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Star and hyperbranched polyacrylamides (s-PAMs and b-PAMs) were synthesized via semibatch RAFT copolymerization of
acrylamide (AM) and N,N'-methylenebisacrylamide (BisAM) using four monomer feeding policies. The BisAM to chain
transfer agent (CTA) ratios from I to 40 at a constant [AM],/[CTA], of 600 were investigated at 60°C. The s-PAMs with the
number of arms of 1.4-12.8 and 1.8-8.4 were, respectively, produced by arm-first (AF) and core-first (CF) approaches,
whereas the b-PAMs having the branching density of 1.34—13.1C/1000Cs were synthesized by constant BisAM feeding
(semibatch polymerization, SB) and batch (batch polymerization, BA). Soluble b-PAMs were produced with the four feeding
policies at [BisAM]y/[CTA], of 5. However, when the [BisAM]y/[CTA], was increased to 30, the gelation occurred with the
CF and BA approaches while the AF and SB synthesized soluble branched PAMs. The AF and SB approaches appeared to
be practical in producing the respective s-PAM and b-PAM at high [BisAM],/[CTA], ratios or low CTA usages. © 2012

American Institute of Chemical Engineers AIChE J, 59: 1322-1333, 2013

Keywords: polymerization, polymer properties, monomer feeding policies, star polyacrylamide,

polyacrylamide

Introduction

Water-soluble polymers have been widely used as floccu-
lants for solid-liquid separation in wastewater treatment, as
well as many other areas such as pulp and paper, mineral
processing, and oil recovery."™ Acrylamide polymers
(PAMs) including homopolymers and copolymers are the
most popular flocculants.” The polymer structure, molecular
weight (MW), and charge density in the case of polyelectro-
lytes determine the flocculation efﬁciency.3 It is known that
the flocculation effect increases with MW of PAM:s.” High
MWs (>10° g/mol) are often required in industrial applica-
tions. However, high-MW polymers have high viscosities
and are thus time-consuming in preparation of aqueous solu-
tions. There were several literatures reporting that PAMs
including highly branched, star, and brush structures had
higher flocculation efficiencies than linear counterparts and
at the same time were readily soluble.”"* For example, Zhu
and coworkers prepared graft cationic polyelectrolytes and
found that the graft polymers performed better in floccula-
tion applications than their linear counterparts.®"?

Branched polymers are those having graft, star, comb,
hyperbranched, and dendritic structures. Star and hyper-
branched polymers attract great attention because of their
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hyperbranched

unique rheological and physical properties.m’15 These struc-
tures can be synthesized by different feeding policies using
various vinyl monomers. Of particular interest is the recent
development of controlled/“living” radical polymerization
(CLRP) processes that provide easy ways to prepare these
branched polymers by copolymerization of monomers with
multifunctional comonomers such as divinyl monomers. '+ 2°
Star polymers are usually prepared by ‘“‘arm-first” (AF) or
“core-first” (CF) approaches. In an AF approach, linear
polymer chains are synthesized first and serve as arm precur-
sors. These arms are attached each other via copolymeriza-
tion with divinyl comonomers. The resulting star polymers
have the number of arms with a statistical distribution and a
highly cross-linked core. In contrast, in a CF approach,
divinyl monomers copolymerize first by CLRP to generate
nanogels, which contain multifunctional groups. The nano-
gels act as multifunctional cores and undergo consecutive
growth of arms via further polymerization of added mono-
mer. The number of arms in the star polymers also follows a
statistical distribution.®’ If divinyl monomers are continu-
ously fed into a reactor, either at a constant rate or varying
rates (semibatch polymerization or SB)**** or are added in
batch (batch polymerization or BA),**™" the divinyl mono-
mers copolymerize with monomers and generate branches
along polymer chains, resulting in hyperbranched structures.

Various well-defined star and hyperbranched polymers
have been synthesized by RAFT polymerization via these
feeding policies. Reversible addition-fragmentation chain
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transfer (RAFT) polymerization is proven to be an effective
method to prepare the branched structures. Using an AF
approach, Davis and coworkers introduced divinylbenzene
(DVB) into copolymer chains to form linear polystyrene-b-
polydivinylbenzene (PS-b-PDVB) block copolymers via
RAFT polymerization.39 A successive free radical polymer-
ization coupled pendent vinyl groups in the PDVB blocks to
form core-crosslinked stars with up to 16 arms. Zheng and
Pan*’ prepared PS and PS-b-poly(N-isopropyl acrylamide)
(NIPAM) star polymers via RAFT polymerization of St and
its successive polymerization with NIPAM followed by
copolymerization with DVB. The same method was used to
synthesize poly(acrylic acid) stars with fluorescent divinyl
comonomer core,*' poly(N-isopropyl acrylamide) (PNIPAM)
or poly(2-hydroxyethylmethacrylate) stars with ethylenegly-
col dimethacrylate or DVB core,*” and poly(ethylene oxide)
stars with St/DVB microgel core.®

Although star polymers could also be synthesized via CF
approaches with divinyl monomers, there are few reports in
the literature using controlled radical polymerization (CRP)
methods. Gao and Matyjaszewski®' used atom transfer radical
polymerization (ATRP) of ethyleneglycol diacrylate to form a
multifunctional crosslinked core for further synthesis of polya-
crylate stars. Other CF star polymers were mainly prepared
using multifunctional initiators,*** chain transfer agents
(CTAs),”>™" or coupling agents.®***”"! Using batch RAFT
polymerization, hyperbranched polymers could be readily syn-
thesized through copolymerization with divinyl monomer in
the presence of CTA 28333638 1y our previous work, %% we
reported a semibatch RAFT polymerization method with con-
tinuous feeding of N,N'-methylenebisacrylamide (BisAM) to
synthesize hyperbranched polyacrylamide (b-PAM) via 3-ben-
zyltrithiocarbonyl propionic acid (BCPA) as CTA.

