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Size Control and Antioxidant Properties of Sulfur-Rich
Polymer Colloids from Interfacial Polymerization

Yujin Jeon, Chi Sup Ahn, Kookheon Char,* and Jeewoo Lim*

High sulfur content polymeric materials, known for their intriguing properties
such as high refractive indices and high electrochemical capacities, have
garnered significant interest in recent years for their applications in optics,
antifouling surfaces, triboelectrics, and electrochemistry. Despite the high
interest, most high sulfur-content polymers reported to date are either bulk
materials or thin films, and there is a general lack of research into sulfur-rich
polymer colloids. Water-dispersed, sulfur-rich particles are anticipated to
broaden the range of applications for sulfur-containing materials. In this
study, the preparation and size control parameters are presented of an
aqueous dispersion of sulfur-rich polymers with the sulfur content of
dispersed particles exceeding 75 wt%. Employing polymeric stabilizers with
varying hydrophilic-lipophilic balance (HLB), along with changing the rank of
inorganic polysulfides, allow for the control of particle size in the range of
360 nm – 1.8 μm. The sulfur-rich colloid demonstrates antioxidant properties
in water, demonstrating the potential for the use of sulfur-rich polymeric
materials readily removable, heterogeneous radical scavengers.

1. Introduction

Sulfur-containing polymers exhibit distinctive properties, includ-
ing a high refractive index,[1–4] high chemical resistance,[5–7]

shape memory,[8–12] and adhesion to various metals and
ions.[13–17] These unique characteristics render sulfur-containing
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polymers, especially high sulfur-content
polymers, advantageous in various ap-
plications such as optics,[18–22] sec-
ondary batteries,[23–26] heavy metal
remediation,[13,14] and antifouling
surfaces.[27,28] Notably, elemental sulfur
emerges as a by-product in oil refining
process, contributing to an environ-
mental concern due to its continued
overproduction.[29] Consequently, the use
of elemental sulfur directly as a starting
material in the preparation of functional,
sulfur-rich polymers continues to merit
attention.

By far, the most widely studied method
for the direct utilization of elemental
sulfur to prepare polymers is inverse
vulcanization.[23,30,31] This method, which
involves bulk free radical copolymeriza-
tion of molten sulfur with various olefinic
comonomers, yields bulk materials that
have been demonstrated to exhibit high

refractive index,[32] high lithium storage capacity,[33] and trans-
parency in the mid- and long-wave IR range.[19] Recently, Im
and coworkers have developed sulfur chemical vapor deposition
(sCVD), wherein the copolymerization of elemental sulfur in the
gas phase with olefinic comonomers readily yields high sulfur
content thin films with exceptional optical properties.[34]

In contrast to the number of studies on bulk materials
and thin films from the direct utilization of elemental sul-
fur, high sulfur content polymer colloids constitute a largely
unexplored area with only a few methods available for their
preparation.[35,36] Polymer colloids in aqueous systems offer
the advantage of environmentally friendly materials and can
be exploited in a range of applications that cannot directly be
accessed using bulk materials.[37] Recently, polymerization of
aqueous polysulfides, formed from the dissolution of elemen-
tal sulfur in aqueous sodium sulfide, with various bi- and tri-
functional comonomers has been demonstrated to yield aque-
ous dispersions of high sulfur-content polymers.[36,38] Aqueous
dispersions of these polysulfide polymers have been demon-
strated to have high affinity toward heavy metal absorption.[13]

Despite these recent developments, handles for controlling
the particle size in these polysulfide polymer colloids have
not been established. The physicochemical properties of poly-
mer particles are significantly influenced by their size and
composition, making the control of these parameters criti-
cal. Furthermore, preparing polymer microparticles, typically
having diameters exceeding 1 μm, is challenging and meth-
ods of preparing polymer microparticles with high sulfur
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Scheme 1. Polymerization of sodium polysulfide with 1,2,3-trichloropropane (TCP) in the presence of phase transfer catalyst and stabilizer additives,
along with the expected structure of the resulting polymer (top) and a schematic illustration of the process showing the formation of polysulfide polymer
particles (bottom).

composition have, to the best of knowledge, not yet been
reported.

