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ABSTRACT: Polysorbate 80 (PS80), a nonionic surfactant used in pharmaceutical
formulation, is known to be incompatible with m-cresol, an antimicrobial agent for multi-
dose injectable formulations. This incompatibility results in increased turbidity caused by
micelle aggregation progressing over weeks or longer, where storage temperature, ionic
strength, and component concentration influence the aggregation kinetics. Small-angle
neutron scattering (SANS) analysis of PS80/m-cresol solutions over a pharmaceutically
relevant concentration range of each component reveals the cause of aggregation, the
coalescence mechanism, and aggregate structure. PS80 solutions containing m-cresol
concentrations below ≈2.0 mg/mL and above ≈4.5 mg/mL are kinetically stable and do
not aggregate over a 50 h period. At 5 mg/mL of m-cresol, the mixture forms a kinetically stable microemulsion phase, despite being
well below the aqueous solubility limit of m-cresol. Solutions containing intermediate m-cresol concentrations (2.0−4.5 mg/mL) are
unstable, resulting in aggregation, coalescence, and eventual phase separation. In unstable solutions, two stages of aggregate growth
(nucleation and power-law growth) are observed at m-cresol concentrations at or below ≈3.6 mg/mL. At higher m-cresol
concentrations, aggregates experience a third stage of exponential growth. A single kinetic model is developed to explain the stages of
aggregate growth observed in both kinetic mechanisms. This work establishes the phase diagram of PS80/m-cresol solution stability
and identifies component concentrations necessary for producing stable formulations.
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1. INTRODUCTION

Surfactants are commonly included in many pharmaceutical
products, such as monoclonal antibody formulations1 and
fusion protein solutions.2,3 They prolong storage lifetimes and
improve drug safety profiles by coating vial walls and
associating with the therapeutic protein.4 Surfactants can
prevent protein aggregation and partial unfolding arising from
protein−protein interactions and protein−surface adsorp-
tion.5−9 The resulting stable formulation should be free of
turbidity.10

Polysorbate 80 (PS80), or polyoxyethylene (20) sorbitan
monooleate, is a common surfactant used in formula-
tion.1−3,5−10 PS80 is amphiphilic, consisting of a hydrophilic
polyoxyethylene head group of approximately 20 monomeric
units11,12 attached by an ester bond to a hydrophobic oleic acid
tail. Though the molecule containing a single oleic acid tail is
the most common variant in commercially available PS80,
PS80 is usually a mixture containing pairings of several
different fatty acid tails, including species having multiple tails
attached to a single head group.7 This heterogeneity of
polysorbates is integral to their performance in solution
stabilization but can lead to variable performance between
manufactured polysorbate batches.11

An anti-microbial preservative can be included in multi-dose
formulations to ensure consumer safety.6 Small organic

preservatives, such as phenol and 3-methyl phenol (or m-
cresol), are often used in multi-dose injectable pharmaceutical
formulations at concentrations around 3 mg/mL.13 Compared
with phenol, m-cresol shows slightly improved antimicrobial
activity and has fewer known incompatibilities with other
excipients. However, it is well documented that the m-cresol
activity is reduced by the presence of nonionic surfactants,
including polysorbates.6,14 The source of incompatibility
between these common pharmaceutical excipients is not well
understood.6

Above its critical micelle concentration (CMC) or CMC
range (CMR),15,16 PS80 in aqueous solution is known to self-
assemble into ellipsoidal core−shell micelles (see Figure 1 of
refs 7 and 117). Micelles formed by either all-oleate PS80 or
commercial grade PS80 are suitably described by core−shell
ellipsoid models.7,17 A small-angle neutron scattering (SANS)
study found that core−shell ellipsoid modeling was also
suitable for another polysorbate surfactant, PS20, even when it
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was mixed with an anionic surfactant.18 PS80 micelles have a
radius of gyration (Rg) of ≈3.0 ± 0.1 nm in water at 22 °C7,17

and a hydrodynamic radius (RH) of ≈4.0 nm in water to 5 nm
in buffered water at 25 °C.9,15,16 Addition of small organic
excipients, such as 1,4-dioxane19 or dimethyl sulfoxide,20 to
solutions of PS80 alters the micelle morphology. However,
PS80 micelles were unaffected by increasing N,N-dimethylfor-
mamide concentration.21 Micelles in 150 mg/mL PS80
solutions swell when 50 mg/mL of dimethyl trisulfide is
added, where only approximate micelle sizes were extracted
from cryo-transmission electron microscopy.22 Recent work
has shown that after adding polysorbates to 2.8 mg/mL m-
cresol solutions, the samples remain transparent up to a critical
PS80 concentration of ≈0.02 mg/mL.6 Above this PS80
concentration, all solutions had increased turbidity caused by
aggregate formation. Shi et al. also discovered that the PS80
concentration in these turbid solutions decreased over a 28 day
period,6 suggesting the important role of aggregation in
solution instability.
Recent SANS work has revealed that previously observed

changes in turbidity were caused by the continuous
coalescence of PS80/m-cresol micelles into large droplets
over the course of months.17 The aggregation kinetics were
described by a two-stage process, where the first stage of initial
growth was followed by a period of coalescence corresponding
to diffusion-limited aggregation, where increasing aggregate
size had a power-law dependence on time. The initial growth
stage was proposed to correspond to incorporation of m-cresol
into or rearrangement of PS80 micelles. Coalescence of PS80/
m-cresol aggregates after the initial rearrangement period
produced a narrow size distribution of larger aggregates, where
the size distribution did not broaden with time. Increasing
temperature caused acceleration of aggregate growth that
obeyed time−temperature superposition, where higher temper-
atures can be used to explore longer aggregation times. The
addition of a citrate buffer to PS80/m-cresol solutions also
accelerated the coalescence mechanism and caused total phase
separation of a few large oily droplets from the surrounding
aqueous phase within days.17 We expand on this SANS study
by determining the influence of component concentration on
the mechanism and growth kinetics of PS80/m-cresol
aggregates and provide further insight into aggregate
morphology. Additionally, we develop a phase diagram of
incompatibility over the pharmaceutically relevant concen-
tration range.
Current pharmacopeias place limits on particle size and

loading in parenteral therapeutics and limit uncontrolled
aggregate formation. USP ⟨787⟩, USP ⟨788⟩, and Ph. Eur.
2.9.19 detail the use of optical or light obscuring techniques for
analysis of particle size in parenteral solutions. Though
turbidity and light scattering measurements provide informa-
tion on particle size distribution, they are limited to studying a
narrow range of particle sizes compared to other scattering
techniques. Here, we use SANS to examine the effect of m-
cresol and PS80 concentrations on time-dependent aggregate
growth. SANS is a powerful technique to probe nanoscale
structure and composition at relevant excipient concentrations
and physicochemical conditions.7,17,23 From the measured
scattering curves, we extract the aggregation kinetics, growth
mechanism, and aggregate morphology. We complete our
study by producing a phase diagram of PS80/m-cresol solution
stability and provide a working model of aggregation kinetics.

2. METHODS

2.1. Materials. PS80 and 99% m-cresol were obtained from
Sigma-Aldrich (St. Louis, MO). 99% deuterium oxide (D2O)
was purchased from Cambridge Isotope (MA). PS80 was
stored at 4 °C, while m-cresol was stored at 22 °C.