Despite that each of the feeding policies has been applied to
synthesize various star and hyperbranched polymers, there is
no systematic study to assess their performances with a same
monomer system. Therefore, their relative advantages and dis-
advantages are not known in terms of branching efficiencies.
Most discussions in the literature are not directly supported by
experimental data. In this work, we provide a direct compari-
son of all these four feeding policies in the RAFT copolymer-
ization of AM/BisAM and demonstrate their effects on the
synthesis of s- or b-PAMs. Scheme 1 shows the synthetic
routes and their corresponding monomer feeding policies.

Experimental Section
Materials

Acrylamide (AM, >98.5%) was purchased from Lingfeng
Chemical Reagent, China. Ammonium persulfate (APS,
98%) and BisAM (>98%) were obtained from Sinopharm
Chemical Reagent, China. AM and BisAM were recrystal-
lized in acetone and ethanol, respectively, prior to use,
whereas APS was used as received. BCPA was synthesized
according to the literature.”>

Synthesis of star polyacrylamide by “arm-first” RAFT
polymerization (AF)

A clean and dry flask equipped with a mechanical stirrer
was charged with AM (7.1 g, 0.1 mol), BCPA (45.3 mg,
1.67 x 107* mol), and sodium acetate/acid acetate buffer so-
lution (100 g, pH = 5), deoxygenated by N, for at least 30
min and heated to 60°C. The APS (19.0 mg, 8.37 x 107
mol) was then injected to initiate the polymerization. After
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AM was polymerized for 4 h to reach a high conversion, a
pre-prepared and deoxygenated BisAM solution (0.128-1.03
g or 8.33-66.7 x 10~* mol of BisAM in 50 g deionized
water) was added in batch the reactor to copolymerize with
the linear PAM arms.

Synthesis of star polyacrylamide by core-first” RAFT
polymerization (CF)

A small amount of BisAM (0.0256-0.770 g or 1.67—
50.0x10"* mol) was added into a flask together with BCPA
(45.3 mg, 1.67 x 10~* mol) and buffer solution (50 g, pH =
5). The system was heated to 60°C after deoxygenated by
N, for at least 30 min, and then APS (19.0 mg, 8.37 x 1072
mol) was injected. The BisAM was polymerized at 60°C for
3 h to form nonprecipitated nanogels before the AM solution
(7.1 g or 0.1 mol of AM dissolved in 50 g buffer solution
and 50 g deionized water, and deoxygenated by N,) was
added. The copolymerization of AM with the nanogels was
continued for another 5 h.

Synthesis of b-PAM by RAFT polymerization with
constant feeding of BisAM (SB)

AM (7.1 g, 0.1 mol), buffer solution (100 g, pH = 5), and
BCPA (0.0453 g, 1.67 x 10~* mol) were added into a flask
equipped with a mechanical stirrer. A certain amount of
BisAM (0.128-1.03 g or 8.33-66.7x 10~* mol) was dissolved
in 50 g of deionized water and inhaled in a syringe equipped
to a micrometering pump. After deoxygenated by N, for at
least 30 min, the polymerization system was heated to 60°C,
and APS (19 mg, 8.37 x 107> mol) was injected to the flask to
initiate the polymerization. The BisAM solution was then fed
to the system at a constant rate of 16.7 mL/h. Upon completion
of BisAM addition, the polymerization was continued for
additional 30 min prior to termination by cooling.

Synthesis of b-PAM by batch RAFT polymerization (BA)

AM (7.1 g, 0.1 mol), BCPA (0.0453 g, 1.67 x 10~* mol),
buffer solution (100 g, pH = 5), deionized water (50 g), and
BisAM (0.128-0.77 g or 8.33-50.0x 10~* mol) were added
to a flask equipped with a mechanical stirrer in one batch.
The system was deoxygenated by N, for at least 30 min and
heated to 60°C before APS (19 mg, 8.37 x 1075 mol) was
injected to start the polymerization. The polymerization was
conducted for 3.5 h or stopped when the system gelled.

Characterization

Monomer conversions were determined from the residual
monomer concentrations in the samples using an Agilent
6890N gas chromatograph equipped with an Agilent 7683B
series injector, a flame ionization detector, and a capillary
column (HP-5, 30 m x 0.32 mm X 0.25 um). Nitrogen as
carrier gas was controlled at 1 mL/min under 0.5 MPa. The
injection port was set at 250°C. The GC column was pro-
grammed as follows: staying at 100°C for 3 min, then
increasing to 250°C at a heating rate of 40°C/min and
remaining at 250°C for 1 min. The MWs of PAM samples
were characterized using a Polymer Laboratory PL-GPC 50
gel permeation chromatography (GPC) with differential re-
fractive index, viscometer (IV), and laser light scattering
(LS) triple detectors in series. The LS detection angle was
90°, and the laser wavelength was 650 nm. A series of PL-
aquagel-60, PL-aquagel-40, and PL-aquagel-20 columns
were equipped in the GPC. NaNO; aqueous solution (0.1 N)
was used as eluent at a flow rate of 0.8 mL/min and 30°C.
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Scheme 1. Synthetic route of s-PAM and b-PAM using RAFT copolymerization of AM with BisAM via AF, CF, con-
stant feeding (SB), and batch (BA) approaches.

