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ABSTRACT: We report on the synthesis of randomly branched (arborescent) poly(acrylic acid) (PAA) by
self-condensing vinyl copolymerization (SCVCP) of an acrylic AB* inimer, 2-(2-bromopropionyloxy)ethyl
acrylate (BPEA), with tert-butyl acrylate (tBuA) via atom transfer radical polymerization (ATRP), followed
by hydrolysis of tert-butyl groups. Depending on the comonomer ratio, y = [tBuA]o/[BPEA]s, branched
PtBuAs with number-average molecular weights between 8000 and 76 000 and degrees of branching
(DB) between 0.48 and 0.02 were obtained by SCVCP, as evidenced by GPC, GPC/viscosity, GPC/MALS,
and NMR analysis. For the case of high comonomer ratios, y > 1, the degree of branching is given as DB
~ 2/(y + 1), and y corresponds to an average number of tBuA units between branch points. The Mark—
Houwink exponents of these branched PtBuAs obtained at y = 0.5—100 are significantly lower (oo = 0.38—
0.47) than that of linear PtBUA (o = 0.80). The nature of the ligand and polymerization temperature
affect the molecular weights and chain architectures, while the comonomer-to-catalyst ratio, 4 = ([tBuA]o
+ [BPEA]o)/[CuBr]o, has a slight influence only on these parameters. Subsequent cleavage of the tert-
butyl ester moieties by acidic hydrolysis gave randomly branched polyelectrolytes, PAA, as confirmed by
elemental analyses, *H NMR, and FT-IR measurements. Agueous-phase GPC and dynamic light scattering
confirm the compact structure of the branched PAAs. Their water solubility and their size depend on the

degree of branching and on pH.

Introduction

In the past decade, the field of hyperbranched and
highly branched polymers (arborescent polymer) has
been well established with a large variety of synthetic
approaches, fundamental studies on structure and
properties of these unique materials, and possible
applications. Recently, branched polyelectrolytes be-
came of special interest, which are composed of a certain
fraction of electrically charged monomers and several
branching points. Poly(ethylene imine), which is impor-
tant in various industrial applications, can provide an
excellent example: branched and linear polyelectrolytes
have quite different properties.® For instance, the former
is soluble in water, while the linear one precipitates
from aqueous media as various insoluble crystal hy-
drates in the nonprotonated state. The proton binding
characteristics of the linear and branched polyelectro-
lytes also differ substantially.?® The reason for this
different behavior is certainly related to both the
different topographies and structures, especially the
higher densities of ionizable groups corresponding to the
coordination number. Other experimental approaches
for characterization and applications of branched poly-
electrolytes involve star-shaped*® and cross-linked®
poly(styrenesulfonate)s, graft copolymers comprising
styrene and styrenesulfonate,” star and graft polymers
containing poly(vinylpyridine),8~11 and dendritic-like
polymers made from a phthalic anhydride/pentaeryth-
ritol polycondensation? as their salt-free and/or salt
forms. A variety of theoretical approaches have been
also reported on the investigations of branched poly-
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electrolytes.13~18 However, the correlation of the proper-
ties and the topology of branched polyelectrolytes is not
completely understood, because of difficulties in the
synthesis of hyperbranched polymers with well-defined
architectures. One challenge in this field is, therefore,
to produce randomly or regularly branched polyelectro-
lytes, which are suitable for various applications as well
as for quantitative analysis of the relation between the
properties and the architectures. The material proper-
ties of branched polymers depend not only on the
molecular weight and branching density but also on the
type of branching. It is, therefore, desirable to establish
precise synthetic methods for various types of branched
polymers (random, comb, and star).

We have recently described various approaches for
synthesizing novel polyelectrolytes and/or their precur-
sors with defined structures as a step toward the
investigation of interesting properties of polyelectrolytes
having various branched architectures. A series of star
polymers consisting of poly(tert-butyl acrylate) (PtBuA)
arms and an ethylene glycol dimethacrylate microgel
core were synthesized using anionic polymerization.®
Self-condensing vinyl copolymerization (SCVCP) of
an AB* initiator—monomer (“inimer”) with tert-butyl
methacrylate via group-transfer polymerization was
utilized to provide a poly(tert-butyl methacrylate) having
randomly branched structures.?® Another approach
involved the self-condensing vinyl polymerization
(SCVP) of a “macroinimer”, which is a heterotelechelic
PtBuA, possessing both an initiating and a polymeriz-
able moiety, via atom transfer radical polymerization
(ATRP).2! Synthesis of well-defined comb-shaped poly-
mers with PtBuA side chains was conducted by copo-
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Scheme 1. General Route to Branched Poly(acrylic acid) via Self-Condensing Vinyl Copolymerization,
Followed by Hydrolysis
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lymerizing with PtBuA macromonomers via ATRP.2223
ATRP using the “grafting from” technique was also
applied to the preparation of cylindrical brushes with
diblock copolymer side chains, one block consisting of
PtBuA.?* Hydrolysis of the tert-butyl groups in these
polyelectrolyte precursors yields branched architectures
involving poly(acrylic acid) (PAA) or poly(methacrylic
acid) segments, which should have interesting proper-
ties associated with the compact molecular size and the
high charge density attainable in these systems. Such
branched polymers can exhibit a wide range of solution
properties, since the overall nature of a molecule can
be changed by judicious control of the branched archi-
tecture.

This paper reports on the synthesis of the branched
PtBuAs by SCVCP of an acrylic AB* inimer, 2-(2-
bromopropionyloxy)ethyl acrylate (BPEA), with tBuA
via ATRP using the CuBr/ligand catalyst system. Hy-
drolysis of the ester functionality in the PtBuA segments
creates randomly branched PAAs. The resulting poly-
electrolytes with randomly branched structures may
behave differently from their star and comb counter-
parts, even with the same molecular weights and
branching density. The synthetic route to branched PAA
is outlined in Scheme 1. The curved lines represent
polymer chains. A*, B*, and M* are active units,
whereas a, b, and m are reacted ones. A is an acryloyl
group. X* and x stand for the acrylic acid units at the
chain end and in the linear segment, respectively. The
great advantages of this method are that the branched
polyelectrolytes are synthesized in two steps—(1) SCVCP

of an acrylic AB* inimer, BPEA, with tBuA via ATRP
and (2) hydrolysis of the tert-butyl ester moieties—and
the chain architecture can be modified easily by a
suitable choice of the comonomer ratio in the feed. The
nonionic precursors and ionic final polymer of identical
structure can be characterized independently by allow-
ing for the assessment of the effect of charge in the
polymer. SCVCP of AB* monomers with conventional
monomers (M) allows to control molecular weight dis-
tribution and degree of branching.2%25-27 Further, we
have demonstrated that SCVCP in the presence of the
functionalized planar silicon surfaces leads to grafted
branched polymers, allowing for the control of the film
thickness, surface morphology, roughness, and the
chemical structure.?® SCVCP has been also applied for
preparation of highly branched polymer—silica nano-
particle hybrids.??