2.2. Sample Preparation. Diluted stock solutions of ≈4.5
mg/mL PS80 in D2O were prepared from stock PS80 and used
for mixture formulation. Similarly, ≈7.2 mg/mL m-cresol
solutions were prepared by dissolving m-cresol in D2O. All
subsequent solutions were prepared by combining these stock
PS80 and m-cresol solutions. Specifically, solutions containing
0.2−1 mg/mL PS80 and 1.0, 1.5, 2.0, 2.6, 3.15, 3.6, 4.0, 4.5, or
5.0 mg/mL m-cresol were used to study a range of
pharmaceutically relevant component concentrations. The
surfactant concentrations explored in this study are approx-
imately 10× the CMC of PS80 (0.02−0.04 mg/mL) over the
entire experimental temperature range of 4−37 °C, where
higher temperatures correspond to lower CMCs.16,24 A more
recent study using surface tension measurements has found
that there is no clear PS80 CMC value. Instead, there is a
CMR of ≈0.01−0.02 mg/mL at 25 °C because PS80 is a
mixture of chemical species.15,16 The solubility limit of m-
cresol in water is 22.7 mg/mL at 25 °C,25 well above the
concentrations used in this study.
All samples were prepared at ≈22 °C and immediately

brought to measurement temperature through Peltier cooling
or heating in the sample chamber. Each sample was briefly
mixed by hand through shaking before injection into sample
cells, which were subsequently placed in a temperature-
controlled sample chamber.
When using D2O as the solvent, the contrast between PS80

and D2O is almost the same as the contrast between m-cresol
and D2O because the scattering length densities (SLDs) of
PS80 and m-cresol are more similar to each other than they are
to D2O (SLDPS80 = 0.549 × 10−6 Å−2; SLDm‑cresol = 1.398 ×
10−6 Å−2; SLDD2O = 6.33 × 10−6 Å−2). This suggests a
simplified effective two-component analysis of the aggregate
nanostructures, where m-cresol and PS80 are one phase and
D2O the second. This simplification is integral to the scattering
invariant analysis.

2.3. SANS Techniques and Modeling. Measurements
were performed on the very-small-angle neutron scattering
(vSANS) and the NGB30m SANS beam lines at the National
Institute of Standards and Technology (NIST) Center for
Neutron Research (NCNR) in Gaithersburg, MD. Solutions of
PS80 without m-cresol were analyzed using the NGB30m
SANS at detector distances of 1 m (q ≈ 0.06−0.5 Å−1; 6 Å
neutrons) and 4 m (q ≈ 0.01−0.1 Å−1; 6 Å neutrons) with 600
and 1000 s collection times. The scattering curves of m-cresol
containing PS80 solutions without buffering were collected
using vSANS at all temperatures (4, 22, and 37 °C) for the
front (q ≈ 0.03−0.2 Å−1) and middle (q ≈ 0.002−0.04 Å−1)
detectors at 4.6 and 18 m using 6 Å neutrons and 900−1800 s
collection times, where count times increased as the samples
aged. Titanium sample cells were 2 mm in thickness with
quartz windows for all measurements. The samples were gently
loaded into cells using a syringe.
Data reduction, Guinier analyses, and Porod analyses for all

sample scattering were completed in Igor Pro 8.04 64-bit by
WaveMetrics, Inc.26 SasView 5.0.3 (www.sasview.org/), an
open-source scattering analysis software, was used for
scattering curve model fitting and scattering invariant
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calculations.27 All analysis was carried out on Microsoft
Windows 10 Home 64-bit.
2.4. SANS Aggregation Analysis. This section summa-

rizes the SANS analyses applied to characterize the PS80/m-
cresol aggregate morphology and growth. By examining the
intensity of scattered neutrons, the radius of gyration (Rg),
aggregation number (NAgg), aggregate surface area (S), and,
when examined over time, changes in micelle composition can
be determined.28−30 Generally, for systems consisting of
monodispersed spherical particles, the absolute scattering
intensity, I(q), is

ϕ ρ= Δ +I q V P q S q B( ) ( ) ( ) ( )2
p (1)

where ϕ is particle volume fraction, Δρ is the contrast, Vp =
NAggVmol is particle volume, P(q) is the normalized form factor
describing micelle shape, S(q) is the inter-particle structure
factor, Vmol is the molecular volume, and B is the background.
Tables S1 and S2 in the Supporting Information summarize
the dimensional and dimensionless material properties.
Equation 1 can be readily generalized to polydisperse
suspensions as well as some nonspherical particles, and such
models are incorporated into modern data analysis programs,
such as SasView, which is used here. The magnitude of the
scattering vector, q, is (see eq 3.7 of ref 28)

π

λ
=

θ

q
4 sin

2
(2)

where θ is the angle between incident and scattered wave
vectors and λ is the neutron wavelength.
For a dilute solution (S(q) ≈ 1) and low-q, the Guinier

approximation can be used for the normalized form factor

= ≪−P q qR( ) e ; 1q R1/3
g

2
g
2

(3)

so that

ϕ ρ− = Δ −I q B V q Rln( ( ) ) ln( ( ) )
1
3

2
p

2
g
2

(4)

which relates I(q) and Rg and is model independent. Taking
the limit yields

ϕ ρ− = = Δ
→

I q B I Vlim ( ) ( )
q 0

0
2

p
(5)

where the aggregate volume, Vp, is proportional to the zero-q
intensity, I0, for constant ϕ and contrast or SLD difference, Δρ,
which is reasonable for PS80/m-cresol solutions. For solutions
containing only PS80, the average number of PS80 molecules
participating in each micelle, NAgg, can be estimated using NAgg
= Vp/Vmol. In mixed PS80/m-cresol solutions, NAgg for PS80 is
instead estimated from the mass balance along with the micelle
core SLD, ρc, and volume fitted using the scattering data

ρ ϕ ρ

ρ
=

−
N

V
VAgg,PS

c mc,c mc

mol,o o
c

(6)

where ϕmc,c is the m-cresol volume fraction in the core, ρmc is
the SLD of m-cresol, Vc is the core volume, Vmol,o is the volume
of an oleic acid tail, and ρo is the SLD of an oleic acid tail.
Equation 6 assumes that no D2O inhabits the hydrophobic
micelle core. Estimates of aggregation number for each
scattering measurement are reported along with the model fit
parameters in Tables S3 and S4.

Changes in aggregate composition with time can be detected
using the two-component scattering invariant, Q*

∫ π ϕ ϕ* ≡ − = Δρ −
∞

Q q I q B q( ( ) ) d 2 ( ) (1 )
0

2 2 2
(7)

where the last equality is for homogeneous particles in a
homogeneous solvent. The invariant is an estimate of the total
scattering intensity for a material, which is conserved if the
material composition, (Δρ), and volume fraction, ϕ, remain
unchanged. In other words, if the invariant is constant with
time, the aggregate composition also remains constant despite
changes in aggregate size.
A core−shell ellipsoid model is used to estimate the size and

structure of PS80/m-cresol micelles and aggregates. This
model assumes that micelles consist of a core surrounded by a
shell having a different SLD and allows the thickness and
aspect ratio of these two domains to vary. Core and shell SLDs
were also allowed to vary during fitting. A mass balance of
PS80, m-cresol, and D2O was used to constrain SLD fits, as
they reflect the approximate volume fraction of each
component in the core and shell. Domain sizes were also
constrained by a molecular balance on PS80, where the
number of heads in the shell matched the number of tails in
the core. The primary advantage of the core−shell ellipsoid
model is its flexibility for fitting a diverse range of micelle
morphologies. Size polydispersity is also introduced to
determine the size distribution of the coalescing aggregates.
The fitting parameters and theoretical details for this model are
laid out on the SasView 5.0.3 documentation page.31

2.5. Modeling Aggregate Growth. Model fits of PS80/
m-cresol solution aggregation kinetics were previously limited
to the power-law regime that dominates at long times17