: branching or cyclization

The calibrations were conducted against five poly(ethylene
oxide) (PEO) standards (MW; = 1190 kg/mol, PDI; = 1.21;
MW, = 162 kg/mol, PDI, = 1.45; MW3; = 89 kg/mol, PDI;
= 1.26; MW, = 0.6 kg/mol, PDI, = 1.06; as well as a PEO
mixed standard having MW from 2 to 162 kg/mol). The dn/
dc values of PAM and PEO were 0.170 and 0.133 mL/g,
respectively.73 The delay volumes IDD between the detectors
were determined by PEO standards with 0.110 mL for LS
and —0.562 mL for IV. "H NMR spectra were acquired on a
Bruker Advance 400 spectrometer with D,O as solvent. In
the '"H NMR spectrum, two peaks at 1.5 and 2.0 ppm with a
2 to 1 integral intensity ratio were attributed to methylene
and methine in PAM backbone. The peaks at 6.8 and 7.5
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ppm were resulted from the pendant double bonds of BisAM
with one vinyl reacted, suggesting that not all reacted
BisAM contributed to branching. The detailed estimation of
the content of residual pendant vinyl groups (cp) from the
"H NMR spectrum has been presented in Ref. 23.

Results and Discussion

Star polyacrylamides (s-PAMs) and b-PAMs were synthe-
sized with four different feeding strategies of BisAM under
various molar ratios of BisSAM to AM from 0.0017 to 0.067.
The experimental recipes for all the runs are summarized in
Table 1. The overall and monomer conversions, weight-
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Table 1. Receipts for Synthesis of s-PAMs and b-PAMs

Run
AF5 AF20 AF30 AF40 CF1 CF3 CF5 CF30 BAS BA30 SB5 SB30 SB40
[AM] (mol/L) 0.667
[BisAM] (mmol/L) 5.56 22.3 33.5 44.6 1.11 3.34 5.56 33.5 5.56 33.5 5.56 33.5 44.6
[CTA] (mmol/L) 1.11
[1] (mmol/L) 0.558

average MW (M,,), polydispersity indexes (PDIs), intrinsic
viscosities, and contraction factors of the PAM samples are
summarized in Table 2. Soluble PAMs were produced in all
the runs except for Runs CF30 and BA30, with a total mono-
mer conversion over 93.5%. The s-PAMs had M, of 82.3—
715 kg/mol and PDI of 1.1-2.4, whereas the b-PAMs’ Ms
and PDIs were 100-1290 kg/mol and 1.4-9.4, respectively.

From 'H NMR spectra of the PAM samples, the contents
of unreacted pendant double bonds (c,) contributed by
BisAM were determined. The ¢, values were 0.07-0.97% of
the total reacted vinyl groups (from both reacted AM and
reacted BisSAM) in the s-PAMs and 0.49-1.02% in the b-
PAMs. The fractions of the pendent double bonds over the
total incorporated BisAM monomers (f;,) having one or both
vinyl groups reacted were estimated using the expression in
Ref. 23 and listed in Tables 2 and 3. It can be seen that
53.7-85.5% of the incorporated BisAMs had both vinyl
groups crosslinked to form the s-PAMs, whereas 42.4-82.9%
of the BisAM monomers participated in branching or cycli-
zation contributing to the formation of the b-PAMs.

Star and branched polymers have lower root mean-square

1/2
gyration radius <R§> and intrinsic viscosity ([#]) than

their linear counterparts of the same MW due to the shrink-
ing effect,">’*7® which can be described by the contraction
factors g and g'. For linear PAMs, there exist the following
equations with [n] = 1.12 x 10~4M07% and

1/2
<R§> =170 x 1072M%3 2% The ¢ and g data were

found as 0.214-0.894 and 0.332-0.931, respectively, for the
s-PAMs and 0.194-0.889 and 0.283-0.915 for the b-PAMs.

There exists a quantitative relationship between g and g’
with

‘ ()
where ¢ is an exponential factor. The ¢ was 0.74 for the b-
PAMs.*? From the g and g’ values in Table 2, the ¢ value for
the s-PAMs was determined to be 0.62, which is close to the
value of 0.5 for nonfree drain regular stars.”” The ¢ values

were used for further estimation of the number of arms for the
s-PAMs and the branching density for the b-PAMs from g'.

d=g

Number of arms and distribution in the s-PAMs
synthesized by AF approach

Four different BisAM to CTA ratios of 5 (AF5), 20
(AF20), 30 (AF30), and 40 (AF40) (equivalently, BisAM to
AM ratios of 0.0083, 0.033, 0.050, and 0.067) were used to
produce the s-PAM samples with the AF method. As the
arm precursors, the AM monomers were polymerized to
achieve high conversion first. Each PAM precursor chain
bore a —SC(Z)=S moiety at its chain end from the CTA.
The BisAM monomers were copolymerized through chain
extension, resulting in the formation of crosslinked cores.
Therefore, the ratio of BisAM/CTA also corresponded to
that of BisAM molecules to the PAM precursor chains. Runs
AF5-AF40 had the AM conversions of 94.2-97.3% in the
arm formation step. The s-PAMs had Mys of 82.3-715 kg/
mol and PDIs of 1.1-2.2 with the overall conversions of
97.1-98.1%.