Herein, we report the preparation of aqueous polysulfide poly-
mer colloids from aqueous inorganic polysulfides and 1,2,3-
trichloropropane (TCP). Unlike previous reports that utilized ad-
ditives that can act both as a phase-transfer catalyst to facilitate
the reaction of aqueous polysulfide dianions with TCP and as a
stabilizer for growing polymer particles, we employed two differ-
ent additives. A phase transfer catalyst with alkyl chains of equal
length was used as a phase transfer catalyst, whereas a neutral
polymeric surfactant was employed to stabilize the surface of the
polysulfide polymer particles. By employing different surfactants
and polysulfides with varying sulfur rank, particle size ranging
from 360 to 1800 nm could be achieved. The synthesized poly-
mer particles exhibited effective radical scavenging property and
the reactivity exhibited on the particle surface was demonstrated.

2. Results and Discussion

Polysulfide polymer particles were prepared by the polymeriza-
tion of aqueous sodium polysulfides and 1,2,3-trichloropropane
in water, the following procedures similar to those reported pre-
viously (Scheme 1).[36] With the resulting polysulfide polymer
(PSn-TCP, where n is the average rank of the polysulfide used)
being insoluble in water, the polymerization conducted in the
absence of stabilizers (surfactants) result in macroscopic precip-
itation to yield an intractable, rubbery mass, an observation con-
sistent with that reported previously.[36] Previous studies show
that the prescription of a cationic surfactant in the polymeriza-
tion of sodium trisulfide with TCP or the use of a solvent system
that allows for a homogeneous reaction in the polymerization of
sodium disulfide with TCP yields PSn-TCP in the form of spher-
ical particles suspended in the polymerization medium.[36,38] It
was established that the cationic surfactant used for the polymer-
ization conducted under heterogeneous conditions plays a dual
role as a phase transfer catalyst for the sodium polysulfides and
the surfactant for the growing polymer particles.[36]

The use of cationic surfactant allowed the preparation of aque-
ous PSn-TCP colloids. The average size of the PSn-TCP particles
could be controlled by varying the concentration of the cationic
surfactant used, with increasing surfactant concentration leading
to a larger particle size with a maximum value of ≈300 nm.

Based on these previous reports, we envisioned that a more
dramatic control over the particle size of aqueous PSn-TCP col-
loid could be achieved by separating phase-transfer catalysis from
colloid stabilization (Figure 1). To achieve this, we employed
a symmetrical tetra-n-alkyl ammonium halide, tetrabutylammo-
nium bromide(TBAB), in place of its previously reported coun-
terpart having one long alkyl chain and three methyl groups.[39]

While quaternary ammonium salts with one long alkyl chain as-
semble into micelles and bilayers and can act as surfactants, those
with four identical alkyl chains are expected to feature exclusively
as a phase transfer catalyst.[40] Four types of neutral, polymeric
surfactants (Triton X-45, Triton X-100, Brij 35, and Brij 700) were
employed as stabilizers for the PSn-TCP particles (Table 1). The
surfactants were chosen based on their hydrophilic-lipophilic
balance (HLB), which are quantitative numerical values repre-
senting the ratio between hydrophilic and hydrophobic groups
in mainly nonionic surfactants.[41,42] Surfactants with high HLB
have greater affinity for water, rendering them suitable for stabi-
lizing oil-in-water emulsions, whereas those with low HLB have
greater affinity for oil and are often used for stabilizing water-in-
oil emulsions. Studies have reported that the HLB value of surfac-
tants can affect particle size. In the synthesis of polymer nanopar-
ticles in aqueous phase, the use of the nonionic Tween and Span
surfactants has been reported to result in a decrease in nanopar-
ticle size as the HLB value decreases.[43,44] Specifically, in oil-in-
water emulsions, the size of individual emulsion is proportional
to the HLB of the surfactant used. Based on this, we predicted
that, if the interfacial polymerization between aqueous polysul-
fides and TCP proceeds after the establishment of TCP-in-water
emulsion and without significant coalescence of PSn-TCP parti-
cle during the process, the HLB value of the surfactants would be
correlated to the size of the polysulfide particles.
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Figure 1. The use of distinct phase transfer catalyst and surfactant.