= i
k
jjj

y
{
zzzR t A

t
a

( )
d

g

1/ f

(8)

where A is a scaling coefficient, a is the shift factor, and df is the
fractal dimension. Equation 8 derives from diffusion-limited
colloid aggregation (DLCA) theory, where a in eq 8 is related
to tp of DLCA theory (see eq 7 of refs 32 and 33). The shift
factor, a, is a function of component concentration and
temperature, where its temperature dependence, aT, follows an
Arrhenius−WLF relation (see eq 8 of ref 17)

=
− −

+ −
a

C T T
C T T

log
( )
( )T

1 0

2 0 (9)

For Rg(t) data, the best fits for constants C1 and C2 are 3.83
and 85.0 K and T0 = 295 K. A similar function is found for the
concentration dependence of a

=
− −

+ −
a

C c c

C c c
log

( )

( )c
1,c mc mc,0

2,c mc mc,0 (10)

where C1,c = 0.82, C2,c = 2.0 mg/mL, cmc,0 = 3.15 mg/mL are
the best fits with χ2 = 0.02 and cmc is the m-cresol
concentration. Equation 10 is valid for k1 = ∞, when 2.0
mg/mL ≤ cmc ≤ 3.6 mg/mL. The total shift factor is the
product aT and ac, such that a ≡ aTac. These shift factors allow
the power-law regions of Rg(t) data to be collapsed onto a
single master curve, making time−temperature superposition
possible.
Equation 8 describes the power-law coalescence observed at

long times without considering the early nucleation and
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exponential growth stages observed for some cases in this
study. To accommodate these mechanisms, an exponential
growth term, associated with reaction-limited colloidal
aggregation (RLCA),34 replaces A in eq 8 to get

= −
[ ] +

[ ] +

+

[ ] +
i
k
jjj

y
{
zzz

i

k
jjjjjj

y

{
zzzzzzR t A

t
a

k A k

k A k

R

( ) 1
e

(0)

d

k A k t ag R

1/
2 0 1

2 0 1
( ) /

g

f

2 0 1

(11)

where Rg(0) is the radius of gyration at t = 0, k1 and k2 are the
aggregation rate constants representing the energy barrier for
aggregate coalescence, [A]0 is the initial micelle concentration,
and AR is a scaling factor. Equation 11 combines the kinetics
for the diffusion-limited coalescence of eq 8 and the sigmoidal
nucleation reaction having the form of a modified Finke−
Watzky (F−W) two-step model.35−37 Equation 11 is derived in
the Supporting Information. When aggregation is not limited
by the reaction (k1 → kd), eq 11 reduces to the special case of
eq 8 at long times, where kd is the diffusion-limited rate
constant. At the opposite limit, the energy barrier to
aggregation is insurmountable (k1 = 0) such that eq 11
reduces to Rg(t) = Rg(0). Thus, eq 11 can describe the micelle
size in aggregating and stable PS80/m-cresol solutions.
Though eq 11 is written in terms of Rg, this combined mode

aggregation equation can be reformulated for the zero-q
scattering intensity, I0, so that

= −
[ ] +

[ ] +
+[ ] +

i
k
jjjjj

y
{
zzzzz

i

k
jjjjjj

y

{
zzzzzzI t A

t
a

k A k

k A k
I( ) 1

e
(0)

d

k A k t a0 I
I

1/
2 0 1

2 0 1
( ) / 0

I

2 0 1 I

(12)

where AI is a scaling coefficient, aI is the shift factor, dI is the
inverse power-law coefficient, and I0(0) is the zero-q intensity
at t = 0. These parameters are different from those introduced
for the Rg model [eq 11] but have similar interpretations. The
initial micelle concentration, [A]0, is determined using

ϕ
[ ] =

Δρ
A

I N
( )

(0)0
A
2 2

0 A (13)

where ϕA is the total micelle volume fraction, NA is the
Avogadro constant, and Δρ is the scattering contrast between
micelles and solvent. [A]0 and the rate coefficients, k1 and k2,
are the same for eqs 11 and 12. Thus, the reaction-limited
features in eqs 11 and 12 depend on the component
concentration and temperature but not on the type of analysis,
Rg or I0.

3. RESULTS
In this section, SANS results and associated analyses for
solutions containing 0.2−1 mg/mL PS80 and 1−5 mg/mL m-
cresol in D2O are used to understand the PS80/m-cresol
solution instability. First, the model fits of time-dependent
PS80/m-cresol aggregate morphology are discussed to provide
insight into aggregate shape and size. Next, the effect of varying

Figure 1. I(q) (cm−1) vs q (Å−1) plots of unbuffered 1.0 mg/mL PS80 solutions with 0.0−5.0 mg/mL m-cresol that are (A) stable, (B) type I
unstable, and (C) type II unstable at T = 22 °C for growth times of <1 h (□○△◊) and ≈50 h (■●▲⧫) with core−shell ellipsoid (-) and core−
shell cylinder (--) model fits. The fit parameters are detailed in Tables S3 and S4 of the Supporting Information. The error bars represent 1
standard deviation and are often smaller than the plot symbols.
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component concentration on aggregate morphology and
growth kinetics is examined. The discussion concludes with a
solution stability phase diagram outlining the necessary
conditions for PS80/m-cresol aggregation. This diagram also
identifies solution conditions that generate stable formulations.
The scope of this work is limited to concentrations within the
typical formulation range of 1−5 mg/mL of m-cresol and 0.2−
1 mg/mL of PS80.
Previous work only studied PS80/m-cresol solutions having

a single m-cresol concentration (2.76 or 3.15 mg/mL17). Here,
the effect of varying m-cresol concentration from 0 to 5 mg/
mL is addressed, where all solutions contain 1 mg/mL PS80.
Specifically, this subsection focuses on changes in the aggregate
morphology resulting from changes in the m-cresol concen-
tration. The phase stability of these solutions can be divided
into two groups for the ease of discussion: stable (no
aggregation) and unstable (aggregation). In stable solutions,
the micelle size remains unchanged over the experimental time
frame, while unstable solutions show an increase in aggregate
size with time. Here, stability classification is based on
aggregation kinetics. Thus, “stable” solutions may be kinetically
stable without being thermodynamically stable.
3.1. Morphology of Stable PS80/m-Cresol Solutions.

The SANS results for PS80/m-cresol solutions containing 0−5
mg/mL m-cresol with 1 mg/mL PS80 in D2O are shown in
Figure 1 along with the associated model fits. The model fit
parameters are detailed in Tables S3 and S4 of the Supporting
Information. The SANS intensity curves for the four PS80/m-

cresol solutions that are stable over a 50 h time frame are
shown in Figure 1a. For both low (<2 mg/mL) and high (>4.5
mg/mL) concentrations of m-cresol, the intensity curves
remain unchanged with time, where the early time results (<1
h) match those at longer times (≈50 h). Figures 2b and 3b also
show the time-invariant size (Rg) and mass (I0) for these stable
solutions. Though all the curves in Figure 1a correspond to
stable solution conditions, the micelle morphology differs
between solutions having low (≤1.5 mg/mL) and high (5 mg/
mL) m-cresol concentrations.
In the absence of m-cresol, PS80 micelle scattering can be fit

by a core−shell ellipsoidal model. Previous work fit similar
scattering measurements with oblate ellipsoidal micelles, where
the ratio of the polar to equatorial core radii was Rc,pol/Rc,eq ≈
0.5.7,17 Prolate ellipsoids with Rc,pol/Rc,eq ≈ 2 produce an
equally good fit of our scattering data as oblate ellipsoids, when
the micelle volume is kept constant. Here, the prolate
ellipsoidal micelle model is favored because micelle elongation
is observed with increasing m-cresol concentration. Stable
micelles at 1.0 mg/mL m-cresol concentration are best
represented as prolate core−shell ellipsoidal micelles having
a polar to equatorial core radius ratio of Rc,pol/Rc,eq ≈ 4.3,
which is twice that of the 0 mg/mL m-cresol solution. This
suggests that micelles accommodate the presence of m-cresol
by elongating to maintain a stable morphology. The micelle
volume in 1 mg/mL m-cresol solutions is 35% larger than in 0
mg/mL m-cresol solutions (Table S3). SLD analysis reveals
that micelle swelling is caused by the incorporation of m-cresol