Figure 1 shows the GPC traces of the s-PAM samples
from Runs AF5-AF40. There appeared to have two major

Table 2. Synthesis and Characterization of s-PAMs and b-PAMs Using RAFT Copolymerization*

T +

.
XAM

T
XBisAM

[BisAM]o/ X1 X M, (11 Cp
Run [CTA]p (%) (%) (%) (%) (kg/mol) PDI (dL/g) g gt (%)
s-PAMs
AF5 5 943 97.1 97.1 98.2 82.3 1.1 0.480 0.931 0.894 0.36
AF20 20 94.2 97.8 97.7 98.8 175 1.7 0.548 0.806 0.726 0.51
AF30 30 97.3 98.1 98.0 99.1 324 22 0.568 0.585 0.452 0.67
AF40 40 96.7 97.7 97.4 99.4 715 22 0.562 0.332 0.214 0.97
CF1 1 80.6 96.4 96.4 99.9 108 1.6 0.571 0.875 0.809 0.07
CF3 3 65.7 96.5 96.5 99.9 238 1.7 0.587 0.738 0.618 0.23
CF5 5 56.7 97.6 97.6 99.9 579 2.4 0.796 0.552 0.398 0.39
CF30 30 Gel
b-PAMs
BAS5 5 93.5 93.4 99.6 204 1.9 0.561 0.801 0.745 0.49
BA30* 30 Gel
SB5 5 94.5 94.4 99.9 100 14 0.473 0.915 0.889 0.59
SB30* 30 95.2 94.6 99.9 1278 8.4 0.892 0.301 0.210 0.94
SB40 40 98.8 98.8 99.1 1290 9.4 0.773 0.283 0.194 1.02

*AM concentration [AM], was 1 mol/L. BCPA and APS were used as CTA and initiator (I) respectively. [AM]o/[CTA]o/[I]o was kept at 600/1/0.5 in all runs.

All the runs were carried out in buffer solutions of pH = 5 at 60°C.

X, Xam, and xpisanm: conversions of total monomers, AM, and BisAM, respectively. x;: monomer conversion at first stage polymerization when AF and CF

_approaches used to produce b-PAMs.
¢’ and g were weight-average contraction factors.

“cp: molar ratio of pendant double bond to polymerized vinyl units calculated from "H NMR spectra.
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Table 3. The Number of Arms and the Fraction of BisAM
with Both Vinyl Groups Contributed to the Core Formation
Determined by '"H NMR, Triple-Detector GPC and
Fractionation of GPC Traces for the s-PAMs

[BisAM]q/ S s
Run [CTAl, Ny* NS N (%) (%)
AF5 5 1.4 15 L5 428 572
AF20 20 32 3.3 37 161 839
AF30 30 5.6 59 58 145 855
AF40 40 128 133 132 160 840
CF1 1 1.8 1.7 L5 406 594
CF3 3 33 35 28 448 552
CFs 5 8.4 8.2 8.1 463 537

*N,, estimated from the MWs of each elution fraction in GPC curves and the
arm precursor’s using Eq. 2.

qL’Ng calculated from the contraction factors using Eq. 3.

TNPF estimated from the fractionation of GPC curves.

§fp and f; are the fractions of reacted BisAM with pendent double bonds and
having both vinyl groups reacted in crosslinking for the core formation.

portions in the GPC traces. The peaks at the high MW por-
tion were related to the s-PAMs, whereas the peak at the
low MW end was attributed to residual (unreacted) linear
PAM arm precursors produced in the first stage. The PAM
precursors had MW about 62 kg/mol. As the incorporation
of BisAM would not generate more precursor chains, the
BisAM fraction was deducted from the MW of the s-PAM
in estimating the number of arms from the total MW data.
When the BisAM molar concentration was controlled at five
times of the PAM precursors (AF5), a majority of the PAM
precursors did not participate in the star formation. Only a
small shoulder having a peak MW ~130 kg/mol appeared,
attributing to two PAM precursors linked together, which
were still linear in nature. Very small amount of s-PAMs
was obtained in Run AFS. Increasing the BisAM content 20
times of PAM precursor (AF20) dramatically increased the
intensity of the GPC peaks at the high MW portion, with
reduction of the residual PAM precursor chains. The peak
MW of the high MW portion in Run AF20 was ~250 kg/
mol, suggesting the domination of 4-arm stars in the sample.
Further increase in the BisAM/(PAM precursor) ratios to 30
(AF30) and 40 (AF40) favored the formation of stars having
more arms. Runs AF30 and AF40 had the peak MWs at 390

10° 10° 10

MW(g/mol)

Figure 1. GPC traces of s-PAM samples from Runs
AF5-AF40 prepared by AF RAFT polymeriza-
tion of AM with different BisAM contents at
pH = 5, 60°C, [AM], = 1 mol/L, and [AM]y/
[CTA]o/[1lo = 600/1/0.5.

[BisAM]y/[CTA]ly = 5 (Run AF5), 20 (Run AF20), 30
(Run AF30), and 40 (Run AF40).
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Figure 2. The number of arms N; of the s-PAM samples
from Runs AF5-AF40 prepared by AF RAFT
polymerization as a function of MW of GPC
elution fraction.

(a) [BisAM]y/[CTA]l, = 5 (Run AF5) and 20 (Run
AF20); (b) [BisAM]y/[CTA]y = 30 (Run AF30) and 40
(Run AF40). Solid lines are the N; estimated from the

arm precursor, whereas dash lines refer to V; calculated
from the contraction factor.

and 960 kg/mol, respectively, equivalent to 6-arm and 14-
arm stars. Using a deconvolution technique to subtract the
PAM precursor portions (assuming a Gaussian distribution)
from the total GPC traces, we found that the s-PAMs had re-
spective My, and PDI as follows: 188 kg/mol and 1.0 for
AF5, 268 kg/mol and 1.1 for AF20, 423 kg/mol and 1.3 for
AF30, and 785 kg/mol and 1.7 for AF40.