Aqueous polysulfide colloids were prepared by treating aque-
ous solutions containing TBAB and surfactant with polysulfide
and TCP. In all cases, the initially clear, yellow solutions turned
into turbid, white suspensions within 24 h, similar to the obser-
vations made in previous interfacial and precipitation polymer-
ization of inorganic polysulfides. The size of the particles was
determined through SEM image analysis. As predicted, the aver-
age particle size increased with increasing HLB, which was cal-
culated using both the Griffin method and the Davies method
(Equation S1, Supporting Information).

SEM imaging confirmed variations in particle size based on
the HLB values of surfactants (Figure 2). The size of the parti-
cles, determined through SEM image analysis, decreased with
decreasing HLB. The observation can be attributed to a stronger
surfactant-polysulfide particle interaction as the surfactant be-
comes more lipophilic. In the case of Triton X-45, exhibiting the
lowest HLB among the employed stabilizers, the absence of par-
ticle stabilization was observed. This may be attributed to the di-
minished size of the hydrophilic moiety in Triton X-45, leading to
a reduction in its interaction with water molecules which, in turn,
results in insufficient encapsulation of the emulsion surface.[45]

When Triton X-100 was used, well-defined spherical particles
with an average diameter of 526 nm was obtained. In a previ-
ous study in which Triton X-100 was used as a sole additive in
the polymerization of sodium polysulfides with TCP, a long re-
action time (3 d) was reported for the disappearance of the char-
acteristic yellow color of the polysulfide solution,[36] suggesting

that the addition of TBAB as a phase transfer catalyst results in
a faster consumption of the polysulfide dianion. Similar observa-
tions were made when Brij 35 was used as the surfactant, where
the absence of TBAB phase transfer catalyst resulted in the yellow
color of the initial reaction mixture persisting after 24 h of poly-
merization at 30 °C (Figure S1, Supporting Information). SEM
imaging revealed ill-defined morphologies when the polymeriza-
tion was conducted with either TBAB or Brij 35 as the sole addi-
tive (Figure S2, Supporting Information).

Zeta potential measurements (Table S1, Supporting Informa-
tion) of the polymer dispersions showed values in the range of
approximately −45 to −60 mV, suggesting the formation of a sta-
ble dispersion of particles. The negative values may be attributed
to the presence of hydroxyl groups on the surface of the poly-
sulfide polymer particles,[46] and the exact surface composition
of the particles are currently under investigation in our group.
The elemental analyses of the polysulfide particles prepared in
the presence of surfactant and TBAB closely matched theoretical
values (C: 19.23 wt%, H: 3.77 wt%, S: 77.00 wt%), indicating the
formation of polymer colloids with very high sulfur contents of
over 75 wt% (Table S1, Supporting Information). A lower carbon
content, along with a higher sulfur content, was observed when
Brij 35 was used in the absence of TBAB. This is attributed to
the presence of either unreacted or partially reacted polysulfide
dianions.

In the current study, the generation of particles using a
polymeric stabilizer resulted in significantly larger particles in

Table 1. Particles prepared using rank 3 polysulfide and 7.5 × 10−3 M of (a) Triton X-45, (b) Triton X-100, (c) Brij 35, (d) Brij 700 as a polymeric stabilizer.

(a) Triton X-45 (b) Triton X-100 (c) Brij 35 (d) Brij 700

Chemical Structure

n = 5 n = 9-10

n = 23 n = 100

HLB (Griffin) 10.4 13.5 16.9 18.8

HLB (Davies) 4.48 6.05 11.25 35.85

Particle Size [nm] – 526 860 1255
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Figure 2. SEM images of sulfur-rich particles prepared using rank 3 polysulfide and −7.5 × 10−3 M of a) Triton X-45, b) Triton X-100, c) Brij 35, d) Brij
700 as a polymeric stabilizer.

comparison to the previous investigation employing CTAB as
both the stabilizer and phase-transfer catalyst. This phenomenon
can be attributed to the critical packing parameter. The packing
parameter, P, is defined by the equation P = v/al, wherein v is the
volume of the hydrophobic tail of the, l is the length of the hy-
drophobic tail of the surfactant, and a is the cross-sectional area
of the head group. CTAB exhibits a larger P compared to the neu-
tral polymeric surfactants used in this study due to the smaller
cross-sectional area of the CTAB’s head group. This implies that
CTAB forms a more dense coverage of the polysulfide particles
than polymeric stabilizers, resulting in the formation of smaller
particles.[47]