Figure 2. Rg (Å) plots of unbuffered 1.0 mg/mL PS80 solutions with 0−5.0 mg/mL m-cresol in D2O at T = 22 °C showing (A) examples of type I
(gray ◀) and type II (blue ⬠) unstable aggregation vs t (h) along with kinetic model fits [eq 11] and a power-law fit [eq 8], (B) aggregation
kinetics vs t (h) and kinetic model fits [eq 11] for 0−5.0 mg/mL m-cresol, and (C) time-shifted, t/a (h), master curve resulting from
concentration-dependent shift factors, a, along with power-law [eq 8] and modified power-law [eq 11] fits (k1 → kd), where shift factors are
reported in Table S5 of the Supporting Information along with kinetic model fit parameters. The error bars represent 1 standard deviation.
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at a total volume fraction of 0.16, where ≈66% of m-cresol
resides in the micelle core. This preference of m-cresol for the
hydrophobic micelle core agrees with the partition coefficient
for m-cresol of log Poct/wat = 1.96.38 Figure S1 provides an
illustrated approximation of stable micelle morphology without
m-cresol, with low m-cresol concentrations, and with high m-
cresol concentrations.
The scattering intensity curves for stable solutions

containing 1.5 mg/mL m-cresol are best characterized with a
core−shell cylinder model with L/R ≈ 8 (Table S3). The
micelle volume also doubles between 1.0 mg/mL m-cresol and
1.5 mg/mL m-cresol, further supporting the observation of m-
cresol-induced swelling and elongation. These larger cylindrical
micelles contain more D2O in their shells, causing the m-cresol
content to decrease to a total volume fraction of 0.06, where
the core contains ≈75% of m-cresol. Because 1.5 mg/mL m-
cresol solutions are near the phase instability transition, the
change in morphology and core composition may provide
insight into the cause of aggregate formation. However, it is
clear that m-cresol incorporation into micelles causes
elongation meant to maintain stability.
At high m-cresol concentrations (5 mg/mL), the sample is

also stable during our experimental time frame. Analysis
indicates that the microemulsion droplets39 in these solutions
have a morphology that is more spherical (Rc,pol/Rc,eq = 1.5)
than micelles in low-concentration solutions (<1.5 mg/mL m-
cresol). This is supported by the distinct intensity peak at q =
3.2 × 10−2 Å−1 in Figure 1a, which is a common feature in
scattering curves for nearly spherical particles. These micro-

emulsion droplets are also much larger (Rg = 140 Å) than the
micelles at low m-cresol concentrations (Rg ≈ 52 Å), where
Table S4 reports the radius of gyration calculated from the
Guinier analysis for each solution. Model fits in Table S3 also
show that droplets in 5 mg/mL m-cresol solutions have a
volume that is 22 times larger than those in 1.5 mg/mL m-
cresol solutions. The total volume fraction of m-cresol is 0.73,
where 90% of m-cresol is in the core. This large amount of core
m-cresol appears to require a more spherical micelle packing so
that the microemulsion stability is maintained. PS80 is known
to disperse antimicrobial agents with poor aqueous-phase
solubility by producing a stable microemulsion.40,41 PS80/m-
cresol solutions experience a similar effect, where soluble m-
cresol preferentially partitions into PS80 micelles to form the
microemulsion.
Stable solutions have time-invariant mass-to-volume ratios

(density), I0/Rg
3, as shown in Figure 4. This suggests that the

micelle composition is constant with time. This is further
supported by Figure S2, where the scattering invariant is also
constant over time for these stable solutions. This confirms
that the total volume fraction of micelles is time invariant.
The stability regimes for PS80/m-cresol solutions over the

m-cresol concentration range are identified in Figure 5 as a
stability phase diagram. The solution stability for m-cresol
concentrations below 2 mg/mL and at 5 mg/mL is represented
by the unchanging Rg (Figure 5a) and I0 (Figure 5b) over 50 h.
Thus, the ratios of Rg(50)/Rg,i (Figure 5c) and I0(50)/I0,i
(Figure 5d) are unity for these stable formulations. Though
solutions containing low and high m-cresol concentrations are

Figure 3. Low-q intensity, I0 (cm
−1), plots of unbuffered 1.0 mg/mL PS80 solutions with 0−5.0 mg/mL m-cresol in D2O at T = 22 °C showing (A)

examples of type I (gray ◀) and type II (blue ⬠) unstable aggregation vs t (h) along with kinetic model fits [eq. 12] as well as a power-law fit [eq
8], (B) aggregation kinetics vs t (h) and kinetic model fits [eq 12] for 0−5.0 mg/mL m-cresol, and (C) time-shifted, t/a (h), master curve resulting
from concentration-dependent shift factors, a, along with a power-law fit [eq 8], where shift factors are reported in Table S6 of the Supporting
Information along with kinetic model fit parameters. The error bars represent 1 standard deviation.
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stable, solutions having concentrations between 2 and 5 mg/
mL m-cresol are unstable, where the average micelle size
changes within the 50 h experimental window. These unstable
solutions are examined in the following section.
3.2. Growth Kinetics of Aggregating PS80/m-Cresol

Solutions. Solutions containing between 2 and 5 mg/mL m-
cresol are unstable. Here, instability is defined as any solution

for which the scattering intensity curve (Figure 1) changes
over the ≈50 h experimental window. In all solutions,
instability results in increasing Rg(t) (Figure 2) and I0(t)
(Figure 3), which indicates aggregate formation and growth.
m-Cresol concentrations that produce aggregating solutions
are identified by the shaded region in Figure 5. In this
instability regime, Rg (Figure 5a) and I0 (Figure 5b) increase
over time, resulting in ratios of Rg(50)/Rg,i (Figure 5c) and
I0(50)/I0,i (Figure 5d) well above unity.
As was observed for the stable PS80/m-cresol solutions, the

aggregate density (I0/Rg
3) remains nearly constant over time for

most aggregating solutions (Figure 4). Solutions containing 2
and 4.5 mg/mL m-cresol are the only exceptions having
aggregate densities that change with time. This phenomenon
will be more closely examined in Section 4. Interestingly, the
scattering invariant, Q*, remains constant for all solutions,
stable and unstable (Figure S2). Thus, in all cases, the total
volume fraction of aggregates remains constant throughout the
observation time frame.
Previous work observed that time-dependent Rg and I0

measurements for a solution at different temperatures collapse
onto a single master curve using time−temperature super-
position.17 By applying this principle to solutions with varying
m-cresol concentration, a similar master curve was found for Rg
(Figure 2c) and I0 (Figure 3c), where the data was collected at
22 °C. Data for each solution concentration was shifted onto
the 3.15 mg/mL m-cresol data. The concentration-dependent
shift factors, a and aI, calculated using eq 10 are reported in

Figure 4. Aggregate density estimate, I0/Rg
3, vs t (h) for unbuffered

1.0 mg/mL PS80 solutions with 1.0−5.0 mg/mL m-cresol in D2O at
T = 22 °C showing time-invariant aggregate density at most m-cresol
concentrations and the general increase in aggregate density with
higher m-cresol concentrations. The error bars represent 1 standard
deviation and are often smaller than the plot symbols.

