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ABSTRACT: Amphoteric polysoaps have been prepared via [pH- and CO responsive “polysoaps” for

statistical RAFT copolymerization using either methacryloyl
sulfacetamide (mSAC) or methacryloyl sulfmethazine
(mSMZ) and 4-hexylphenyl methylacrylamide (4HPhMA).
These copolymers form pH- and CO,-responsive polymeric
micelles capable of sequestering hydrophobic molecules in
water. The composition and structure of the respective
copolymers can be changed to tailor the onset and extent of
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CO,-dependent phase behavior. When CO, is introduced into the system, resulting in carbonic acid formation, the pH drops
below the pK, of the sulfonamide units along the copolymer backbone, and phase separation occurs. Purging with N, results in
an increase in pH and redissolution of the polysoap; this process can be repeated multiple times. The mSMZ polysoaps, which
show complete phase transitions using this reversible process, were especially efficient in removing the model contaminants
pyrene and 9-anthracenemethanol from water. The feasibility of recovering and reusing these copolymers is demonstrated,
pointing to the potential utility of such CO,-responsive systems in water treatment and related environmental remediation

applications.

B INTRODUCTION

Assuring the quality and availability of clean drinking water is a
major global objective, spurred recently by well-documented
reports of contamination by pollutants including pharmaceut-
icals, pesticides, and polycyclic aromatic hydrocarbons
(PAHs)."”” These types of chemicals typically enter water
sources through sewer drainage and water runoff or from
industrial waste disposal.~” The presence of PAHs and related
hydrophobic compounds in water sources has been linked to
cancer and birth defects.”™ " Unfortunately, removal of these
harmful chemicals has proven to be challenging due to the low
efficiency and high cost of commercial purification techni-
ques.12 4

Stimuli-responsive, amphiphilic copolymers have become
increasingly important for environmental and biological
applications due to their unique phase separation in aqueous
media. For example, micelles, vesicles, and other ordered
structures can result from induced self-assembly of a wide
range of structural types including statistical, block, graft, star,
and hyperbranched copolymers.'*~>° Amphiphilic copolymers,
or polysoaps, that reversibly form multimeric or unimeric
micelles are of particular interest for water remediation since
they potentially combine surfactant-like behavior and hydro-
phobe capture/sequestration capabilities at high dilution.”*~*

Seminal work by Strauss,”"”** who coined the term polysoap,
demonstrated that surfactant analogues placed strategically
along a hydrophilic polymer backbone could yield soap-like
characteristics. Studies to date on an extensive number of

-4 ACS Publications  © 2018 American Chemical Society 9052

amphiphilic polymer types exhibiting polysoap behavior have
shown that the corona can have nonionic, cationic,z‘)_32
303133735 or gwitterionic®****” segments while the
core may be composed of hydrophobic entities varying in
composition and chain length.”**® Functional groups can also

anionic,

be introduced into either the core or corona-forming segments
to impart stimuli-responsiveness.””**~*" Prior to the develop-
ment of reversible deactivation radical polymerization (RDRP)
techniques,”' ~* control over molecular weight and polymer
architecture was quite limited. Previously, our group utilized
reversible addition—fragmentation chain transfer (RAFT)
copolymerization to synthesize polysoaps with controlled
molecular weights and low dispersities for oil-spill remediation
applications.”> We demonstrated that copolymers prepared
from hydrophobic dodecyl acrylamide and hydrophilic 2-
acrylamido-2-methylpropanesulfonic acid (AMPS) form both
unimeric and multimeric micelles based on composition. The
former have no concentration dependence on micelle
formation and are especially promising since each copolymer
forms its own micelle capable of hydrocarbon (foulant)
sequestration, even at high dilution. These first-generation
polysoaps rely on indigenous bacteria present in the environ-
ment for remediation.
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A second generation of polymeric micelles based on stimuli-
responsive polysoaps can be envisioned that allow hydrocarbon
capture/sequestration, followed by subsequent recovery and
release of both the foulant and polymer. Recently, our group
has taken a step in this direction by demonstrating the tunable
pH- and CO,-responsive behavior of sulfonamide-based
homopolymers achieved by varying the sulfonamide sub-
stituents (and thus pK, values) of the constituent monomers
(Scheme 1). Most significantly, the corresponding polymers

