface of glassy NPs in aqueous media at ambient
conditions may lead to deformation and structuration of the
particle surface. Further, significant structuration was observed
for hydrophobic ionic species similar to TPPB (e.g. Ph,AsCl,
Ph,BNa),** suggesting an interplay between structuration and
the observed charge inversion of NPs in this study. If the
deformation of interfacial polymer layers at NP surfaces
enables adsorbed ions to adopt lower energy configurations,
the lifetime of these deformations, defined by the polymer
mobility given by the proximity of T, to RT, may manifest in
differences between glassy and rubbery NPs. For glassy polymer
NPs with partially-mobilized interfacial layers, these deforma-
tions persist on long timescales, enhancing the adsorption of
hydrophobic ions while deformations of the highly mobile
surface of rubbery NPs would persist on shorter timescales,
frustrating the ability of adsorbed ions to adopt favorable
configurations on a fluctuating surface, thereby diminishing
adsorption. We readily admit that this proposed mechanism is
speculative. The phenomena certainly invites further studies to
elucidate the fundamental mechanisms responsible for the
experimental results.

While the effect of ion adsorption on NP stability is promi-
nent for hydrophobic species including TBPB and TPPB
through changes in {, the single decade shift in CCC for
systems containing KCI may similarly involve ion adsorption.
Specifically, slight preferential adsorption of K' ions to the
negative surface of NPs may result in mild structuration.*®
Alternatively, differences in charge regulation may occur with
glassy NPs exhibiting ‘constant potential’ behavior due to
cation adsorption compared to rubbery NPs exhibiting minimal
adsorption and ‘constant charge’ behavior, thereby yielding
enhanced stability.*® Although K" exhibits kosmotropic properties,
slight differences in kosmotropic and chaotropic properties of
monovalent ions given by the Hofmeister series has been shown
to affect colloidal stability wherein chaotropic monovalent salts
destabilize dispersions.*® As a result, to ascertain differences in ion
adsorption in the absence of hydrophobic interactions, PS and PI
NP dispersions were salted with NH,F, a highly kosmotropic salt,
and guanidium chloride (GdmCl), a highly chaotropic salt with a
delocalized positive charge. As shown in Fig. S6 (ESIT), the CCC for
salted PS NP dispersions was found to vary with the Hofmeister
series (GAmCI] < KCl < NH,F) while the CCC for PI NPs exhibited
a different dependency (GAmCl < Nh,F < KCI). However, com-
parably higher CCC’s were observed for all salts in the case of PI
NPs, consistent with earlier findings (Fig. 1). Therefore, while
rubbery surfaces demonstrate resistance to ion adsorption, the

This journal is © The Royal Society of Chemistry 2023
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chaotropic and hydrophobic nature of ions is shown to strongly
influence adsorption onto and the stability of glassy NPs.

Conclusions

In this study, through the fabrication of polymer NPs spanning a
wide range of Ty's, we demonstrated stark differences in stability
between salted dispersions of glassy and rubbery NPs. In the case
of KCl which primarily alters the EDL surrounding NPs, rubbery
NPs exhibited greater stability than glassy NPs as evidenced by a
downward shift in CCC as polymer T, increases above RT. For
hydrophobic phosphonium cations which can directly adsorb
onto NP surfaces, differences in zeta potential inversion were
found, manifesting as distinct stability trends: singular instability
thresholds for rubbery NPs and intermediate instability followed
by re-entrant stability for glassy NPs. As a potential mechanism to
rationalize the connection between T, and ion adsorption, surface
structuration as a dynamic feature of polymer NP surfaces was
described, suggesting energetic limitations to ion adsorption onto
the highly mobile surface layers of rubbery NPs as opposed to the
relatively immobile surfaces of glassy NPs which enable adsorp-
tion according to the extended Hofmeister series.

Given these findings, future investigations to better under-
stand impact of additional colloidal properties on the connec-
tion between T, and NP stability are warranted. First, the impact
of NP size, and therefore specific surface area (~ 1/r), on stability
of glassy NPs may further elucidate the proposed relation
between confinement effects and interfacial ion adsorption.
Second, the impact of varying NP concentration on adsorption
isotherms, important for formulating dispersions for applica-
tions, can be studied. Third, the reversibility of aggregation
between glassy NPs via transitions to rubbery could open ave-
nues for thermo-responsive dispersions. Finally, studies connect-
ing T, and stability for colloids produced via alternate
fabrication approaches such as SFEP and crosslinked colloids
would expand the applicability of the observed findings.**>"

In applying the findings of this work, the stability of salted
NP dispersions containing blends of rubbery and glassy polymers,
by either mixing distinct NPs populations or generating structured
Janus colloids, can also be investigated.*** By judiciously selecting
the concentration of hydrophobic salts, variations in surface
potential of each NP population or Janus hemisphere could be
partially decoupled, enabling the hierarchical assembly of
oppositely-charged NPs or enhancing the wetting of net-neutral
hemispheres into hydrophobic interfaces for engineering of tun-
able Pickering emulsifiers.
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