Figure 5. Phase diagram for (A) Rg (Å) and (B) I0 (cm
−1) vs cm‑cresol (mg/mL) comparing aggregate size and mass at short (<1 h, red ●) and long

(≈50 h, ■) times, where the gray shading identifies the instability regime for PS80/m-cresol aggregation. Ratios of final (after ≈50 h) and initial
aggregate size (C) Rg(50)Rg,i and aggregate mass (D) I0(50)I0,i showing time invariance, or stability, at low and high m-cresol concentrations. The
error bars represent 1 standard deviation and are often smaller than the plot symbols.
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column 8 of Tables S5 and S6 along with the model fits.
Collapse of time-shifted data onto a single master power-law
slope of ≈0.4 supports the existence of a single governing
coalescence mechanism for unstable PS80/m-cresol solutions
at long times (t/a ≳ 20 h). However, there are differences in
aggregation kinetics at short times for specific m-cresol
concentrations (e.g., 4.5 mg/mL). Thus, regardless of the m-
cresol concentration, early (t/a ≲ 20 h) aggregation
mechanisms lead to long-term coalescence and eventual
phase separation of an oily droplet phase from the aqueous
phase.
Aggregating PS80/m-cresol solutions can be subdivided into

two types based on the growth mechanism. Type I solutions
contain 2.0−3.6 mg/mL m-cresol and undergo a two-stage
aggregation process. Type II solutions, having 4.0−4.5 mg/mL
m-cresol, experience a three-stage aggregation mechanism.
Figures 2a and 3a show examples of the different growth
mechanisms for type I and type II aggregation.
The gray curve in Figure 2a (a 3.15 mg/mL m-cresol

solution) is an example of two-stage type I aggregation, where
a slow initial (incubation) stage (<1 h) is followed by a power-
law growth stage at long times. The power-law fit curve [eq 8]
in Figure 2a helps illustrate the deviation of type I aggregation
data from power-law behavior at short times, during the slow
initial growth stage. The blue Rg curve for a 4.5 mg/mL m-
cresol solution in Figure 2a is an example of three-stage type II
aggregation. An initial incubation period (<10 h) is followed
by an exponential growth period (10 h < t < 30 h), which
eventually yields to a power-law growth stage at long times
(>30 h). The length of each stage depends on the m-cresol
concentration and temperature.
Type II aggregation kinetics can be modeled using eq 11,

where the model fit is plotted in Figure 2a along with the data.
Fit parameters are reported in Table S5. Type I aggregation
kinetics can also be modeled with eq 11 when the barrier to
micelle coalescence is negligible (k1 → kd). A similar pattern
arises for I0 in Figure 3a, where the type I and type II
aggregation kinetics can be modeled by eq 12. Equations 11
and 12 can describe both type I and type II aggregation
kinetics, indicating that these seemingly different aggregation
behaviors could result from the same kinetic mechanism.
However, the type I and type II designations are maintained
throughout this work to ease discussion. Solutions are classified
as type I or type II using k1, where k1 → kd for type I and 0 < k1
< kd for type II. Only solutions containing 4 mg/mL or 4.5
mg/mL m-cresol experience type II aggregation based on these
criteria. Solutions of 3.6 mg/mL m-cresol seem to be near the
boundary between type I and type II. These solutions are
included with type II aggregation analysis because they share
the same initial spherical micelle morphology.
Both type I and type II solutions form aggregates from

micelles having a morphology similar to one of the two stable
micelle regimes discussed in Section 3.1. Type I aggregation
begins from micelles most closely resembling the oblate
ellipsoids/cylinders at low m-cresol concentrations (≤1.5 mg/
mL m-cresol), and type II aggregation begins from micelles
that are nearly spherical, similar to the microemulsion droplets
in 5 mg/mL m-cresol solutions. This difference in initial
morphology is illustrated by the open symbol plots in Figure
1b,c. The intensity curves at short times in Figure 1b have the
same characteristic ellipsoidal micelle features at q > 0.02 Å−1

that are observed for low m-cresol concentrations in Figure 1a.
Similarly, the short-time intensity curves in Figure 1b have

characteristic spherical micelle features over the measured q
range that agrees with the 5.0 mg/mL m-cresol solution in
Figure 1a. Incidentally, all aggregating solutions have initial
micelle morphologies resembling stable micelles with the
closest m-cresol concentration. Thus, the initial building blocks
for aggregate growth provide a useful method for classification
aggregating PS80/m-cresol solutions.

3.3.1. Type I Aggregation Kinetics. Solutions with type I
aggregation (2−3.15 mg/mL m-cresol) have k1 that
approaches kd and experience two stages of aggregate growth:
an initial stage of slow growth and a second stage of power-law
growth. This defining aggregation mechanism is observed in
Figure 2b for Rg and Figure 3b for I0. The Rg(t) curves for m-
cresol concentrations between 2 and 3.15 mg/mL have a
period of slow growth at short times (≲3 h), followed by
power-law growth at long times. This behavior can also be
observed using hydrodynamic radius estimates from dynamic
light scattering (DLS), shown in Figure S3. However, DLS is
less reliable than SANS for turbid solutions, where multiple
scattering becomes a concern. The growth kinetics for Rg
(Figure 2b) and I0 (Figure 3b) are modeled using of eqs 11
and 12, where fit parameters are reported in Tables S5 and S6.
The zero-time I0, or I0(0), increases with the m-cresol
concentration, which is echoed by Rg(0). This suggests that
the initial micelle/aggregate size increases with the m-cresol
concentration. However, this difference in Rg(0) or I0(0)
causes challenges when generating the master curves of Figures
2c and 3c, where the data at short times (t/a ≲ 1 h) does not
converge to a single Rg(0) or I0(0).
Model fitting of the scattering curves in Figure 1b reveals

that the initial (<1 h) micelle morphology for a 2.0 mg/mL m-
cresol solution is cylindrical (Table S4), where the micelles are
much larger than those of the stable solutions at lower m-cresol
concentrations. The cylindrical micelle scattering features
appear to be present at high-q (q > 0.02 Å−1) in the other
initial scattering curves of Figure 1b. This suggests that these
solutions may all begin aggregating from cylindrical micelles.
Whereas high-q scattering is dominated by small cylindrical
micelles, low-q scattering at q ≤ 0.02 Å−1 corresponds to
aggregate morphology. In Figure 1b, the core−shell ellipsoid
model fits of low-q scattering at short times (<1 h) show that
aggregates form rapidly. Solutions containing 3.15 mg/mL m-
cresol aggregate fastest, resulting in the largest initial aggregate
size. Aggregate model fits for 2.6 and 3.15 mg/mL m-cresol
solutions are shown for q ≤ 0.02 Å−1. These model fits disagree
with scattering data at high q, where scattering intensity does
not reflect the aggregate size. Thus, model fits for 2.6 and 3.15
mg/mL m-cresol are curtailed at q = 0.03 Å−1. Table S4 details
the fit parameters.