Scheme 1. Sulfonamide Monomer Structure and Varying R-
Groups with Respective pK, Values™*
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exhibit narrow, reversible pH-dependent solubility transitions
with an “on/off” type of behavior. *“* Two reviews regarding
advantages and economic feasibility of CO,-responsive systems
have recently been published.***

In this article, taking advantage of our previous work, we
now report the synthesis and CO,-responsive behavior of two
series of statistical copolymers that reversibly undergo phase
changes and meet requisites discussed above for the envisioned
second-generation polymeric micelles (Scheme 2). These
copolymers, based on mSAC and mSMZ, possess pH-
responsive coronas and phase-separation behavior that can
be controlled through variation of comonomer composition
and sulfonamide structure. Hydrophobic molecules can be
captured and subsequently removed from solution through
precipitation, simply by water acidification via CO, addition.

Scheme 2. (top) Conceptual Representation of Second-
Generation Polymeric Micelles with pH/CO,-Responsive
Coronas Representing Hydrocarbon Sequestration and
Recovery Capabilities; (bottom) Chemical Structure of pH/
CO,-Responsive Sulfonamide-Based Polysoaps
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B EXPERIMENTAL SECTION

Materials. 4-Cyano-4-(ethylsulfanylthiocarbonylsulfanyl)-
pentanoic acid (CEP) was synthesized according to literature
procedures.”” Methacryloyl chloride (Aldrich, 97%) was distilled
under vacuum and stored under N, at —10 °C prior to use. N,N'-
Dimethylformamide (DMF) from Acros (extra dry with sieves) was
stirred under vacuum at room temperature for 60 min prior to use to
remove traces of dimethylamine. The initiator (96%) 2,2’-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (V-70) from Wako was stored in a
sealed container at —10 °C. Sulfonamide precursors (>97%)
sulfacetamide (SAC) from Sigma-Aldrich and (99%) sulfamethazine
(SMZ) from Acros Organics were used as received. 4-N-Hexylaniline
(>98%) was purchased from Alfa Aesar and was distilled immediately
prior to use. Trimesic acid (96%) was purchased from Sigma-Aldrich
and used as received. Standardized 0.1 N NaOH and 0.05 N HCI
solutions were purchased from Fisher Scienctific and used as received.
The hydrophobic probes, pyrene (>99%) and 9-anthracenemethanol
(97%) from Sigma-Aldrich, were used as received. The detailed
synthesis of the RAFT chain transfer agent, CEP, and monomers 4-
hexylphenyl methylacrylamide (4HPhMA), methacryloyl sulfaceta-
mide (mSAC), and methacryloyl sulfamethazine (mSMZ) can be
found in the Supporting Information.

Statistical Copolymerization of 4HPhMA and mSAC via
RAFT. A representative copolymerization procedure for preparing the
amphoteric copolymers utilizes 4HPhMA (0.279 g, 1.13 mmol),
mSAC (2.89 g, 10.23 mmol), CEP (7.86 mg, 0.006 mmol), DMF (15
mL), and V-70 (1.8 mg, 0.007 mmol) with the molar ratios of
[4HPhMA]:[mSAC]y:[CEP],:[V-70], equal to 38:340:1.0:0.2. Tri-
mesic acid (50 mg) was added as an internal standard. The flask was
then sealed and purged with ultrahigh purity N, for 60 min in an ice
bath. An initial aliquot of 200 uL was taken prior to commencing the
polymerization at 30 °C in an oil bath while stirring. Theoretical
molecular weights were targeted based on initial monomer to CTA
ratios and total monomer conversion (polymerization times varied
from 18 to 24 h). Aliquots were taken periodically and analyzed by 'H
NMR (DMSO-dg) to determine monomer conversion by comparing
the relative integral areas of the trimesic acid aromatic protons (8.64
ppm, 3H) to the monomer vinyl proton (5.84 ppm, 1H). SEC-
MALLS (5% AcOH, 0.02 M LiBr in DMF) was used to monitor the
molecular weight and dispersity (D) of each polymerization. Polymers
isolated for solubility studies were purified by precipitating the
reaction mixture into a 10-fold excess of MeOH, followed by isolating
the resulting solids by ultracentrifugation. The isolated polymers were
then precipitated three times from DMF into MeOH. The resulting
solids were removed by vacuum filtration before drying overnight in
vacuo.