In this study, we discuss the resulting randomly
branched architecture as a function of the comonomer
ratio, y = [tBuA]o/[BPEA]y, and the comonomer-to-
catalyst ratio, u = ([tBuA]o + [BPEA]o)/[CuBr]p, in the
feed. The effects of the ligand used to complex copper
ions, solvent, and temperature on the resulting molec-
ular parameters were also studied. Control of the
structures of the branched PtBuAs in terms of molecular
weight, polydispersity, degree of branching, and comono-
mer composition plays a crucial role in manipulation of
the properties and in further practical application.
Branched PAAs obtained after the hydrolysis were
characterized by aqueous-phase GPC, potentiometric
titration, and DLS.
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Experimental Section

Materials. CuBr (95%, Aldrich) was purified by stirring
overnight in acetic acid. After filtration, it was washed with
ethanol and ether and then dried. N,N,N’,N",N"-Pentameth-
yldiethylenetriamine (PMDETA, 99%, Aldrich) was distilled
and degassed. Bipyridine (Bipy) was recrystallized from etha-
nol to remove impurities. tert-Butyl acrylate (tBuA, BASF AG)
was fractionated from CaHy, stirred over CaH,, and distilled
and degassed in high vacuum. Other reagents were com-
mercially obtained and used without further purification.
Synthesis of an acrylic AB* inimer, 2-(2-bromopropionyloxy)-
ethyl acrylate (BPEA), was conducted by the reaction of an
o-bromoacid halide with 2-hydroxyethyl acrylate in the pres-
ence of pyridine as reported previously.?83° The inimer was
degassed by three freeze—thaw cycles.

Polymerization. All copolymerizations were carried out in
a round-bottom flask sealed with a plastic cap. A representa-
tive example is as follows: BPEA (0.157 g, 0.626 mmol) was
added to a round-bottom flask containing CuBr(l) (0.0232 g,
0.162 mmol), PMDETA (0.0280 g, 0.162 mmol), and tBuA (2.00
g, 15.6 mmol). The flask was placed in an oil bath at 60 °C for
4.5 h. Conversion of the double bonds, as detected by *H NMR,
was >95%. Since the reaction was performed in bulk and the
conversion was adjusted to reach full conversion, the content
of the flask had completely solidified. After the mixture was
dissolved in THF and was subsequently passed through a
neutral alumina column, GPC measurement was conducted.
For GPClviscosity and NMR measurements as well as the
further hydrolysis reaction, the polymer was freeze-dried from
benzene and finally dried under vacuum at room temperature.
The polymer powder had M, = 43 600 and M,/M, = 3.32 (as
determined by GPCl/viscosity) compared to M, = 23 200 and
Mw/M, = 2.88 (as determined by GPC using linear PtBuA
standards).

For the copolymerization in solution, ethyl acetate, N,N-
dimethylformamide (DMF) or acetone (50 vol % to tBuA) was
used as a solvent. The monomer conversion was determined
by gas chromatography (GC) from the concentration of residual
tBUA, using decane as an internal standard (1/10 molar ratio
relative to tBuA) in the cases of the polymerization with ethyl
acetate and acetone. The copolymerization was also conducted
in bulk with CuBr/Bipy system at the ratio of [CuBr]o:[Bipy]o
= 1:3.

A mixture of linear standard PtBuAs with various molecular
weights was used as comparison in the solution viscosity
studies. Molecular weights for this example: M, =44 200 and
Mw/M, = 2.49 (determined by GPC/viscosity using universal
calibration). Poly(BPEA) obtained by a homo-SCVP was also
used for a comparison. The polymer had M, = 23 800, My/Mn
= 2.85, and o = 0.36 (as determined by GPC/viscosity using
universal calibration) compared to M, = 4600 and My/M, =
2.85 (as determined by GPC using linear polystyrene stan-
dards). Fraction of reacted B* units, b, determined by *H NMR
was 0.34, corresponding to DBywr = 0.43.

Hydrolysis of Branched Poly(tert-butyl acrylate). The
branched PtBuA (y = 10) (1.5 g, 9.78 mmol ester) was dissolved
in dichloromethane (15 mL), and a 5-fold molar excess of
trifluoroacetic acid (5.58 g, 48.9 mmol, with respect to the ester
groups) was added. The mixture was stirred at room temper-
ature for 24 h. When hydrolyzed, the polymer precipitated in
dichloromethane. They were separated by decantation and
washed with dichloromethane repeatedly. The resulting poly-
mer was freeze-dried from dioxane containing a small amount
of MeOH and finally dried under vacuum at room temperature.
The hydrolyzed powders were characterized by FT-IR, *H NMR
in D,O, CD;0D, dioxane-ds, or DMSO-ds, elemental analyses,
and aqueous-phase GPC.

When the branched polymer having lower tBuA content was
hydrolyzed, no precipitation of the polymer was observed
during the reaction. In these cases, the excess reagents were
removed by evaporation under vacuum. The freeze-dry treat-
ment of the resulting polymer was conducted from dioxane or
dioxane with MeOH, depending on the solubility of the
resulting branched PAAs. For the branched PAAs having
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higher degree of branching (y < 3), viscous honey products
were obtained after drying under vacuum at room tempera-
ture.

Characterization. Three THF-phase and an aqueous-
phase GPC systems were used in this study to characterize
branched polymers. The branched PtBuAs obtained by SCVCP
were characterized by GPC using THF as eluent at a flow rate
of 1.0 mL/min at room temperature. A conventional THF-phase
GPC system was used in order to get apparent molecular
weights. GPC system I, column set: 5 um PSS SDV gel, 102,
108, 104, 105 A, 30 cm each; detectors: Waters 410 differential
refractometer and Waters photodiode array detector operated
at 254 nm. Narrow PtBuA standards (PSS, Mainz) were used
for the calibration of the column set I. Molecular weights of
the branched polymers were also determined by universal
calibration3! using the viscosity module of the PSS-WinGPC
scientific V 6.1 software package. GPC system II; column set:
5 um PSS SDV gel, 103, 105, and 10° A, 30 cm each; detectors:
Shodex RI-71 refractive index detector; Jasco Uvidec-100-111
UV detector (A = 254 nm); Viscotek viscosity detector H 502B.
GPC-MALS was also performed to determine the true molec-
ular weights of the branched PtBuAs. GPC system II1; column
set: 5 um PSS SDV gel, 103, 105 and 10° A, 30 cm each;
detectors: DAWN DSP-F MALS and PSS ScanRef interfer-
ometer, both equipped with He—Ne laser (632.8 nm). The
interferometer was used to measure the refractive index
increment (dn/dc) online.