3.3.2. Type II Aggregation Kinetics. Type II aggregation has
three stages: an initial slow growth/incubation stage, an
exponential growth stage, and a power-law growth stage at long
times. The duration of each stage is dependent on m-cresol
concentration and temperature, where 0 < k1 < kd. From
kinetic Rg (Figure 2b) and I0 (Figure 3b) data, solutions with
4.0−4.5 mg/mL m-cresol experience these three aggregation
stages within the ≈50 h observation period. Applying eqs 11
and 12, the model fits for these solutions are reported in
Tables S5 and S6. The fitted Rg(0) or I0(0) values approach
that of the stable formulation condition at 5 mg/mL m-cresol.
A good fit for this parameter is difficult to achieve for the 3.6
mg/mL m-cresol solution because the growth kinetics in this
solution are too fast. The 3.6 mg/mL m-cresol formulation has
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the fastest growth kinetics of any solution tested and represents
the maximum aggregation speed for PS80/m-cresol solutions.
The sometimes long incubation times for type II solutions

(e.g., 4.5 mg/mL m-cresol) also presents a challenge for
generating an accurate time-shifted master curve for Rg (Figure
2c) and I0 (Figure 3c). However, the power-law growth
regimes at long times agree. This provides evidence that a
single mechanism governs long-term aggregate coalescence,
while the onset of this coalescence is determined by m-cresol
concentrations via incubation time.
Figure 1c demonstrates that the initial scattering curves for

these type II aggregating solutions are similar, where an
ellipsoid core−shell model (Table S4) fits well. The fitted
initial micelle morphology is nearly spherical and approaches
the size and shape of stable microemulsion droplets in the 5
mg/mL m-cresol solution. This similarity to stable solution
morphologies provides insight into the source of the ≈10 h
incubation period observed for 4.5 mg/mL m-cresol solutions.
This also suggests that type II aggregation begins from nearly
spherical micelles/aggregates, whereas type I aggregation is
likely initiated from cylindrical aggregates as discussed in the
previous section.
3.4. Effect of PS80 Concentration on Solution

Aggregation. The aggregation behavior was studied in
solutions containing 0.2 and 1.0 mg/mL PS80 with varying
m-cresol concentrations. Figure 6 shows that solutions having a

lower PS80 content (0.2 mg/mL) experience aggregation
similar to solutions having 1.0 mg/mL PS80. The reduced
scattering intensity for 0.2 mg/mL PS80 solutions is expected
as scattering intensity scales with volume fraction. The initial
(<1 h) and final (≈50 h) scattering curves in Figure 6 are
nearly identical for solutions containing 1 mg/mL m-cresol,
regardless of the PS80 concentration. This indicates that these
solutions are kinetically stable and do not aggregate over the
experimental time frame. As with the 1 mg/mL PS80 solutions
discussed previously, solutions containing 3.15 mg/mL m-
cresol and 0.2 mg/mL PS80 aggregate. However, based on the
Rg and I0 calculated from the final (≈50 h) scattering curves in

Figure 6, the size of aggregates is smaller in solutions
containing 0.2 mg/mL PS80 than in those having 1.0 mg/
mL PS80. Thus, the PS80 concentration influences the
aggregate size without altering the solution stability.
The time-dependence of Rg (Figure 7a) and I0 (Figure 8a)

for 0.2 mg/mL PS80 solutions follows the same kinetic models

as their 1 mg/mL PS80 analogues. However, the parameter fits
differ to account for the smaller aggregate sizes present in 0.2
mg/mL PS80 solutions. The kinetic model fit parameters for
Rg and I0 are reported in Tables S5 and S6. At both PS80
concentrations, 3.15 mg/mL m-cresol solutions aggregation
kinetics can be described using eqs 11 and 12. This suggests
that only the aggregate size is dependent on the PS80
concentration, while the mechanism of aggregation is
independent of the PS80 concentration.
Rg and I0 data at different PS80 concentrations can be

collapsed onto a single master curve by shifting the power-law
region of the 0.2 mg/mL PS80 solution onto that of the 1.0
mg/mL PS80 solution (Figures 7b and 8b). The PS80
concentration-dependent shift factors are reported in Tables
S5 and S6. The time shifts in Figures 7 and 8 reveal that Rg(0)
and I0(0) are larger for 1 mg/mL PS80 solutions than for 0.2

Figure 6. I(q) (cm−1) vs q (Å−1) plots of unbuffered 0.2 and 1.0 mg/
mL PS80 solutions with 1.0 and 3.15 mg/mL m-cresol in D2O at T =
22 °C with core−shell ellipsoid model fits for growth times of <1 h
( ) and ≈50 h ( ), where fit parameters are
detailed in Tables S3 and S4 of the Supporting Information. The error
bars represent 1 standard deviation and are often smaller than the plot
symbols.

Figure 7. Rg (Å) vs ta (h) (A) plot of unbuffered 0.2 mg/mL ( )
and 1.0 mg/mL PS80 ( ) solutions with 1 and 3.15 mg/mL m-
cresol in D2O at T = 22 °C with kinetic model fits [eq 11], where fit
parameters are detailed in Table S5 of the Supporting Information,
and (B) time-shifted master curve of 0.2 mg/mL PS80 with 3.15 mg/
mL m-cresol (a = 3.72) and 1.0 mg/mL PS80 with 3.15 mg/mL m-
cresol (a = 1.0) along with kinetic model fits (k1 → kd), Rg = 89.9·(t/
a)0.448 + 86.3 (Å), and power-law fit, Rg = 154·(t/a)0.349 (Å). The
error bars represent 1 standard deviation.
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mg/mL PS80 solutions. This agrees with the trend observed in
the m-cresol concentration series discussed above, where
increased m-cresol content results in larger Rg(0) and I0(0).
The difference in Rg(0) and I0(0) between 0.2 and 1.0 mg/mL
PS80 solutions makes it impossible to shift short time (<1 h)
data accurately. Thus, the master curve only provides insight
into the shared power-law aggregate growth region.

4. DISCUSSION
The phase diagram of PS80/m-cresol solution aggregation in
Figure 5 reveals how the m-cresol concentration directs the
aggregate morphology and stability. The gray-shaded region of
Figure 5 between ≈2.0 and ≈4.5 mg/mL m-cresol corresponds
to an instability regime, where micelles form aggregates that
grow or coalesce over time. Aggregation in this instability
regime progresses through a multi-stage mechanism, as shown
in Figures 2b and 3b. All aggregating solutions experience an
initial stage of incubation or slow growth and a final stage of
aggregate coalescence. The coalescence of aggregates has a
power-law dependence on time at sufficiently long times (t/a
≳ 10 h in Figure 2c), and aggregate growth continues until oily
PS80/m-cresol droplets phase-separate from the aqueous D2O
phase. At room temperature, total phase separation can occur

after approximately 2 months to a year depending on the m-
cresol concentration, where solutions containing 3.6 mg/mL
m-cresol achieve phase separation fastest. More observation is
necessary to characterize these ultra-long-term kinetics. The
phase diagram in Figure 5 also correlates with solution
turbidity (Figure S4), where stable solutions are transparent
and unstable solutions become cloudy.
Figure 5 also identifies two regimes of PS80/m-cresol

solution stability that bookend the instability regime. Stability
is represented here by time-invariant Rg (Figure 5a) and I0
(Figure 5b) and by Rg(50)/Rg,i (Figure 5c) and I0(50)/I0,i
(Figure 5d) ratios near unity. These stability regimes at m-
cresol concentrations below 2 mg/mL and above 4.5 mg/mL
present possible conditions that practitioners may use to
produce stable formulations. Solutions classified as “stable” in
this study are only kinetically stable, where no aggregation
occurs over the ≈50 h measurement period. Times after 50 h
are beyond the scope of this work, but it is speculated that
some “stable” solutions may aggregate after 50 h. It is also well
understood that PS80 is capable of degradation after
approximately 28 days.6 This places an additional time
constraint on PS80/m-cresol solution stability.
From the model fits of stable solutions in Figure 1a, the