Dissolution of the Amphoteric Sulfonamide Copolymers.
Based on the molar equivalents of sulfonamide monomer in the
mSAC (A) and mSMZ (B) series, a 1.25 molar excess of sodium
hydroxide was added to the aqueous polymer solutions to
deprotonate the sulfonamide units and ensure sample dissolution.
For example, a 250 mg sample of the A10 containing 0.971 mmol of
—SO,NH— was solubilized with 1.21 mmol of NaOH into 10 mL of
DI water. The sample was then diluted in a volumetric flask to 25 mL
to prepare a 10 mg/mL stock solution (pH ~ 12) for characterization
experiments. Sequential dilutions from the stock solution were utilized
to prepare concentrations of 0.1, 0.5, 1.25, 2.5, 3.75, §, 7.5, and 10
mg/mL.

Pyrene Absorbance/Fluorescence Studies. The extent of
pyrene uptake and the environment of the micelle core domains in
series A and B were studied using UV—vis and fluorescence
spectroscopy. Into each well of a 96-well plate was added S uL of a
50 mg/mL stock solution of pyrene in acetone. The acetone was then
evaporated, and 0.5 mL of the desired polysoap solution was
subsequently added. The well plate was covered and placed on a
shaker for 24 h to allow the solutions to equilibrate. Then, 200 uL of
the polysoap/pyrene solution from each well was transferred to a
second 96-well plate for analysis via UV—vis absorbance and
fluorescence spectroscopy with a TECAN Safire spectrometer.
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Absorbance and Turbidimetric Titration Experiments. Into a
50 mL centrifuge tube was added S0 yL of a 50 mg/mL stock solution
of pyrene in acetone. The acetone was then allowed to evaporate; 5
mL of a 10 mg/mL polysoap solution (pH ~ 12) was added to the
tube, and the contents were placed on the shaker for 24 h. The
contents of the tube were then centrifuged to remove residual pyrene,
and the solution was subsequently transferred to a 20 mL scintillation
vial. While stirring, the solution was titrated with 0.01 N HCl at 10 uL
increments. The percent transmittance and pyrene absorbance were
measured as a function of pH via UV—vis spectroscopy.

Turbidity Measurements during CO,/N, Entrainment
Cycles. To a disposable 50 mL centrifuge tube, 10 mL of polysoap
solution (10 mg/mL, pH ~ 12) was added along with a stir bar. The
initial % transmittance was measured for the samples. The solution
was then purged with CO,, allowing sufficient time for the solution to
become turbid for subsequent measurement of percent transmittance
(20 min for the A series and 3 min for the B series). The sample was
then purged with N, for a selected period of time (10 min for the A
series and 60 min for the B series); the percent transmittance was
again measured. The procedure was repeated for multiple cycles.

Remediation of 9-Anthracenemethanol from Water. The
following procedure was utilized to determine behavior of B10 and
B20 in multiple cycles of remediation of water containing 9-
anthracenemethanol (9-AM). To a 1.5 mL microcentrifuge tube were
added 10.3 mg of polymer, 1 mL of 0.1 mM 9-AM in water, and 200
uL of 0.2 N NaOH. After vortexing, the contents were equilibrated
while shaking for 30 min. The resulting solution (pH ~ 12) was
centrifuged at 10000 rpm, and the absorbance was measured at 388
nm. The solution was then sparged with CO, for 3 min, followed by
centrifugation at 10000 rpm for 10 min. The supernatant was
removed, and the absorbance value was measured at 388 nm. A new 1
mL aliquot of 0.1 mM 9-AM solution and 200 L of 0.2 N NaOH was
added to the centrifuged pellet, allowing it to redissolve while
vortexing for 30 min.