The water-soluble branched PAAs obtained after the hy-
drolysis were analyzed by aqueous-phase GPC at 60 °C using
a column set with 8 um PSS SUPREMA gel, 102, 103, 10* A,
30 cm each; preceded by a guard column (PSS SUPREMA gel,
8 um x 5 cm). An aqueous solution of 0.05 M NaNs; was used
as the eluent at a flow rate of 1.0 mL/min. A refractive index
detector (Bischoff 8110) and Jasco Uvidec-100-111 UV detector
(A = 254 nm) were used as detectors connected in series. Poly-
(methacrylic acid) standards (PSS, Mainz) were used for the
calibration.

The potentiometric titration was performed using a Schott
CG840 pH meter equipped with a glass electrode. The refer-
ence electrode was calibrated with buffer solutions of pH 4, 7,
and 10 prior to pH measurements. A 25 mL aqueous solution
of polymer (1 mg/mL) was titrated with a 0.01 M NaOH
standard solution at room temperature, maintained nearly
constant at 25 °C. The solution was equilibrated until each
pH reading reaches a constant value. The degree of ionization
of each sample was calculated as the number of NaOH
equivalents added divided by the number of AA equivalents
in the sample. The effective pK of each sample was estimated
as the pH at 50% ionization.

Dynamic light scattering (DLS) was performed at room
temperature on an ALV DLS/SLS-SP 5022F compact goniom-
eter system with a He—Ne laser (1o = 632.8 nm) using an ALV
5000/E correlator. Sample solutions for DLS were prepared
as follows: A polymer sample obtained by the hydrolysis was
dissolved in water containing 0.1 M NaCl with the concentra-
tion of 2.0 mg/mL. The pH value of the solution was adjusted
by adding a proper amount of aqueous solution of NaOH or
HCI, and the solutions were allowed to stand for 1 day for
equilibration. Sample solutions were filtered using Millipore
Teflon filters with a pore size of 0.45 um into dust-free
cylindrical cuvettes prior to measurement. The intensity
weighted decay time distribution was obtained by CONTIN
analysis of the autocorrelation functions. Then under the
assumption that the scattering particles behave as hard
spheres in dilute solution and within the Rayleigh—Debye
theory the particle radius distribution function is calculated
from the decay time distribution function using the Stokes—
Einstein equation. After measurements at four different angles
(30°, 60°, 90°, 120°), the hydrodynamic radius of the species
was obtained by extrapolation to g — 0.

IH NMR spectra were recorded with a Bruker AC-250. FT-
IR spectra were recorded on a Bruker Equinox 55 spectrom-
eter. The elemental analyses were performed by llse Beetz
Mikroanalytisches Laboratorium (Kulmbach).
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Table 1. Self-Condensing Vinyl Copolymerization of BPEA and tBuA at Different Comonomer Ratios, y2

BPEA ratio
entry j/b Mn,Gpcc (MW/Mn) Mn,GP07VISCO (MW/Mn) ad in polymere bf DBnMRY DBthegh
1 0.5 4700 (6.59) 16300 (6.24) 0.38 65 0.61 0.48 0.50
2 11 4800 (4.29) 8300 (5.41) 0.39 47 0.62 0.42 0.49
3 1.5 4700 (4.95) 12500 (4.62) 0.40 38 0.74 0.42 0.47
4 2.5 5900 (4.44) 13000 (5.93) 0.42 27 0.78 0.35 0.40
5 6.1 8100 (4.36) 16800 (5.41) 0.47 14 0.24
6 10 8400 (3.54) 22700 (3.52) 0.46 10 0.17
21000 (2.05)i
7 25 23200 (2.88) 43600 (3.32) 0.46 3.2 0.08
43100 (1.79)i
8 50 37400 (2.63) 48700 (4.01) 0.47 1.6 0.04
9 75 57600 (3.39) 62400 (4.63) 0.46 0.03
10 100 61600 (3.53) 76000 (4.51) 0.47 0.02

74000 (2.38)!

a Bulk polymerization at 60 °C with CuBr/PMDETA at a constant comonomer-to-catalyst ratio, u = [tBuA]o + [BPEA]o)/[CuBr]o =
100—110. Full conversion was reached after 2—5 h. by = [tBuA]o/[BPEA],. ¢ Calibrated against PtBuA standards. ¢ Mark—Houwink
exponent as determined by GPC/viscosity measurement. ¢ Determined by *H NMR. f Fraction of reacted B* units as determined by 'H
NMR. 9 Degree of branching as determined by *H NMR using eq 1. " Theoretical degree of branching as determined using eq 2. F MALS

results.

20 24 28 32 36 40
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Figure 1. GPC traces of branched copolymers obtained by

SCVCP of BPEA and tBuA at different comonomer ratios, y
= [tBuA]o/[BPEA],.

Results and Discussion

Effect of the Comonomer Ratio. The bulk copo-
lymerization of the AB* inimer, 2-(2-bromopropionyl-
oxy)ethyl acrylate (BPEA), with tBuA was conducted
with CuBr/PMDETA at 60 °C at different comonomer
ratios, y = [tBuA]o/[BPEA]y between 0.5 and 100,
keeping the comonomer-to-catalyst ratio at a constant
value of 4 = ([tBuA]o + [BPEA]p)/[CuBr], = 100—110.
Under that condition, full conversion was reached after
2—5 h. The molecular weights and molecular weight
distribution (MWD) of the copolymers were character-
ized by THF-phase GPC using PtBuA standards; the
GPC traces are shown in Figure 1. All samples show
broad MWDs. The elution curves shift toward higher
molecular weights with increasing comonomer ratio, y.
Both number- and weight-average molecular weights of
the copolymers consistently increase with y, whereas
the polydispersity index, M\/M,, is constant.