PS80 molecules self-assemble into core−shell prolate ellipsoids
or short cylinders. The shell contains the hydrophilic PS80
headgroups, and the core protects the hydrophobic tails. The
preferred stable micelle morphology (ellipsoid or cylinder)
depends on the m-cresol concentration. This suggests that m-
cresol is incorporated into the micelles in different amounts
based on the amount of m-cresol available in solution. This m-
cresol-induced micelle swelling causes a transition from prolate
ellipsoidal micelles in PS80 solutions containing 0 and 1.0 mg/
mL m-cresol to cylindrical micelles in solutions with 1.5 mg/
mL m-cresol. Thus, micelles elongate to accommodate more
m-cresol at low concentrations. Above 1.5 mg/mL m-cresol,
micelles can no longer pack m-cresol in a way that preserves
micelle stability, causing swelling and coalescence. The
underlying mechanism connecting micelle packing with
PS80/m-cresol intermolecular interactions is still unclear.
At 5 mg/mL m-cresol, a microemulsion is formed with

droplets having an Rg approximately 3 times larger than the
micelles formed in the stability regime at low m-cresol
concentrations (<2.0 mg/mL). These microemulsion droplets
are nearly spherical ellipsoids, where the core likely consists
mostly of m-cresol. Although further study is needed to more
accurately determine where m-cresol resides within the
micelles, the present work reveals two micelle morphologies
that are available for stabilizing PS80/m-cresol solutions.
Figure S1 summarizes stable PS80/m-cresol micelle morphol-
ogies with approximate illustrations. This finding also translates
to PS80/m-cresol solutions containing only 0.2 mg/mL PS80
(Figures 6−8). In these lower PS80 concentration solutions,
stable ellipsoidal micelles are also formed in the presence of 1
mg/mL m-cresol. This suggests that PS80/m-cresol solution
stability is primarily influenced by m-cresol content. However,
the PS80 concentration contributes to micelle size, where
reduced PS80 concentration corresponds to smaller micelles.
The scattering patterns for oblate and prolate ellipsoidal

micelles are nearly indistinguishable at the observed small
aspect ratios. Previous modeling efforts characterized the
ellipsoidal PS80 micelles as oblate,7,17 as there was no evidence
to favor prolate over oblate morphologies. Here, a transition
from ellipsoidal to cylindrical micelles was observed with

Figure 8. I0 (cm−1) vs t/a (h) (A) plot of unbuffered 0.2 mg/mL
( ) and 1.0 mg/mL ( ) PS80 solutions with 1 and 3.15
mg/mL m-cresol in D2O at T = 22 °C with kinetic model fits [eq 12],
where model fits are reported in Table S6, and (B) time-shifted
master curve of 0.2 mg/mL PS80 and 3.15 mg/mL m-cresol (a =
3.72) and 1.0 mg/mL PS80 and 3.15 mg/mL m-cresol (a = 1.0) along
with power-law model fit, I0 = 65.7·(t/a)0.902 (cm−1), for 2.0 h ≤ t/aT
≤ 100 h. The error bars represent 1 standard deviation.
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increasing m-cresol concentrations. Thus, we postulate that the
ellipsoidal micelles are prolate rather than oblate to
accommodate the elongation necessary for this morphological
transition, as elongation would occur along the polar ellipsoidal
axis. Thus, it is more likely that the polar axis is the major
ellipsoidal axis, making the micelles prolate. The formation of
prolate ellipsoids in solutions containing only 1 mg/mL PS80
is also consistent with the findings of Aizawa (2009).19

The stability regimes of Figure 5 correspond to acceptable
conditions for stable micelle formation. However, the m-cresol
concentrations within the gray-shaded region of Figure 5
produce unstable solutions that aggregate with time. This
indicates that no stable micelle or aggregate morphology can
be achieved at these concentrations. In the present discussion,
our attention is focused on the growth kinetics in these
aggregating solutions.
The proposed mechanistic equation [eq 11] captures the

evolution of aggregate Rg with time for PS80/m-cresol
solutions containing between 0 and 5 mg/mL m-cresol. The
kinetic equation is also adapted to I0 measurements in eq 12.
As is detailed above in Section 2.5, there are three parts to the
proposed mechanism: Rg(0) describing the initial micelle size,
the power-law term characterizing coalescence at long times,
and the exponential reaction term that introduces rate
constants for aggregate formation (k1, k2). Two aggregation
types were identified in Section 3.2, where type II aggregation
has a finite energy barrier to aggregate coalescence (0 < k1 <
kd) that is not present in type I aggregation (k1 → kd). Figures
2a and 3a provide examples of type I and type II aggregation.
Stable solutions are a special case of eq 11, where the barrier to
aggregate coalescence is insurmountable (k1 → 0). Thus, eqs
11 and 12 can describe the stability and instability observed in
each of the PS80/m-cresol solutions examined. The kinetic
model fits of Rg and I0 are presented in Figures 2, 3, 7, and 8,
where the fitted model parameters are reported in Tables S5
and S6 of the Supporting Information.
The kinetic model fits in Figures 2b and 7b reveal a general

increase in initial Rg, or Rg(0), with m-cresol and PS80
concentrations from 30 Å in 1 mg/mL PS80 only solutions to
146 Å in 1 mg/mL PS80 solutions containing 4.5 mg/mL m-
cresol. This suggests that micelles in both stable and unstable
PS80/m-cresol solutions attempt to incorporate m-cresol
proportional to the total m-cresol concentration. Additionally,
the increase in Rg(0) with the PS80 concentration indicates
that the micelle size is also limited by the amount of available
PS80. However, previous work showed that changes in PS80
concentration in solutions without m-cresol did not alter the
radius of gyration.17 Thus, it is likely the interaction between
m-cresol and PS80 that causes the aggregate size to depend on
the PS80 concentration.
The I0(0) model fits also become larger with increased m-

cresol concentrations, and this trend is more consistent than in
the case of Rg(0). The I0(0) model fits are reported in Table S6
and visualized in Figures 7b and 8b. I0(0) increases
monotonically from 0.106 cm−1 for micelles formed in 0.2
mg/mL PS80 solutions without m-cresol to 67.1 cm−1 in
solutions of 1 mg/mL PS80 with 5 mg/mL m-cresol. This
increase in initial aggregate mass, represented by I0(0), with
the component concentration suggests that the micelles
incorporate material proportional to the total solution
concentration. Higher concentrations of either PS80 or m-
cresol will increase the initial aggregate size. This would
suggest that the composition of these initial aggregates is also

dependent on the concentration of each component, which
impacts the morphology and packing.
The master curve plots in Figures 2c and 8c of data shifted

based on m-cresol and PS80 concentrations show that the
short-time Rg(0) and I0(0) do not collapse onto a single curve,
as expected. The modified power-law fit in Figures 2c and 7c
approaches an average Rg(0) that is not characteristic of all
PS80/m-cresol solutions. However, the power-law fits in
Figures 2, 3, 7, and 8 provide a useful characteristic slope
estimate of ≈0.4 for Rg and ≈1 for I0. Thus, whereas power-law
coalescence at long times is not dependent on the initial
aggregate size, the path and time to get to the power-law
growth stage is influenced by the initial aggregate size. In other
words, the stability of the starting conditions, Rg(0) and I0(0),
influence the mechanism of aggregation: type I, type II, or no
aggregation. For example, the conditions in a 1 mg/mL PS80
solution with 4.5 mg/mL m-cresol provide enough stability to
allow for a 10 h incubation time, where the solution is
seemingly stable. However, eventually, the micelles in solution
can no longer maintain a stable morphology at long times. This
strange behavior of type II aggregating samples is characterized
by a finite barrier to coalescence, 0 < k1 < kd.
Micelle coalescence is prevented in stable solutions by an