The number of arms (N) of the star polymers can be esti-
mated by comparison of their MWs with the arm precur-
sor’s. For a well-defined star polymer having narrow distri-
bution, the actual N can be calculated from its average
MW.2177-7% When there existed a distribution in the number
of arms, it would be more reliable to have the average N
estimated from the N; of each elution fraction in its GPC
curve using the MW of each narrow slice (M;;) and the arm
precursor’s (M,) with Eq. 2.

Mo = Mol = 35 ol @

i

where (i) is the weight fraction of each GPC slice with MW,.
The number of arms N; increased with MW as shown in Figure
2 for Runs AF5-AF40. The N values calculated from Eq. 2
(denoted as Np) for the AF s-PAMs are 1.4, 3.2, 5.3, and 12.1,
respectively, tabulated in Table 3. Table 3 also gives the
fractions of the incorporated BisAM monomers having both
vinyl groups reacted during the core formation (f.). About
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Figure 3. Fractionation of GPC trace of the s-PAM
sample from Run AF30 on the basis of stars
having i number of arms i = 1,2,34, ...

10

83.9-85.5% of the incorporated BisAM monomers in Runs
AF20-AF40 had both vinyl groups crosslinked, while Run
AFS5 had only 57.2% incorporated BisAMs participated in the
crosslinking reaction.

The intrinsic viscosities [1] for the AF s-PAMs were
determined. The evolutions of intrinsic viscosity vs. MW for
Runs AF5-AF40 are included in Appendix as Figure Al,
with the linear PAM data as a reference. The contraction
factor g’ was calculated and plotted against MW in Figure
A2. As the current linear PAM arm precursors had low poly-
dispersity indexes less than 1.1, the relationship between the
contraction factor g and the number of arms N should obey
Eq. 3 for regular stars with monodisperse arms of equal
length joined together at one end such as the AF s-PAMs of
this work.”-8081

3N; -2
8i = le

3

where g was converted from g’ using Eq. 1. Figure 2 shows
that the number of arms vs. MW data estimated from the MW
(N; = M; /M,) and the contraction factor (solved from g; in
Eq. 3) agreed with each other very well. It can also be seen in
Table 3 that the N values estimated from the contraction
factors (denoted as N,) were in good agreement with the N,
calculated from the MW data. The PAM samples produced
from the AF approach were further proven to be star-shaped.

The s-PAM samples consisted of various star polymers
and the linear arm precursors. The MW of the i-arm star
polymers was i times of the precursor’s. The previous study
showed that the precursor’s MW followed a Gaussian distri-
bution.>’> The s-PAM samples could, therefore, be fractio-
nated into several subpopulations of the i-arm stars. Figure 3
shows an example of the fractionation of Run AF30 GPC
trace. Figure 4 gives the weight fractions w(i) of i-arms in
the Runs AF5-AF40 samples, estimated by the fractionation
of their GPC curves.

The characteristic feature of the w(i) vs. i curves followed
the theoretical distribution for star polymers.82 It can be seen
that only 12.9 wt % of Run AF5 was 3- or 4-arm stars,
while 87.1 wt % was unreacted precursor or two-arm cou-
pling chains at BisAM/CTA = 5. With the increase of
BisAM/CTA to 20, 30, and 40, the weight fractions of the
stars having 3- and more arms reached 72.7, 84.0, and 94.9,
respectively. The average arm numbers (Npg) of the AF sam-
ples were also estimated from the peak fractionation and
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summarized in Table 2. A good agreement among the N val-
ues estimated by the three different methods further sup-
ported the star structure of the PAMs synthesized by the AF
approach.

Number of arms and distribution in the s-PAMs
synthesized by CF approach

The RAFT homopolymerization of BisAM could produce
nanogels with crosslinked BiSAM polymers. During the
polymerization, the S=C(Z)S— groups were bound to the
nanogels. The nanogels then functioned as a multifunctional
CTA. The AM polymerization was mediated by these nano-
gel CTAs to prepare the star polymers (i.e., CF method).

Four different BisSAM/CTA ratios of 1 (CF1), 3 (CF3), 5
(CF5), and 30 (CF30) (equivalent to BisAM/AM ratio
0.0017, 0.0050, 0.0083, and 0.050, respectively) were used
to produce the s-PAM samples. When BisAM/CTA = 30,
the gels formed by the crosslinked BisAM precipitated out
in 40 min of the RAFT polymerization of BisAM, which
could not be used for further AM polymerization. Nonpreci-
pitated nanogels were produced with BisAM/CTA < 5.
80.6% of BisAM reacted to form the nanogel after 3 h of
polymerization in Run CFl, while the conversions were
65.7% in CF3 and 56.7% in CFS.

The CF1-CF5 nanogels were used as multifunctional
RAFT agent in successive AM polymerization. All the runs
reached overall conversions 96.4-97.6%. The CF1 s-PAM
had M,, of 108 kg/mol and PDI of 1.6, whereas the CF3 and
CF5 samples had M, of 238 and 579 kg/mol and PDI of 1.7
and 2.4, respectively. The average number of RAFT units
per nanogel for the CF s-PAMs could be estimated from the
weight-average MW as 1.7 for CF1, 3.8 for CF3, and 9.2
for CF5.