As the relation between molecular weight and hydro-
dynamic volume of branched polymers differs substan-
tially from linear ones, the molecular weights were
established by GPC/viscosity using universal calibra-
tion. The results are given in Table 1. Depending on the
comonomer ratio, v, molecular weights up to M, epc-visco
= 76 000 at a polydispersity of My/Mp cpc-visco = ca.
4.5 could be obtained. In this system, the polymerization

M, /M,

6o
4 P

[m] [m]

M, M, 10*

0 20 40 60 80 100
Y
Figure 2. Dependence of molecular weights and polydisper-
sity on the comonomer ratio, y = [tBUA]o/[BPEA]s: M, (O),
My (2), and M/M, (O) as determined by GPC/viscosity using
universal calibration.

was conducted until the reaction mixture had solidified
completely. According to theory (assuming equal reac-
tivity of active centers?’), the number-average degree
of polymerization, Py, increases drastically with conver-
sion of the comonomer, xy, and the polydispersity index,
Mw/M,, decreases with y. For example, in the case of
y = 100 and xv = 95%, P, = 1900 and M\/M, = 20.
The molecular weight and the molecular weight distri-
bution obtained experimentally were lower than the
calculated ones. The observation of finite molecular
weight averages can be explained by the occurrence of
the cyclization reaction, in which an active center reacts
intramolecularly with the double bond, forming a poly-
initiator containing one loop. Clearly, this loop should
only have a minor effect on the physical properties, but
its presence limits the molecular weights of branched
polymers obtained by SCVCP as well as SCVP and
narrows the molecular weight distribution.2°

Figure 2 represents dependences of polydispersity and
average molecular weights on the comonomer ratio in
the range of 100 > y > 1. The number- and weight-
average molecular weights of the copolymers as deter-
mined by GPC—viscosity by universal calibration con-
sistently increase with y, whereas there is no significant
difference in the polydispersity at y > 10. The variation
in the molecular weights is in qualitative agreement
with the assumption that a relationship between y and
molecular weights should be linear when the ratio of
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reaction rates of cyclization and chain propagation is
independent of comonomer ratio, y.2° In all samples, as
can be compared in Table 1, the molecular weights
determined by GPC—viscosity are higher than apparent
ones obtained by GPC, indicating highly branched
structures. For 10 > y = 1.1, the ratios of My, gpc-visco
to Mp gpc of the copolymers are 1.7—2.7, while smaller
ratios (1.1—1.8) are observed in the cases of y > 25. It
means that a suitable amount of AB* inimer, BPEA, in
the feed considerably leads to a compact structure, and
the difference in the amount has an influence on the
molecular weights and compact structure in solution.
For lowest y value (y = 0.5), the molecular weight
determined by GPC—viscosity is higher than that in the
case of y = 1.1, while it is lower than that of a
hyperbranched poly(BPEA) obtained by a homo-SCVP.
The ratio of Mncpc-visco 10 Mngpc (3.5) is also in
between the values for hyperbranched poly(BPEA) (5.2)
and the branched PtBuA (1.7 at y = 1.1). GPC-MALS
(multiangle light scattering) was also applied for the
determination of the absolute molecular weights. Here,
it is necessary to take into account the influence of the
refractive index increment, dn/dc, in the low-y region,
because the different comonomer compositions may
affect the value of dn/dc, leading to deviation of the
absolute molecular weights. A good agreements between
Mn,epc-visco and Mn cpc-maLs IS observed in the cases
of y = 10, as can be seen in Table 1. Note that the true
My of copolymer is obtained by GPC-MALS even if the
composition and therefore the refractive index incre-
ment vary with elution volume, whereas M,, determined
by GPC-MALS is affected by dn/dc and is only an
apparent value.3 As for the branched polymers with
lower comonomer composition, y < 10; unfortunately,
no reliable light scattering data could be obtained
because of low signal-to-noise ratio originating from the
low refractive index increment of the branched PtBuAs
as well as low molecular weights.

Relationships between dilute solution viscosity and
molecular weight have been determined for many hy-
perbranched systems, and the Mark—Houwink constant
typically varies between 0.5 and 0.2, depending on the
degree of branching. In contrast, the exponent is typi-
cally in the region of 0.6—0.8 for linear homopolymers
in a good solvent with a random coil conformation. The
contraction factor,®® g’ = [5]branched/[#7]iinear, iS another
way of expressing the compact structure of a branched
polymers. Experimentally, g' is computed from the
intrinsic viscosity ratio at constant molecular weight.
The contraction factor can be expressed as the averaged
value over the molecular weight distribution or as a
continuous fraction of molecular weight. Figures 3 and
4 show the Mark—Houwink plots and contraction fac-
tors as a function of the molecular weight for represen-
tative branched polymers obtained by SCVCP. Plots of
a hyperbranched polymer obtained by homo-SCVP of
BPEA and a linear PtBuA are shown as comparisons.
The viscosities of the branched PtBuAs are significantly
less than that of the linear PtBuA and decrease with
1/y. At higher molecular weights (log M > 5.0), the
intrinsic viscosity of the branched PtBuA (y = 25) is less
than 70% of that of the linear one. The contraction
factors for all the branched polymers decrease with
increasing molecular weights, as shown in Figure 4,
indicating a highly compact structure in solution. There
are only slight difference in the slopes between the
branched copolymers, but the values at each molecular
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log [77]

(b)

log M

Figure 3. Mark—Houwink plots (a) and RI signals (b) for the
polymers obtained by copolymerizations of BPEA and tBuA:
y =1.5(0), 10 (&), 25 (v), and 100 (). Samples: see Table 1.
The intrinsic viscosity of a linear PtBuA (—) is given for
comparison.
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Figure 4. Contraction factors, ' = [#]branched/[#]iinear, fOr the
polymers obtained by SCVP of BPEA (O) and by copolymeriza-
tions: y = [tBuA]o/[BPEA], = 1.5 (O), 10 (), 25 (v), and 100
(). Samples: see Table 1.