insurmountable energy barrier (k1 = 0), where stable micelles
prefer to repel each other rather than coalesce. Thus, in
unstable solutions, this barrier is either low or nonexistent,
indicating that the micelles are unable to organize themselves
into a sufficiently stable morphology to prevent coalescence.
For solutions containing between 2 and 3.15 mg/mL m-cresol
(type I), the barrier to coalescence is negligible (k1 → kd), and
the solutions enter power-law coalescence immediately
following a slow growth stage (Figure 2), where micelles
swell and attempt to achieve a stable morphology. SANS
measurements at short times (<1 h) reveal aggregate structures
that have some cylindrical features that are characteristic of
stable 1.5 mg/mL m-cresol solutions supporting this
hypothesis for early growth. However, data for solutions at
shorter timescales are necessary to confirm short-time
behavior. Unfortunately, our neutron scattering results do
not have sufficient time resolution to assess times under 10
min.
In solutions with 4.0−4.5 mg/mL m-cresol (type II), k1 is

finite and nonzero. This causes the solution to experience a
third stage of exponential (sigmoidal) aggregation between the
early stage and the power-law stage. The 4.5 mg/mL m-cresol
solution provides the most obvious example of this
phenomenon. The metastability of the initial micelles is a
result of a small but nonzero k1 such that it takes 10 h before
aggregation begins. The length of this metastable stage is
influenced by k2, which controls the autocatalytic reaction step.
Metastability is likely a result of a nearly stable initial micelle
morphology similar to that of the kinetically stable 5 mg/mL
m-cresol solutions. Though its effects are observed and
kinetically modeled here, the underlying molecular mechanism
causing the disruption of this metastable stage is unknown.
Once the energy barrier to aggregation is surpassed and
micelles begin to coalesce, exponential reaction-limited
coalescence continues until all the aggregates are formed. At
this point, aggregation continues through diffusion-limited
power-law coalescence.
Section 3.2 introduced the observation that the aggregate

density, I0/Rg
3, increases with the m-cresol concentration for

aggregating solutions (Figure 4). To accommodate higher m-
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cresol concentrations, more m-cresol must be included in the
aggregates. This results in denser aggregates likely containing
mostly m-cresol, as suggested by the estimated volume fraction
(Table S4). I0/Rg

3 is nearly time invariant for all solutions,
except for solutions containing 2 and 4.5 mg/mL m-cresol.
This supports the observation that most aggregating solutions
form nearly spherical aggregates that grow radially with time.
Because I0/Rg

3 changes with time for the 2 and 4.5 mg/mL m-
cresol solutions, the aggregates in these solutions are less
spherical and grow along one axis more than others. This is
likely a result of these solutions having concentrations close to
the lower and upper stability boundaries in Figure 5. Thus, a
metastability may exist in these solutions which likely
contributes to their outlier behavior. Additionally, the
scattering invariant (Figure S2) for these solutions does not
change with time. This indicates that the change in aggregate
density is not caused by a change in total aggregate volume
fraction.
At 2 mg/mL m-cresol, the aggregate density decreases

gradually with time. Figures 1b−3b show that this solution
aggregates the slowest and has the smallest aggregate size,
where the Rg and I0 power-law slopes of ≈0.33 and ≈0.53 for
the 2 mg/mL m-cresol solution are lower than ≈0.4 and ≈1 for
other aggregating solutions. Paired with the decrease in time-
dependent I0/Rg

3, the smaller power-law slope signals the
formation of aggregates with a larger aspect ratio, where they
are less spherical than the aggregates formed in other solutions.
The 2 mg/mL m-cresol solution has a constant I0/Rg

2 ratio
further supporting the hypothesis that aggregates grow through
the widening of cylinder cross-sectional area rather than in all
directions.
PS80 solutions with 4.5 mg/mL m-cresol experience a

temporary decrease in I0/Rg
3 during the sigmoidal exponential

growth stage (≈17 h). Once aggregate growth approaches the
power-law stage, the density begins to rebound. The density
may fully recover to that of the induction stage, but a longer
measurement time is needed to confirm this. None of the other
type II aggregating solutions experience this stage of changing
I0/Rg

3 despite having sigmoidal growth stages. This unique
feature of 4.5 mg/mL m-cresol solutions may be a result of a
nonzero k2, which corresponds to a steeper sigmoid slope.
During the exponential growth stage, aggregate Rg doubles and
I0 increases by 30-fold. This massive reorganization of
aggregates is the cause of I0/Rg

3 time dependence. The increase
in aggregate mass, I0, lags the swelling of the aggregate volume,
Rg
3. This explains the initial drop in and gradual recovery of the

density.
Because the scattering invariant is constant throughout all

measurements, the morphological reorganization that occurs
during the sigmoidal growth stage occurs entirely between the
existing micelles/aggregates. No additional material is
incorporated as the volume and mass increase in each
aggregate. Once the sigmoidal stage completes, PS80 solutions
with 4.5 mg/mL m-cresol enter the final stage of power-law
coalescence that other solutions experience.

5. CONCLUSIONS
A stability-phase diagram for PS80/m-cresol solutions (Figure
5) summarizes our findings and is a main result of this work.
PS80/m-cresol solutions are stable for m-cresol concentrations
≲1.5 and ≳5 mg/mL, where no aggregate growth is observed
during the 50 h experimental window. Solutions containing m-
cresol concentrations between the upper and lower stability

regimes (1.5 mg/mL ≲ cm‑cresol ≲ 5 mg/mL) are unstable,
having aggregates that increase in size over time. These
stability and instability regimes are not influenced by the PS80
concentration. Our results indicate that solution stability is
determined by the m-cresol concentration.
Stable PS80/m-cresol solutions form cylindrical or prolate

ellipsoidal micelles. In the upper stability regime (cm‑cresol ≳ 5
mg/mL), stable micelles incorporate large amounts of m-cresol
and form a stable microemulsion of nearly spherical droplets.
Micelles in the lower stability regime (cm‑cresol ≲ 1.5 mg/mL)
are 27 times smaller than the droplets in the upper regime and
are generally less spherical. This suggests a limited set of
micelle morphologies suitable for generating stable PS80/m-
cresol solutions, where the m-cresol concentration determines
if any of these micelle morphologies can be achieved. When
the m-cresol concentration falls within the instability regime
(1.5 mg/mL ≲ cm‑cresol ≲ 5 mg/mL), no stable micelle
morphology or molecular packing can be achieved, and the
micelles begin to swell and coalesce. These insights into PS80/
m-cresol aggregate morphology are a main result of this work.
A single kinetic model can describe each stage of aggregation

[eqs 11 and 12]. Equations 11 and 12 are a main result of this
work and reveal that solution stability is characterized by
aggregation rate constants, k1 and k2, where stable micelles
have an insurmountable repulsion force (k1 → 0) that prevents
aggregation. The model also shows coalescence is diffusion
limited and proceeds immediately after nucleation in solutions
with a negligible barrier to coalescence (k1 → kd). This
coalescence eventually results in phase separation of oily PS80/
m-cresol droplets from the aqueous phase. k1 and k2 vary with
the m-cresol concentration, suggesting that m-cresol may
modify the repulsive forces between micelles as well as micelle
morphology. Overall, the aggregation rate increases with the
m-cresol concentration up to a maximum at ≈3.6 mg/mL m-
cresol, above which the aggregate growth slows.
While our results advance the understanding of PS80/m-

cresol incompatibility and define clear boundaries to
formulation stability via a stability phase diagram, there is
still little understanding of how m-cresol associates with PS80
to cause changes in morphology and stability. Combining
SANS contrast matching with complementary scattering
techniques may reveal this information. This would also verify
the micelle morphology proposed in this study. The presented
kinetic model [eqs 11 and 12] provides a framework for
describing the evolution of aggregates with time. However, to
fully understand PS80/m-cresol stability, a more predictive
model must be developed by determining how the preservative
concentration influences k1 and k2. This would accelerate
formulation science by allowing for a priori determination of
formulation stability.
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