Figure 5 shows the GPC traces of Runs CF1-CF5. In CF1
with BisAM/CTA = 1, the largest peak had MW about 65
kg/mol, which is linear single-armed PAM chains. All the s-
PAM samples had a peak at 130 kg/mol, attributed to the
coupling of 2 PAM arms. The peak at 65 kg/mol in CF3 and
CF5 was minor. The formation of linear chains is due to the
existence of the nanogels having 1 or 2 RAFT units, which
cannot be avoided during the nanogel formation. The genera-
tion of linear chains was also found with —C(SR)=S func-
tionalized nanogel RAFT CTA (in contrast to —SC(Z)=S of
this work)."®® It is evident that s-PAMs having 3- or more
arms were formed. The peak intensity at 190 kg/mol
increased with the BiSAM/CTA ratio. Small shoulders

0.75
® * AF5
o AF20
0.60 e AF30
a AF40
045}
o~
Nt
So.30}
0.15(° " .2:,.
0.00 SICTOLILLC P YU
0 5 10 15 20 25

Figure 4. Weight fraction distribution of i-arms, (i), in
the s-PAM samples of AF5-AF40 synthesized
with the AF approach using curve deconvolu-
tion of GPC trace as shown in Figure 3.
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Figure 5. GPC traces of s-PAM samples of Runs CF1-
CF5 prepared by CF RAFT polymerization of
AM with different ratios of BisAM at pH = 5,
60°C, [AM], = 1 mol/L, and [AM]o/[CTAlo/[11o
= 600/1/0.5. [BisAM]o/[CTA]o = 1 (Run CF1), 3
(Run CF3), and 5 (Run CF5).

appeared at the high MW end could also be resulted from
star—star coupling reactions.'®®? Further increase of BisAM/
CTA favored the formation of s-PAMs having a higher num-
ber of arms. The GPC peak in Run CF5 had a high intensity
at 250 kg/mol (4-arm). After removing the linear compo-
nents at the peaks of 65 and 130 hg/mol from the GPC
traces using the curve deconvolution technique, we found
the weight-average MW and polydispersity index of the CF
s-PAMs were 202 g/mol and 1.0 in Run CF1, 329 kg/mol
and 1.2 in CF3 and 730 kg/mol and 1.9 in CF5, respectively.

The numbers of arms of the CF s-PAM samples were esti-
mated from the comparison of their MWs and their linear
PAM arm using Eq. 2. Figure 6 shows the evolution of N;
with MW. The average numbers N, are presented in Table
3. The CF s-PAMs had the N, values 1.8, 3.3, and 8.4,
respectively. The fractions of BisAM having both vinyl
groups reacted (f.) determined from NMR measurements
were 53.7-59.4%, in the same range as of Run AFS5.

From the intrinsic viscosities [#] and contraction factors
for the CF s-PAMs (shown in Figures A3 and A4), the aver-
age numbers of arms N, were estimated using Eq. 3 and
were also presented in Table 3. The N, values were 1.7

20

CFl: ---N —--N
] »

7

10° 10° 10

MW (g/mol)

Figure 6. Number of arms N of the s-PAM samples
from Runs CF1-CF5 prepared by CF RAFT
polymerization as a function of MW of GPC
elution fraction.

[BisAM]y/[CTA]y, = 1 (Run CF1), 3 (Run CF3), and 5
(Run CF5). Solid lines are N; estimated from linear

PAM arm, whereas dash lines refer to N; calculated
from contraction factors.
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Figure 7. Weight fraction distribution of i-arms w(i) in
the s-PAM samples of Run CF1-CF5 synthe-
sized with the CF approach obtained from
the curve deconvolution of GPC traces.

(CF1), 3.5 (CF3), and 8.2 (CF5), which were in good agree-
ment with the N, of 1.8, 3.3, and 8.4 estimated from the
MW data. Figure 6 also shows that the N; values estimated
from the contraction factors at the high MW portion were
lower than those from the MW data, indicating the presence
of star—star coupling reactions.

Figure 7 shows the weight fraction w(i) of i-arms in Runs
CF1-CF5 estimated by the curve deconvolution. It can be
seen that Run CF1 contained 60.2% of single-arm linear
chains, 28.5% of 2-arm linear chains, and 11.3% of 3- or 4-
arm s-PAMs. An increase in BisSAM/CTA to 3 (CF3) and 5
(CF5) promoted formation of the s-PAMs with more arms.
Run CF3 possessed 45.3% of 3- and more arm stars with
single-arm reduced to 23.6% and 2-arm slightly increased to
31.1%. Run CF5 had 83.6% of stars, 6.4% of single-arm,
and 10.0% of 2-arm. The average numbers of arms Npg were
estimated from the curve deconvolution and were included
in Table 3. A good agreement between the N values from
the curve deconvolution and the contraction factor was
evident.

Branching density and distribution in the b-PAM’s
synthesized by BA and SB approaches

Hyperbranched PAM samples (b-PAMs) were synthesized
with batch (BA) and constant feeding (SB) approaches at
three different BiSAM/CTA ratios of 5 (SB5, BAS), 30
(SB30, BA30%?%), and 40 (SB40) (equivalent to BisAM/AM
= 0.0083, 0.050, and 0.067). Soluble PAM samples were
obtained except for Run BA30. Run BA30 gelled in 65 min
at an overall conversion 69%.?*> Runs SB5 to SB40 and BAS
had the overall conversion over 93.5% with almost all
BisAM monomers incorporated. The b-PAM samples had
weight-average MWs from 100 to 1290 kg/mol and PDI of
1.4-9.4. Both M,, and PDI increased with the BisAM load-
ing. The g and g’ data of the b-PAM samples are listed in
Table 2, with ¢’ in the range of 0.283-0.915 and g in 0.194—
0.889. The polymers having higher branching densities had
lower g’ and g values at the same MW.