Calculating the 9-AM Uptake Capacity for B10 and B20. To
determine the uptake capacity for amphoteric polysoaps B10 and
B20, the number of moles of polymer was first calculated for each
initial solution during the 9-AM remediation experiments (1.53 X
1077 and 2.28 X 1077 mol, respectively). Then the number of moles of
9-AM at the saturation limit was calculated (7.0 X 1077 and 12.0 X
1077 mol for B10 and B20, respectively). These values were then used
to determine the moles of 9-AM per mole of copolymer chains. When
converted to molecules of each species using Avogadro’s number, the
result is molecules of 9-AM per polymer chain (4.5 and 5.2 for B10
and B20, respectively).

Characterization of Sulfonamide Polysoaps. Static and
dynamic light scattering measurements were conducted at 633 nm
utilizing a Research Electro Optics HeNe laser operating at 40 mW.
The time-dependent scattering intensities were measured with a
Brookhaven Instruments BI-200SM goniometer at 60°, 75°, 90°,
105°, and 120° with an avalanche photodiode detector and
TurboCorr correlator.

Gel permeation chromatography (GPC) was performed using a
Viscotek TDA 302 equipped with a triple detector array of RI, low,
and right-angle light scattering and viscosity detectors. The GPC
system was equipped with Tosoh TSKgel Super AW guard column,
Super AW3000, and Super AW4000 columns in series. The eluent
used for the sulfonamide polysoaps was 5% AcOH, 0.02 M LiBr in
DME.

UV—vis spectroscopy and fluorescence spectroscopy for pyrene
absorbance and fluorescence were measured with a TECAN Safire 96-
well plate spectrometer running on integrated Microsoft Excel
software. Absorbance was measured at 341 nm, and fluorescence
was measured via emission scan from 350 to 550 nm with an
excitation wavelength of 341 nm. For the pH titrations, CO,
reversibility, and hydrocarbon removal experiments, percent trans-
mittance and absorbance were determined using an Agilent
Technologies Carey Series UV—vis—NIR spectrophotometer run
with Carey WinUV software.

B RESULTS AND DISCUSSION

Structural Design of Sulfonamide Polysoaps. To study
the solution properties of sulfonamide-based, pH- and CO,-
responsive polysoaps, two series of statistical amphoteric
copolymers were synthesized via RAFT copolymerization. 4-
Hexylphenyl methylacrylamide (4HPhMA) was copolymerized
with either sulfonamide-based methacryloyl sulfacetamide
(mSAC, pK, = 5.38) or methacryloyl sulfamethazine
(mSMZ, pK, = 7.49) (Scheme 3). The 4HPhMA structure

Scheme 3. Amphoteric Sulfonamide Polysoap Structure and
Synthetic Pathway
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was rationally chosen as the hydrophobic monomer since it
comprises the same polymerizable phenyl methacrylamide
moiety as the sulfonamide monomers, resulting in similar
reactivity ratios between the comonomers. Additionally, the
hexyl alkyl chain on 4HPhMA increases the hydrophobicity of
the monomer which, by design, will associate into the
hydrophobic core domain of the micelles. The sulfonamide-
based mSAC or mSMZ monomers were chosen as
components of the pH-responsive coronas. When solution
pH > sulfonamide pK,, formation of micelles is expected.
Conversely, when solution pH < pK,, the entire polymer
(along with any sequestered hydrocarbon) should form an
insoluble coagulate. Mole percentages of 10, 20, 30, and 40
4HPhMA were targeted for this study; pertinent structural data
are reported in Table 1. The amphoteric polysoap samples are
identified accordingly as follows: A or B indicates the
sulfonamide monomer incorporated (mSAC or mSMZ,
respectively) followed by the targeted mole % of 4HPhMA
in the copolymer.