At surfactant concentrations equal to or exceeding 5 × 10−2 M,
well-defined spherical particles were observed from Triton X-100
and Brij 35, but not from Brij 700. While Triton X-100 and Brij
35 share similar molecular weights, Brij 700 possesses a signif-
icantly larger molecular weight, resulting in higher solution vis-
cosity compared to the other surfactants. Increasing viscosity at-
tenuates the probability of coalescence, consequently diminish-
ing particle size or acting as a mitigating factor in hindering par-
ticle formation.[48] Hence, beyond a defined concentration range,
the impact of viscosity became evident, restricting the formation
of spherical polymer particles to the region where the viscosity
effect was absent.

With the size control parameter established using the proper-
ties of the neutral surfactant employed, other parameters which
could potentially influence the size of the polysulfide polymer
particles was pursued. One such parameter is the rank, or the av-
erage number of sulfur atoms per polysulfide chain, of the poly-
sulfide. Previous studies have elucidated variations in the physi-
cal properties of polymers based on specific polysulfide ranks.[49]

In light of these empirical findings, it is postulated that the syn-

thesis of particles utilizing polysulfides of distinct ranks may
yield particles with divergent characteristics. The molar ratio be-
tween elemental sulfur (S8) and sodium sulfide (Na2S) was ad-
justed to control the average length (polysulfide rank) of the al-
kali metal polysulfide. The particle size of alkali metal polysul-
fide, specifically those with a higher sulfur rank, exhibited larger
dimensions (Figure 3). This observation is attributed to the in-
crease in the number of sulfur atoms which leads to an aug-
mented volume of repeating units.

In this study, we validated the correlation between particle size
variations and surfactant concentration changes by employing
rank 3 and 4 polysulfides (Figure 4; Figures S4 and S5, Support-
ing Information). Both rank 3 and 4 polysulfide demonstrated
an inclination to increase particle size with increasing surfactant
concentrations. Previous studies have shown that increasing the
concentration of surfactants lead to the increase in the solubility
of oil in water. This process also accelerates Ostwald ripening.[50]

On the basis of this, the increase in polysulfide polymer particle
size with increasing surfactant concentration may be attributed
to the dissolution of smaller particles followed by redeposition
onto larger particles.

We also investigated the effect of the order of addition of
monomers on particle size and size distribution. While no sig-
nificant difference in the average particle size was observed, the
addition of TCP before the introduction of the polysulfide stock
solution resulted in particles with a narrower size distribution
(Figure 5). This may be attributed to the positive effect of first es-
tablishing an emulsion of the organic monomer in the aqueous
phase before the start of polymerization.

With a method for preparing polysulfide colloids in water in
which the particle size reaches micrometer scales, we assessed
the possibility of using the particles as antioxidants.[51] The
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Figure 3. SEM images of PSn-TCP particles prepared using a) rank 3 and b) rank 4 polysulfide under 4 × 10−2 M of Brij 35 polymeric stabilizer.

antioxidant effect of polysulfide particles was evaluated using
PBD-BODIPY (Figure S3, Supporting Information).[52] Recent
studies have shown that organosulfur compounds react similarly
to hindered phenols, which can act as radical trapping agents
(RTAs). It has been suggested that the antioxidant activity of
sulfurized olefins may arise not only from secondary antioxi-
dant reactions but also from their reactivity as RTAs.[53] Previ-
ous studies have reported that the homolysis of S–S bonds pro-
duces (per)thiyl radicals, which demonstrate competitive reac-
tivity with chain-carrying peroxyl radicals.[53] After introducing
the particles, autoxidation of the signal carrier PBD-BODIPY in
THF was performed at 3-min intervals. Following the reaction,
the absorbance of BODIPY was measured after filtering the par-
ticles. The reactivity of the polysulfide particles was quantified by
measuring the extent of PBD-BODIPY consumption (Figure 6a),
while the stoichiometry of the reaction, which suppressed autox-
idation, was elucidated through an inhibited period (Figure 6b).
The surface reactivity of the small particles exhibited improve-
ment, as evidenced by kinh values of 1.3 × 104 M−1s−1 for poly-
sulfide small particles and 9.8 × 103 M−1s−1 for large particles.
The stoichiometry of peroxyl radical trapping was determined to
be n = 0.046 for large particles and n = 0.050 for smaller parti-
cles. The lower value for polymer particles is attributed to their