Figure 8 shows the GPC traces of the b-PAMs from Run
SB5-40 and BAS. With BisAM/CTA = 5, the samples con-
tained mainly either single primary chains (SB5, 62 kg/mol)
or double primary chains (BAS5, 130 kg/mol). Little branched
PAMs were produced in Runs SB5 and BAS. With BisAM/
CTA increased to 30 (SB30) and 40 (SB40), the GPC peaks
at higher MW appeared, and more branched PAMs were
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Figure 8. GPC traces of b-PAM samples from Runs
SB5-SB40 prepared by semibatch RAFT poly-
merization with BisAM constant feeding and
Run BA5 by batch RAFT polymerization of AM
with different BisAM/CTA ratios at pH = 5,
60°C, [AM], = 1 mol/L, and [AM]y/[CTA]o/[llo =
600/1/0.5. [BisAM]o/[CTA], = 5 (Runs SB5 and
BA5), 30 (Run SB30),>® and 40 (Run SB40).

formed. The single primary chain peak diminished, although
double primary chains were still significant.

The branching structures in the b-PAMs were found to be
distributed randomly along primary chain backbones.> The
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Figure 9. BF (a) and BD (b) as a function of MW of GPC
elution fraction in the b-PAM samples from
Runs SB5-SB40 prepared by semibatch RAFT
polymerization with BisAM constant feeding
and Run BA5 by batch RAFT polymerization
of AM with different BisAM/CTA ratios at pH
= 5, 60°C, [AM], = 1 mol/L, and [AM]y/
[CTA]o/[1lo = 600/1/0.5.

[BisAM],/[CTA]l, = 5 (Runs SB5 and BAS5), 30 (Run
SB30),2* and 40 (Run SB40).

AIChE Journal April 2013 Vol. 59, No. 4

Table 4. BDs, CDs and Fractions of Polymerized BisAM
Contributed to Their Formations Determined by '"H NMR,
GPC with Triple-Detector and Fractionation of GPC Traces
for b-PAMs

[BisAMly/ BD,  BDpe* CDanwir' foena' for! foye'

Run [AM],  (/1000C) (/1000C) (/1000C) (%) (%) (%)
BA5 0.83 1.34 1.38 249 556 152 29.2
SB5 0.83 0.39 0.42 324 576 6.0 364
SB30*  5.00 9.62 9.57 289 19.5 20.1 60.4

SB40 6.67 13.1 13.5 352 17.1 222 60.7

Published on behalf of the AIChE

*BD estimated from the fractionation of GPC curves.

fCD estimated from the amount of polymerized BisAM contributed to cycli-
zation in b-PAMs.

*fp, Jors and fey. are the fractions of reacted BisAM contributed to pendent
double bonds, branches, and cyclic structures, respectively.

branching frequency (BF, branching points per polymer mol-
ecule) and branching density (BD, per 1000 carbons) were
estimated using Zimm—Stockmayer equation

B . (BE 4xpr] .
§= +(?> + 3n “)

35,500 x BF
o M

BD x 2 Q)

Figure 9 shows the BF and BD results of the s-PAMs. It
can be seen that each MW elution in the b-PAM samples
had a similar level of BDs, suggesting that the b-PAM sam-
ples had random branched distributions. Their average BDs
estimated from ) ,BD;C; / >, C; are presented in Table 4,
where C; is the polymer concentration at each GPC elution
fraction. The b-PAM samples had the average BDs from
0.39 to 13.1C/1000C. As the content of residual pendant
double bonds (c,) was about 0.49-1.02% of the total reacted
vinyl groups, only 44-83% of the incorporated BisAM
monomers contributed to either branching or cyclization.
The cyclization densities (CDs, carbons per 1000 carbons)
were estimated to be 2.49-35.2C/1000C. Among the reacted
BisAM monomers, approximately 6.0-22.2% contributed to
branching while 29.2-60.7% involved in cyclization.

A randomly branched polymer has a branch-on-branch
structure and can be considered as an aggregation of i pri-
mary linear chains.?? Highly branched b-PAM samples

o BAS
0.025 p—» o sps 104
0.020 ¢ SB30
A & SB40
: 103
~0.015
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3 . 0.2
0.010 [
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0.000 L2
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Figure 10. Weight fraction distribution of i-arms (i) of
the b-PAM samples from Runs SB5-SB40
synthesized by semibatch RAFT polymeriza-
tion with BisAM constant feeding and Run
BA5 by batch RAFT polymerization using

the curve deconvolution of GPC traces.
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Figure 11. GPC traces of the s-PAMs and b-PAMs syn-
thesized by AF, CF, SB, and BA approaches
at pH = 5, 60°C with the same recipe: [AM]o
= 1 mol/L and [AM]y/[BisAM]o/[CTA]o/[l]lo =
600/5/1/0.5.

contained a large number of primary chains. The MW of
the primary chains used for the fractionation was 62 kg/
mol. The multipeak MW distribution of the b-PAM sam-
ples could then be fractionated into several i-chain subpo-
pulations through best fitting of GPC curves. Figure 10
shows the weight fractions (i) for SB5-40 and BAS
s-PAMs.

The characteristic feature of the w(i) vs. i curves matched
the theoretical distribution for randomly branched poly-
mers.*? Using the BFs at various MWs in Figure 9a, the
BF values for each i-chain subpopulation could be
estimated. The average BDs estimated  from
> o) - (35,500BF;/M;) x 2 are also presented in Table 4.
A good agreement of the BD values from both GPC mea-
surement and curve deconvolution further supported random
branching distribution.