Table 1. Structural Data for Amphoteric Sulfonamide
Copolymers

b

sulfonamide pe 4HPhMA M, exp
sample monomer (%) content” (%) (kDa) pb
AO° mSAC 79 0 57.1 1.34
Al0 mSAC S1 8 77.3 1.36
A20 mSAC 86 17 79.4 1.39
A30 mSAC 56 27 534 1.28
A40 mSAC 76 43 522 1.30
BO“ mSMZ 87 0 21.6 1.39
B10 mSMZ 52 10 67.2 1.35
B20 mSMZ 44 20 45.0 1.40
B30 mSMZ 61 29 60.0 1.35
B40 mSMZ 42 42 S1.1 1.35

“Total monomer conversion (p) and mol % composition determined
by '"H NMR. *Determined by SEC-MALLS. “Homopolymer samples
are used as controls for the CO,/N, purge and remediation
experiments.
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Figure 1. Hydrodynamic diameter (Dj,) vs polysoap micelle concentration as measured by dynamic light scattering: (a) A series; (b) B series.
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Figure 3. Pyrene I,/I; values of the polysoaps at varying polymer concentrations: (a) A series; (b) B series.

Micellar Properties of Amphoteric Sulfonamide
Polysoaps in Water. Dynamic light scattering (DLS) was
utilized to determine the hydrodynamic diameter (D)) values
of micelles as a function of concentration for each copolymer
in water at pH 12. The experimental data in Figure 1 indicate
increases in the Dy values with increasing concentration for
each copolymer in the A series, consistent with multimer
formation. On the other hand, B10 and B20 have constant D,
values of ~8 nm across the entire concentration range.

9055

Additionally, Zimm analysis (Figures S11 and S12) for B10
and B20 indicates weight-average molecular weights of 83.8
and 55.8 kDa, respectively, consistent with single chain
micelles. B30, although exhibiting a near-constant particle
size of ~35 nm over the concentration range, obviously
contains multiple chains based on SEC-MALLS molecular
weight. B40 is insoluble, even at high pH values, due to
increased polymer hydrophobicity. Static light scattering data at
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90° (Figures S9 and S10) further support the DLS
observations.

To study the nature of the hydrophobic domains in each
sulfonamide series, pyrene was introduced as a probe and its
absorbance at 341 nm monitored as a function of increasing
copolymer concentration (Figure 2). Sodium dodecyl sulfate
(SDS) was employed as a small-molecule surfactant control.
For all samples, pyrene absorbance values increase as the
number of polysoap domains increase. The entire B series and
A40 show sequestration behavior similar or superior to SDS
above its critical micelle concentration (CMC). As expected,
SDS exhibits virtually no observable pyrene absorbance below
its CMC (2.3 mg/mL); however, all samples except for A10
exhibit noticeable to moderate pyrene absorbance at lower
polysoap concentrations (0.1—2.5 mg/mL).

The fluorescence spectrum of pyrene in micellar solution
can provide further information about the hydrophobic/
hydrophilic microenvironment of core domains. The ratio of
the peak intensities I;/I, changes depending on the polarity of
the local microenvironment in which the pyrene resides.”>*’
Increasing I;/I; ratios indicate a shift from a polar aqueous
environment to a less polar, hydrophobic environment. In
Figure 3, measured I;/I, values are plotted as a function of
copolymer solution concentration with SDS used as a control.
In water, pyrene exhibits an I/I; value of 0.68 below the CMC
of SDS and an I;/I;, value of ~1.1 above the CMC. All
polysoap samples tested (A10—40 and B10—30) exhibit I,/
> 1 over the entire range, even at very low copolymer

9056

concentrations (0.1 mg/mL). Taken together, the light
scattering, UV-absorbance, and fluorescence experiments
indicate that the A series polysulfonamides and B30 exist as
multimeric assemblies while B10 and B20 form single-chain
micelles. All polymers are capable of sequestering pyrene.
pH-Responsive Behavior of the Sulfonamide-Based
Polysoaps. Having studied the micellar nature of the A and B
series of amphoteric polysoaps at pH = 12, the pH-dependent
solubility of these copolymers was subsequently examined by
turbidimetry while titrating with HCI (Figure 4). As expected,
sharp phase transitions are observed at pH values at or near the
pK, of the constituent sulfonamide monomers (A series,
mSAC, pK, = 5.38; B series, mSMZ, pK, = 7.49).
CO,-Responsive Behavior of the Sulfonamide-Based
Polysoaps. The concept of “tuning” reversible phase
transitions in amphoteric, micelle-forming sulfonamide co-
polymers suggests utility in practical applications, including
water remediation. For example, the pH of water can be
decreased to 3.9 by entraining with CO,** and subsequently
returned to its original pH by purging with nitrogen (or air).
Series A and B polysoap solutions were subjected to repeated
CO,/N, purge cycles of specific duration and visually
inspected for phase separation (Figure S13). To further
quantitate the phase behavior of the copolymers, turbidimetric
measurements were performed over four purge cycles as shown
in Figure S (times were chosen to best illustrate the visual
differences in phase behavior). The extent of phase separation
and redissolution for both series is dependent on the