weight increase obviously with increasing y value. These
results indicate that the apparent discrepancy between
molecular weights determined from GPC/viscosity com-
pared to conventional GPC arises from a systematic
decrease in Mark—Houwink exponent, a, and the con-
traction factor, ¢', resulting from a more compact
architecture with an increased number of branches.
Figure 5 shows the influence of the comonomer ratio,
y, on the Mark—Houwink exponent. In the whole range
of y values, the exponents of the branched polymers are
significantly lower (oo = 0.38—0.47) compared to that for
linear PtBUA (oo = 0.80). Particularly, the branched
PtBuAs obtained at lower y value (y < 10) show values
comparable to that of a hyperbranched poly(BPEA) (o
= 0.36) obtained by a homo-SCVP. The values obtained
at y = 10—100 are comparable to that of the branched
PtBUA obtained by a SCVP of a PtBuA macroinimer via
ATRP (a. = 0.47 ).2! At a comonomer ratio of y = 100
(corresponding to only 1% inimer), the a value is still
only 50—60% of the value of linear PtBuA. This is an
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Figure 5. Dependence of the Mark—Houwink exponent, o,
on comonomer ratio, y (O). Linear PtBuA (®): a = 0.80.
Hyperbranched poly(BPEA) (O): o = 0.36.
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by SCVP of BPEA (a) and by copolymerizations of BPEA and
tBuA: y =0.5(b), y = 1.1 (c).

indication that the branching structure induced by the
copolymerization with a tiny amount of AB* inimer has
significant influence on macroscopic quantities such as
intrinsic viscosity and radius of gyration, even if the
degrees of branching of the copolymers are expected to
be lower than that of the corresponding hyperbranched
polymers obtained by homo-SCVP.

Degree of Branching. Figure 6 shows the respective
IH NMR spectra of the branched PtBuAs obtained by
SCVCP and a poly(BPEA) obtained by a homo-SCVP of
BPEA. The broad peak of region 1 corresponds to the
protons of the ethylene linkage and the protons which
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are geminal to bromine in either A*, B*, or M*, all
of which are derived from BPEA. The later protons
correspond to the end groups. Although B* in BPEA is
consumed during the copolymerization, for every B*
consumed one A* or M* is formed, and consequently,
original B* = B*ex + A* + M*. Hence, the sum of
protons of the ethylene linkage and geminal to bromine
is proportional to the fraction of BPEA in the copolymer
but independent of the degree of branching. The peak
at 1.3—1.4 ppm, region 4, is assigned to the tert-butyl
group of PtBuA segment. The comonomer composition
calculated from the ratio of these peaks is in good
agreement with the comonomer composition in the feed
which corresponds to the y value, as can be seen in
Table 1. The agreement demonstrates complete inimer
incorporation. The broad peaks at 1.2—2.8 ppm are
attributed to the backbone (methylene and methine
protons). The large doublet at 1.85 ppm, region 2, is
assigned to CH3 of the 2-bromopropionyloxy group, B*
(corresponding to an end group), while the broad peak
at 1.0—-1.3 ppm, region 3, is assigned to b, which is
formed by activation of the B* and subsequent addition
of monomer. In the case of poly(BPEA), the proportions
of b and B* can be calculated from these peaks.2834-36
For the copolymer obtained by SCVCP, these peaks
should be related to the degree of branching and the
comonomer composition. The proportion of b calculated
by the equation b = (region 3)/(sum of region 2 and
region 3) was 0.62 in the case of copolymerization at y
= 1.1. For equal reactivity of active sites, the degree of
branching determined by NMR, DBnwmg, at full conver-
sion is given as®°

R

According to the theory of SCVCP, the comonomer ratio,
y, can be directly related to the degree of branching.?”
Assuming equal reactivity of all active sites, the degree
of branching obtained from the theory, DBineo, at full
conversion can be represented as

OB _ 2(1 — e—(y+l))(y + e—(y+l)) )
theo — (‘}/ + 1)2 ( )

From these approaches, DByyvr = 0.42 and DBipeo = 0.49
can be obtained at y = 1.1 (b = 0.62). Note that these
values represent a rough estimate, as they are calcu-
lated on the basis of the assumption of equal rate
constants for copolymerization. For low y value (y = 0.5),
the degree of branching (DBnuvr = 0.48) even exceeds
the value for poly(BPEA) (DBnvr = 0.43) obtained by a
homo-SCVP. This is in accordance with the theoretical
prediction that a maximum of DB = 0.5 is reached at y
= 0.6.27 The effect can be explained by the addition of
monomer molecules to in-chain active centers (i.e., in
linear segments), leading to very short branches. For
2.5 > y = 0.5, DBnmr decreases with y, as predicted by
calculations. In all cases, however, the observed values
are slightly lower than the calculated ones, which might
be attribute to the simplifications made for calculations.

Although NMR experiments afford a conclusive mea-
surement of the degree of branching for lower y value,
the low concentration of branch points in the copolymer
at y > 6 does not permit the determination of the degree
of branching directly by the spectroscopic method,
because of low intensities of the peaks in regions 2 and
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Figure 7. Dependence of bromine content on 1/(y + 1).
Samples: see Table 1. The calculated value (—) is given for
comparison.

3, as shown in Figure 9a. However, for the case of high
comonomer ratios, y > 1, the relation between DBineo
and y becomes very simple and does not depend on the
reactivity ratios of the various active centers. It is
represented as DBineo &~ 2/(y +1). In the case of y = 25,
theory predicts DBe, = 0.077. We calculated a fraction
of branched units fg = DBeo/2 = 0.038, i.e., which
corresponds to 38 branching points in 1000 monomer
units or an average of 25 monomer units between
branch points. In this copolymerization system, BPEA
used as an AB* inimer contains the acrylate and
bromopropionate groups, both of which form secondary
radicals, and tBuA used as a comonomer also generates
a secondary radical. The secondary o-bromoester dor-
mant species formed during the reaction should have a
reactivity similar to the 2-bromopropionate found on the
AB* inimer. Hence, the difference in the rate constants
for the six possible propagation reactions of the different
centers is considered to be small. However, a slow
deactivation of the propagating radicals was shown to
lead faster apparent reactivity ratios (see below). When
the reactivities of the various active centers are not
equal, the dependences are more complex, and the
degree of branching may be higher or lower, depending
upon the systems.

With ATRP, nearly every chain should contain a
halogen atom at its end group, if termination and
transfer are essentially absent. This halogen atom can
be replaced through a variety of reactions leading to
end-functional polymers and used as the initiating part
for polymerization of a second monomer. Halogen atom
displacement reactions from hyperbranched polystyrene
and polyacrylate have also been reported.3”:38 Hyper-
branched polymers can further initiate polymerizations
forming hyperstar (dendrigraft) polymers.3® In the case
of ideal SCVCP via ATRP, the resulting branched
polymers carry one bromoester function per inimer unit,
and the functionality decreases with comonomer (tBuA)
composition. As can be seen in Figure 7, the bromine
contents of the branched polymers are dependent upon
the comonomer composition in the feed and are in good
agreement with the calculated values. This is an indica-
tion that unfavorable termination and transfer reactions
are essentially negligible under the condition used in
this study, and the number of bromoester end groups
can be simply determined by the comonomer ratio, v,
in the feed.