Effect of various feeding policies on PAM chain
architectures

Using the same recipe and temperature, we produced s- and
b-PAMs via various monomer feeding policies. The number
of arms or the BD was determined by the ratio of BisAM/
CTA. Although high BisAM loading favored branching or
arm formation, the success in the synthesis was mainly con-
trolled by the BisAM feeding policy. When BisAM/CTA =
30 (equivalent to BisSAM/AM = 0.05), only the AF and SB
approaches produced soluble s-PAM (5.6 arms) and b-PAM
samples (9.6 branches per 1000Cs) while the CF and BA sys-
tems gelled. The crosslinking reactions of BisAM in CF and
BA could not be properly controlled. The AF and SB
approaches appeared to be practical in producing the respec-
tive s-PAM and b-PAM at high [BisAM]y/[CTA], ratios or
low CTA usages. Under the present experimental conditions,
the critical gelation ratio of [BisAM]y/[CTA]y was ~10 for
the BA approach and 7 for the CF approach, respectively.

Lowering BisAM/CTA to 5 (or BisAM/AM to 0.0083)
yielded soluble s- or b-PAMs in all the four approaches.
Figure 11 shows the comparison of all the four feeding poli-
cies with BisSAM/CTA = 5. For both AF and CF s-PAMs
synthesized with BisAM/CTA = 5, the structures of the
cross-linked cores were characterized by '"H NMR spectra.
There were 42.8% double bonds pendant and 57.2% con-
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sumed for cross-linking in AF. In comparison, there were
46.3% pendant and 53.7% crosslinked in CF. Linear and star
chains coexisted. However, the PAM precursor content
dominated the linear chain population in Run AF5, although
the majority of linear chains in Run CF5 were 2-arms. The
MW of CF5 s-PAM (579 kg/mol) was much higher than
AF5 (82 kg/mol). The number of arms in the CF5 s-PAM
was about 8, whereas it was just about 1.5 in AF5. The b-
PAMs were synthesized by the SB and BA approaches. The
BD of SB5 b-PAM was 0.4C/1000Cs with MW about 100
kg/mol. In comparison, the BA5 b-PAM had the BD of
1.3C/1000Cs and MW about 204 kg/mol. Although the CF
approach produced star polymers with more number of arms
than the AF and the BA approach synthesized more branches
than the SB at the same BisAM loading, the s-PAM and b-
PAM products synthesized at high [BisAM]y/[CTA], ratios
or low CTA usages appeared to be more feasible using the
AF and SB approaches, respectively, as the CF and BA were
prone to gel formation.

Conclusion

s- and b-PAMs were synthesized by the RAFT copoly-
merization of AM and BisAM using different feeding poli-
cies of BisAM: AF, CF, constant feeding (SB), and batch
(BA). The s-PAMs were prepared by sequentially polymer-
izing AM and BisAM in the AF or CF policies, whereas
the b-PAMs were prepared by a constant feeding of BisAM
into the AM polymerization system. The obtained samples
were thoroughly characterized by various means. The num-
bers of arms of the s-PAMs were determined by triple-
detector GPC measurements and a peak fractionation algo-
rithm. The s-PAM samples prepared by the AF and CF pol-
icies had the N values in the range of 1.4-12.8 and 1.8-8.4,
respectively. The BDs of the b-PAMs prepared by the SB
and BA policies were in the range of 0.39-13.1C/1000Cs.
With the high loading of BisAM (e.g., BisAM/CTA = 30)
or low CTA usage, the CF and BA policies lead to gelation
and were thus unable to produce soluble branched poly-
mers, while the AF and SB policies yielded s-PAM having
5.6 arms and b-PAM 9.6C/1000Cs. With a lower BisAM
loading (BisAM/CTA = 5), all the four policies became
effective in preparation soluble branched PAM samples.
The CF approach produced the s-PAMs with more number
of arms than the AF, whereas the b-PAMs made by the BA
approach had more branches compared to those with the
SB. This work offered the first direct comparison among
various monomer feeding policies in the preparation of
branched PAMs via RAFT polymerization mechanism. It
provided practical guidance to the selection of industrial
processes in branched polymer production and fundamental
insight to the molecular processes involved in RAFT poly-
merization with branching.
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Figure A3. Intrinsic viscosity ([]) of Runs CF1-CF5 b-PAM samples prepared by CF RAFT polymerization of AM

with different ratios of BisAM at pH = 5, 60°C, [AM], = 1 mol/L, and [AM],/[CTA]o/[l]lo = 600/1/0.5.
[BisAM]y/[CTA]y = 1 (Run CF1), 3 (Run CF3), and 5 (Run CF5).
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Figure A2. Contraction factor g’ of Runs AF5-AF40 b-PAM samples prepared by AF RAFT polymerization of AM

with different ratios of BisAM at pH = 5, 60°C, [AM]o = 1 mol/L, and [AM]y/[CTA]o/[l]lo = 600/1/0.5.
[BisAM]y/[CTA]y, = 5 (Run AF5), 20 (Run AF20), 30 (Run AF30), and 40 (Run AF40).
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Figure A4. Contraction factor g’ of Runs CF1-CF5 b-PAM samples prepared by CF RAFT polymerization of AM

with different ratios of BisAM at pH = 5, 60°C, [AM], = 1 mol/L, and [AM],/[CTA]o/[l]lo = 600/1/0.5.
[BisAM]y/[CTA]y = 1 (Run CF1), 3 (Run CF3), and 5 (Run CF5).
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