Figure 4. Particle size of rank 3 and rank 4 polysulfides as a function of
Brij 35 concentration.

limited participation in the reaction, which is likely due to re-
stricted access to the reaction sites within the particles. As the
experiment involved particles of uniform mass, smaller particles
were expected to have a larger specific surface area. Analysis re-
vealed that smaller particles with a greater surface area in contact
with peroxyl radicals demonstrated a more effective scavenging
effect (Figure 6). This confirmation indicates that the surface of
sulfur-containing particles, synthesized through the separation
of the phase transfer catalyst and surfactant, exhibits antioxidant
reactivity. Despite demonstrating a diminished radical scaveng-
ing effect in comparison with organic RTA, the synthesis with
PSn-TCP particles is significant. When extracting and refining a
general biocompatible organic RTA into fine particles, the grind-
ing process may induce elevated temperatures, leading to alter-
ations in its physicochemical properties. This is attributed to its
potential to enhance the radical scavenging effect on the particle
surface, contributing to the advantages derived from processes
such as surface modification or particle size control in future ap-
plications. In particular, PSn-TCP, with its facile conversion into
nano- and microscale particles, exhibits a level of processability
that surpasses that of other organic RTAs. The high chemical
stability of PSn-TCP suggests potential applications, such as in
biofilm scenarios, warranting further exploration in the context
of scientific research.

3. Conclusion

This study presents the development of a method for synthe-
sizing spherical polymer particles containing sulfur with a large
and diverse particle size range. The synthesis used a phase trans-
fer catalyst and various surfactants based on neutral polymers.
Spherical particles were obtained under different experimental
conditions, and variations in the type and concentration of neu-
tral polymer surfactants, the number of alkali metal polysulfide
sulfurs, and order of reactants injection were explored. Various
neutral polymer surfactants with distinct hydrophilic-lipophilic
balance (HLB) values were employed, revealing an observed in-
crease in particle size with an increase in HLB value. In addition
both surfactant concentration and the number of sulfur ranks
in the polysulfide contributed to an increased particle size. Con-
cerning particle size distribution, injecting the polysulfide stock
solution after TCP resulted in a narrower distribution compared
with that before TCP. The sulfur-containing polymer achieved a
sulfur content exceeding 75 wt%, with synthesized particle sizes
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Figure 5. SEM images and particle size distribution histogram of sulfur containing particles prepared in a sequence of a) stock solution and TCP,
b) TCP and stock solution using 10−2 M of Brij 700.

Figure 6. a) The rate constant kinh for the RTA can be derived from the
initial rate of PBD-BODIPY consumption, as described in Equation (1),
and the stoichiometries n can be determined from the characteristic time
tinh, as expressed in Equation (2), and b) coautoxidation of THF(4.9 M)
and PBD-BODIPY(10 × 10−6 M) initiated by AAPH(1 × 10−3 M) in water
at 30 °C (black line) and inhibited by polysulfide particles with diameters
of 720 nm (red dot) and 1300 nm (blue square). Reaction progress was
monitored by absorbance at 591 nm (𝜖 = 128 000 M−1 cm−1).

ranging from 360 to 1800 nm. These polymer particles demon-
strated efficacy in trapping radicals in an autoxidation reaction
using PBD-BODIPY, an organic probe material that can be easily
monitored. As the particle size decreases, the surface reactivity of
the polymer particles within the same mass increases. We con-
firmed that these particles exhibit surface reactivity by observing
their ability to inhibit autoxidation on the particle surface.

4. Experimental Section
Materials: All solvents were purchased from commercial suppliers

and used without further purification. Sulfur and sodium sulfide non-
ahydrate were purchased from Alfa Aesar. Tetrabutyl ammonium bro-
mide was purchased from TCI. Triton X-45 and Brij 700 were pur-
chased from Sigma-Aldrich. Triton X-100 and Brij 35 were purchased
from Alfa Aesar. 1,2,3-Trichloropropane was purchased from TCI. 2,2′-
Azobis(2-methylpropionamidine) dihydrochloride was purchased from
Sigma-Aldrich.