Effect of the Comonomer-to-Catalyst Ratio. In
a homo-SCVP via ATRP, the catalyst concentration is
one of the key factors to control the topological struc-
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Table 2. Effect of Comonomer-to-Catalyst Ratio in
Self-Condensing Vinyl Copolymerization of BPEA
and tBuA at y = 252

u®  time (h) Mngpc® (Mw/Mn)  Mngpc-visco (Mw/Mn)  ad

26 45 19800 (3.94) 31700 (4.01) 0.46

50 45 20200 (3.54) 31600 (4.65) 0.46
100 45 23200 (2.88) 43600 (3.32) 0.46
150 24 21000 (4.04) 35700 (4.44) 0.45
300 24 18100 (4.32) 26400 (4.47) 0.45
400  96° 2000 (2.04) 2300 (3.22)

a2 Bulk polymerization at 60 °C with CuBr/PMDETA at a
constant comonomer ratio, y = [tBuA]o/[BPEA], = 25. Conversion
of double bonds as determined by H NMR > 85%. ? u = ([tBuA]o
+ [BPEA]o)/[CuBr]o. ¢ Calibrated against PtBuA standards. 9 Mark—
Houwink exponent as determined by GPC/viscosity measurement.
& Conversion = 80%.

tures as well as the molecular parameters. For example,
the significant influence of catalyst-to-inimer ratio on
SCVP of 4-(chloromethyl)styrene with CuCl/2,2'-dipy-
ridyl has been reported by Weimer et al.3® They dem-
onstrated that the resulting polymer is largely linear
at low catalyst-to-inimer ratio, while the higher ratio
favors the formation of a branched structures. In a
previous paper,?® we also demonstrated that the degree
of branching and molecular weight of soluble poly-
(BPEA) obtained by a homo-SCVP decreased with
increasing [BPEA]o:[CuBr], ratio. In the presence of
larger amounts of the catalyst, generally more deactiva-
tor is formed, allowing for faster deactivation and for a
more random initiation from the various alkyl halide
species in the macromolecules, which lead to higher
branching. At the same time, in the presence of more
catalyst, more radicals are also formed, leading to more
termination. On the other hand, less amounts of catalyst
are preferable for practical applications and industrial
large scale productions. To find the optimal catalyst
concentration, the copolymerization behavior was in-
vestigated in terms of the comonomer-to-catalyst ratio.
A comonomer-to-catalyst ratio is expressed as u =
([tBuAlo + [BPEA])/[CuBr]o, where [tBuA]o, [BPEA]j,
and [CuBr]o represent the initial concentration of
comonomer, inimer, and catalyst, respectively. The bulk
copolymerization of BPEA with tBuA was conducted
with CuBr/PMDETA at 60 °C at different comonomer-
to-catalyst ratios, u = 25—300, and a constant comono-
mer ratio, y = 25. The conditions for the copolymeriza-
tions were adjusted to yield polymers quantitatively
(conversion determined by H NMR was >85% in all
cases). The results are given in Table 2. In all cases,
the molecular weights (Mn cpc-visco = 26 400—43 600)
determined by GPC—viscosity are much higher than the
corresponding apparent ones, indicating a lower hydro-
dynamic volume of the branched polymers. The ratio u
has a slight effect only on the molecular weights and
the polydispersity of the branched PtBuAs. The corre-
sponding Mark—Houwink plots show that all branched
polymers have lower viscosities than linear PtBuA.
There are no significant differences in the Mark—
Houwink exponent, o, for different comonomer-to-
catalyst ratios, «. These results suggest that the range
of the comonomer-to-catalyst ratio used in this study
(u = 25—300) favors the formation of the branched
structures, and the resulting degree of branching has
enough effect on the improvement in the solution
viscosity. When the polymerization was conducted at a
very low catalyst concentration (u = 400), the fluid
reaction mixture did not solidify and only oligomer
(Mn,cpc-visco = ca. 2000) was obtained even after 96 h.
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Table 3. Self-Condensing Vinyl Copolymerization of BPEA and tBuA at y = 25 under Various Reaction Conditions?

ligand® solvent temp (°C) time (h) conve (%) Mn.gpc? (Mw/Mp) Mn,epc-visco (Mw/Mp) o8
PMDETA 30 45 91 23100 (3.77) 35000 (4.02) 0.71
60 4.5 95 23200 (2.88) 43600 (3.32) 0.46

100 1 86 12300 (5.57)" 23500 (4.24) 0.59"
EAc 60 24 >999 13100 (3.72) 25000 (2.98) 0.51
acetonef 40 24 939 8700 (2.40) 14200 (2.26) 0.46
DMFf 60 24 >99 13200 (3.42) 22300 (3.94) 0.49

Bipy 60 45 86 376000 (3.01)" 403000 (3.45)" 0.56"
100 2 81 74900 (4.75) 92300 (5.35) 0.50

a Copolymerization with CuBr at a constant comonomer ratio, y = [tBuA]o/[BPEA], = 25, and a constant catalyst concentration, u =
([tBuA]o + [BPEA])/[CuBr]o = 100. "PMDETA (N,N,N’,N",N"-pentamethyldiethylenetriamine) or Bipy (bipyridine) was used as a ligand.
¢ Conversion of double bonds as determined by *H NMR. 9 Calibrated against PtBuA standards. ¢ Mark—Houwink exponent as determined
by GPClviscosity measurement. f Ethyl acetate, acetone, or N,N-dimethylformamide (50 vol % to tBuA) was used as a solvent. 9 Conversion
of tBUA determined by GC. " Results obtained from THF-soluble parts.
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Figure 8. Mark—Houwink plots (a) and RI signals for the
polymers obtained by copolymerizations; CuBr/PMDETA at 60
°C (O) and 100 °C (a); CuBr/Bipy at 60 °C (@) and 100 °C (a).
Samples: see Table 3. The viscosity result for a linear PtBuA
(—) is given for comparison.