DOI: 10.1021/acs.macromol.8b01613
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Scheme 4. Procedure for B10 and B20 Recycle Experiments Involving the Removal of 9-AM from Multiple Batches of

Contaminated Water
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hydrophobic content and proximity of the respective pK,
values of the sulfonamide units to the solution pH (Table
S1). Additional experiments reveal a small but noticeable time
dependency on copolymer redissolution, which is presented in
Figure S14.

Amphoteric Polysoap Remediation of 9-Anthracene-
methanol from Water. B10 and B20 were selected for water
remediation studies based on our initial observations of phase
behavior and an ability to partition the aromatic hydrocarbon
pyrene into hydrophobic domains (Figure S15). 9-Anthrace-
nemethanol (9-AM) was chosen as an appropriate model due
to its high molar extinction coefficient and moderate water
solubility. 9-AM is also a good model for aromatic
contaminants found in trace amounts in ground and drinking
water.”*" Utilizing the procedure outlined in Scheme 4,
amphoteric polysoaps B10 and B20 were subjected to multiple
dissolution/precipitation cycles to remediate 9-AM from water
using CO,-induced phase separation.

Figure 6 shows 9-AM absorbance values at 388 nm for each
copolymer solution and its respective supernatant after
remediation. As new solutions of 9-AM are introduced, the
polymers continue to sequester 9-AM until saturation of the
micelle core domains occurs. Based on calculations described
in the Experimental Section, B10 and B20 have the capacity to
sequester 4.5 and 5.2 molecules of 9-AM per polymer chain,
respectively. Interestingly, at this concentration of 9-AM in the
micelle core domains, excimer formation occurs, resulting in a
decrease in the measured absorbance values. This is commonly
observed when anthracene derivatives associate at high
concentrations.”> >> Further absorbance and fluorescence
data are presented in Figures S16—S21, including data of the
homopolymer BO as a control. Overall, this experiment
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Figure 6. Incremental absorbance values of 9-AM at 388 nm as a
function of the number of dissolution/precipitation cycles for B10
and B20. Each cycle shows dissolution followed by CO,-induced (3

min purge) precipitation of B10 and B20 (10.3 mg) from 1 mL
increments of 9-anthracenemethanol solution (0.1 mM).

demonstrates the ability of these amphoteric polysoaps to be
reused (recycled) to remediate successive solutions of 9-AM,
suggesting utility as sustainable remediating materials.

B CONCLUSIONS

Amphoteric polysoaps have been prepared utilizing the RAFT
copolymerization of sulfonamide-based mSAC or mSMZ and
permanently hydrophobic 4HPhMA. At high pH values the
copolymers are water-soluble and exist as micelles; below a
critical pH value, phase separation occurs, and the polymers
become water insoluble. These amphoteric sulfonamide
polysoaps have pK, values in a range allowing for CO,-
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responsive behavior. The A series of polysoaps (mSAC
derivatives) has minimal responsiveness as demonstrated by
limited increases in solution turbidity. On the other hand, the
B series (mSMZ derivatives) exhibits excellent CO,-
responsiveness with sharp phase separation. The amphoteric
nature of these copolymers allows sequestration of hydro-
carbon impurities from water. Specifically, B10 and B20 were
efficient at removing the model foulant 9-AM from aqueous
solutions via CO,-induced phase-separation. We believe the
demonstrated potential of these pH/CO,-responsive ampho-
teric sulfonamide polysoaps will have future implications in
deriving commercially feasible water remediation technologies.
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