Methods: The synthesis of alkali metal polysulfide storage solutions
and polymer particles, necessitating a vacuum argon backfill and an ar-
gon atmosphere, was conducted employing the standard Schlenk method.
Scanning Electron Microscopy (FE-SEM) images were acquired using a
LEO SUPRA 55, GENESIS 2000 instrument manufactured by Carl Zeiss.
Particle size analysis was conducted using Fiji, an image analysis soft-
ware. The absorbance of PBD-BODIPY was analyzed utilizing a UV–Vis
spectrometer.

Sodium polysulfide stock solution was prepared by adding sodium sul-
fide (2.40 g, 10 mmol) and sulfur (0.64 g, 20 mmol for trisulfide and
0.96 g, 30 mmol for tetrasulfide) to a 20 mL vial, followed by three con-
secutive vacuum-argon backfill cycles. Following the addition of 8 mL
of degassed deionized water under an argon atmosphere, the mixture
was stirred at room temperature until complete dissolution of all reac-
tants occurred. Subsequently, additional degassed deionized water was
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introduced to achieve a total reactant volume of 10 mL, and the mixture
was further stirred.

Synthesis of the Polymer Nanoparticles: A 20 mL vial, equipped with
a stirring bar, was charged with tetrabutyl ammonium bromide (64.5 mg,
0.2 mmol) and a neutral polymer-based surfactant (0.2 mmol). The subse-
quent procedure involved three consecutive vacuum argon backfilling cy-
cles under an argon atmosphere. Subsequently, 9.9 mL of degassed deion-
ized water was introduced into an argon environment and stirred at room
temperature until the complete dissolution of all reactants was achieved.
Following the full dissolution of the surfactant and the phase transfer cata-
lyst, a polysulfide stock solution (0.1 mL, 0.1 mmol) was introduced under
an argon atmosphere. After vigorous stirring at 600 rpm for 30 min at 30
°C, 1,2,3-trichloropropane (21.3 μL, 0.2 mmol) was injected and stirred 18
h. The solution exhibited a distinct color change from transparent orange
to a hazy light yellow, indicating the formation of a dispersion.

Centrifugation was performed thrice using distilled water for the pur-
pose of separation and purification, resulting in a product composed of
white solid particles. Subsequently, the solid product underwent redisper-
sion in water for SEM measurements, followed by drop casting onto a
cleaned silicon wafer, and subsequent drying in an oven at 60 °C.

Analysis of Polymer Nanoparticles: To prepare samples for SEM
imaging, solid components from the reaction mixture were isolated
through centrifugation and subjected to two consecutive redispersion–
centrifugation cycles in water. The resulting solids intended for SEM imag-
ing were subsequently dispersed in water, drop-cast onto a silicon wafer
cleaned with piranha solution, and dried under vacuum conditions. The
zeta potential and UV–Vis samples were prepared through the following
procedure. Solids were isolated from the polymerization reaction through
centrifugation followed by two redispersion–centrifugation cycles using
deionized water, after which the solids were redispersed in 10 mL deion-
ized water. A 100 μL aliquot from this dispersion was further diluted to
10 mL using deionized water prior to zeta potential and UV–Vis measure-
ments.

Procedure for Inhibited Autoxidations: Unstabilized THF (1 mL) and
deionized water (1.43 mL) were charged into a 3 mL cuvette. The mix-
ture was allowed to stand at 30 °C in a sample holder within the UV–Vis
spectrophotometer for 15 min. PBD-BODIPY solution in DMSO (2 × 10−3

M, 12.5 μL) was added followed by the addition of 50 μL of a 5 × 10−2 M
AAPH solution. The solution was thoroughly mixed, and the absorbance
at 591 nm was measured. Subsequently, 10 μL of polysulfide particles at a
concentration of 6 × 10−3 M were introduced into the solution. The mix-
ture was thoroughly agitated, and absorbance was measured. Absorbance
measurements were conducted at 3-min intervals with particle filtration,
and the entire process was repeated from the beginning after each ab-
sorbance measurement.
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the author.
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