Effect of the Polymerization Conditions. Here,
we investigated the influence of the various factors (the
ligand used to complex copper ions, solvent, and tem-
perature) on the architectures of the branched PtBuAs.
Table 3 summarizes the conditions and the results of
the copolymerization under various conditions. In all
cases, the copolymerization of BPEA with tBuA was
conducted with CuBr at a constant comonomer-to-
catalyst ratio, x = 100, and a constant comonomer ratio,
y = 25. Comparisons of the Mark—Houwink plots and
RI signals for the representative polymers obtained are
shown in Figure 8.

When the polymerization was conducted with CuBr/
PMDETA at 30 and 60 °C, the characteristic green color
kept constant during the polymerization, and the con-
tent of the flask had completely solidified after 1—3 h.
In contrast, the reaction medium turned from green to
dark brown rapidly after heating to 100 °C, and it
solidified after 15 min. In this case, ca. 30 wt % of
insoluble product was obtained. An apparent lowering
of molecular weights at higher polymerization temper-
ature is caused by a loss of the high molecular weight

(a)

CHs
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CHs;

Dioxane
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H,0

Dioxane

(d)

OH O H
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Figure 9. 'H NMR spectrum of branched PtBuA, y = 6.1,
CDCl; (a). *H NMR spectra of branched PAA, y = 6.1, 1,4-
dioxane-dg (b), y = 6.1, CD30OD (c), y = 25, CD30D (d), and y
= 1.1, DMSO-ds (e).

fraction from the whole solution as some molecules
reach the gel point at the onset of cross-linking. On the
other hand, the copolymerization at lower temperature
(30 °C) gave a polymer having a higher Mark—Houwink
exponent, suggesting a lower degree of the branching.
When the polymerization was conducted in ethyl acetate
(50 vol % to tBuA), the viscous reaction mixture did not
solidify even after the conversion of tBuA reached more
than 95%. However, usage of ethyl acetate as a polym-
erization solvent led to a decrease in the molecular
weights. The copolymerizatios with other solvents (DMF
and acetone) also showed the same tendency.
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The copolymerization with the CuBr/Bipy catalyst
system at 60 and 100 °C gave polymers having higher
molecular weights. In both cases, the dark brown
reaction media solidified at the end of the polymeriza-
tion. An insoluble product was obtained at 60 °C, and
the polymer yield of the soluble part after the column
purification was about 60%. The increase in the polym-
erization temperature led to a decrease in the apparent
molecular weights of the products. The higher molecular
weights may be attributed to slow deactivation of the
propagating radicals. The formation of insoluble mate-
rial is likely the results of cross-linking process derived
from radical—radical combination.

The significant influence of solubility of the deactiva-
tor and of the polymerization temperature, which are
closely related to the concentration of Cu(ll), on the
topology of the resulting polymers has been reported in
the homo-SCVP of BPEA.*? For example, it was dem-
onstrated that the polymerization catalyzed by CuBr/
Bipy at 50 °C provided essentially a linear polymer,
while the degree of branching was observed to increase
with temperature and a highly branched poly(BPEA)
(DB = 0.46) was obtained at 100 °C. When ATRP is used
to prepare linear chains, the activation of the bromo-
ester, and subsequent polymerization, is usually slow
due to the low initiator concentration (0.1 M), as
compared to homo-SCVP (bulk, ~10 M). Because the
initial rate of radical formation is faster in homo-SCVP,
the concentration of radicals is higher, leading to an
increased amount of termination. Hence, a higher
proportion of Cu(ll) is required to lower the concentra-
tion of radicals in the polymerization system. On the
other hand, the polymerization becomes extremely slow
when the proportion of Cu(ll) relative to Cu(l) is too
high. The concentration of the bromoester during SCVCP
is basically dependent upon the comonomer ratio, y, in
the feed, and the initial rate of radical formation should
be slower than in the synthesis of highly branched poly-
(BPEA) by homo-SCVP. The difference in the molecular
weights of the products obtained from SCVCP with
CuBr/PMDETA and CuBr/Bipy may be attributed to the
Cu(h/Cu(l) ratio, which is related closely to the equi-
librium between the active and dormant species in the
system.

Hydrolysis of Branched Poly(tert-butyl acry-
late). The tert-butyl ester groups in the branched
PtBuAs were hydrolyzed using 5-fold molar excess of
trifluoroacetic acid in dichloromethane at room temper-
ature for 24 h. The resulting branched PAA (y = 6.1) in
the acid form is directly soluble in water, as well as in
methanol or dioxane, while insoluble in dichloromethane.
As shown in Figure 9, the hydrolyzed sample in dioxane-
dg shows the complete disappearance of the tert-butyl
resonance at 1.4 ppm and reveals resonances at 0.9—
3.0 ppm, corresponding to the backbone protons. The
missing resonance of the tert-butyl groups in CD3;0D
as well as in dioxane-dg clearly indicates the quantita-
tive hydrolysis of ester functionality. The complete
hydrolysis was also confirmed by 'TH NMR measurement
in D,O and DMSO-dg. It is important to note that the
unchanged resonance signal of protons of the ethylene
linkage and those geminal to bromine at 4.0—4.6 ppm,
suggesting that the BPEA composition in the branched
PAA is almost the same to that in branched PtBuA. The
complete disappearance of the tert-butyl resonance at
1.4 ppm and clear peaks attributed to the backbone are
also seen in the branched PAA (y = 25) in CD3OD. The
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Figure 10. FT-IR spectra of (a) branched PtBuA (y = 1.1),
(b) branched PAA (y = 1.1), (c) branched PAA (y = 6.1), and
(d) linear PAA.

spectrum also reveals a relatively lower intensity of the
peak at 4.0—4.6 ppm compared to the intensities of the
backbone peaks which is due to the higher y value. The
IH NMR of the branched PAA having higher branching
points (y = 1.1, Figure 9¢) in DMSO-d¢ reveals peaks
at 1.85 and 1.0—1.3 ppm, which are assigned to CHj; of
the 2-bromopropionyloxy group, B*, and assigned to b,
respectively. The proportion of b calculated by the ratio
of these peaks is 0.64, which is in good agreement with
that of the original branched PtBuA (b = 0.62, y = 1.1).
The fractions of the reacted B* in the branched PAAs
having different y values, as determined by *H NMR in
DMSO-ds, are as follows: b =0.57 (y =0.5), 0.72 (y =
1.5), and 0.76 (y = 2.5), which are also consistent with
the values before the hydrolysis (see Table 1). These
results indicate that the branched structure is intact
during the complete hydrolysis of the tert-butyl ester
groups.

Figure 10 shows the FT-IR spectra of the branched
PtBuAs before and after hydrolysis. The spectrum of the
branched PtBuA (y = 1.1) is characterized by the C—H
stretching vibration between 2840 and 2940 cm~* and
by the strong C=O vibration at 1735 cm™1. After
hydrolysis, the acid functionality is clearly visible as the
broad absorption from 2400 to 3800 cm~. A broader
carbonyl vibration is also observed, which may be due
to the overlap of the ester groups in the branching points
and the carboxylic acid groups obtained after hydrolysis.
Furthermore, there is a clear peak between 2840 and
2940 cm~1 which is due to the C—H stretching vibration
in the main chain and BPEA units acting as branching
points. The spectrum of the branched PAA (y = 6.1)
clearly reveals the carbonyl stretch vibration (1725
cm™1) corresponding to free carbonyl bond and a shoul-
der on the lower wavenumbers (1640 cm~1) which is due
to hydrogen—carboxy bonded carbonyl groups, in addi-
tion to the acid functionality observed between 2300 and
3800 cm~1. The spectrum of the branched PAA having
lower branching points is almost the same as that of
linear PAA, which is characterized by the broad absorp-
tion from 2300 to 3800 cm~!and the strong C=O
vibrations at 1715 and 1640 cm™1.
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The hydrolysis was also confirmed by elemental
analysis. For example, the atomic composition of the
hydrolyzed branched copolymer (y = 10) was C, 46.8;
H, 5.3; Br, 8.2 (calcd: C, 47.0; H, 5.3; Br, 8.2), while
the value of the same sample before the hydrolysis was
C, 61.3; H, 8.7; Br, 5.2 (calcd: C, 61.1; H, 8.6; Br, 5.2).
The bromine contents of the representative branched
PAAs (1.0% for y = 100, 3.6% for y = 25, 10.7% for y =
6.1, and 24.6% for y = 0.5) were also in agreement with
the calculated values (1.1% for y = 100, 3.9% for y =
25, 11.6% for y = 6.1, and 27.9% for y = 0.5). The
reasonable bromine content of the hydrolyzed product
indicates that most of the terminal bromoester groups
are kept without any modification during the hydrolysis
reaction and can be used for further modifications. To
prove the stability of the branched structures under the
hydrolysis condition, a control experiment was con-
ducted with a poly(BPEA) prepared independently by
a homo-SCVP of BPEA. The branching structures of the
poly(BPEA) are the same as that of the branched PtBuA
obtained by SCVCP, but the number of the branch
points is higher. Poly(BPEA) was treated with trifluo-
roacetic acid under the same conditions described above.
IH NMR and THF-phase GPC measurements of the
resulting product indicate that the structure of the poly-
(BPEA) was kept without any chain scission reactions
on ester linkages. These results indicate that the
hydrolysis of the tert-butyl ester groups in the branched
PtBuAs obtained by SCVCP proceeds selectively to yield
characteristic branched PAAs.

Solution Properties of Branched Poly(acrylic
acid)s. The solution properties of the branched PAAs
in various solvents may be influenced by the branched
architectures, molecular weights, and the number of
nonpolar BPEA segments in the vicinity of carboxyl
groups. For higher y values (y > 6), the hydrolyzed
products in the acid form are soluble directly in water
(pH = 2.5) and methanol, while insoluble in dichlo-
romethane. For the branched PAAs having higher
degree of branching (2.5 = y = 0.5), the acid form is
soluble in most organic solvents, such as dichlo-
romethane, acetone, and dioxane, while insoluble di-
rectly in water, which may be due to the higher
composition of the nonpolar BPEA segment in the
resulting branched PAAs. These polymers are only
soluble in water at high pH (pH > 10), i.e,, in the
neutralized form.

The solubility of the branched PAAs in water should
be closely related to the fraction of charged monomers;
that is to say, PAA is virtually undissociated at low pH
values, whereas a fully charged chain results at high
pH. Hence, it is interesting to know the degree of
dissociation, i.e., the charge density of the polymer,
when one discusses the solubility as well as the solution
behavior at a given pH. Potentiometric titration curves
for the representative branched PAAs are shown in
Figure 11, where the degree of ionization is plotted
against solution pH. In all cases, the pH values increase
systematically with increasing the degree of ionization.
The apparent pK, values (taken as the pH at 50%
ionization) were determined for the branched PAAs from
the titration curves. For the branched PAAs at y = 10
and 100 they were found to be pKg app = 5.8—6.0, which
is comparable to the corresponding value for linear PAA
homopolymers, pKaapp =~ 5.8.41 The branched PAA at y
= 2.5 become insoluble for pH < 4.7. That point
corresponds to about 50% ionization, indicating that
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Figure 11. Potentiometric titration curves for branched
PAAs: y =100 (O), 10 (»), and 2.5 (O, W) in aqueous solutions.
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Figure 12. Aqueous-phase GPC traces of the branched PAAs
obtained after the hydrolysis.

dissociation of half of the acid function in the branched
polymer chains leads to water solubility. For the
branched PAAs having higher degree of branching (y
< 1.5), the transition points are at pH > 8, suggesting
that these polymers are soluble in water only at high
degrees of ionization. In any case, a pH >10 is sufficient
to reach the fully dissociated state of the branched PAA
chains. It is suggested that the solubility of the branched
PAAs is dominated mainly by the composition of PAA
in the copolymer as well as increased charge densities
in the compact branched structures.

Figure 12 represents aqueous-phase GPC traces of the
branched PAAs. All samples show a broad distribution,
and the elution curves shift toward higher molecular
weights with increasing y ratio. The same tendency was
observed in the THF-phase GPC traces of the branched
PtBuAs before hydrolysis. The molecular weights of the
branched PAAS, Mpaa, can be roughly calculated as

MapY + Mgpea
PtBUA
Migua? T Mepea

3)

Mpaa =

where Mipgua, Maa, and mgpea are molar masses of
monomers and inimer, respectively. The number- and
weight-average molecular weights of PtBuAs obtained
from GPCl/viscosity were used for the calculation. In all
cases, the calculated number-average molecular weights
are 1.6—1.8 times higher than the apparent values
determined by aqueous-phase GPC using PMAA stan-
dards, as can be seen in Table 4. Obviously, these
molecular weights are not accurate, due to linear
samples used as calibration standards. The relatively
broad molecular weight distributions of the branched
PAAs (M,/M, = 3—7) are comparable to those of the
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Table 4. Characterization of Water-Soluble Branched Poly(acrylic acid)s

Rp (nm) f Rp (nm) f

sample? Vb Mn caled® Mw/Mn caled d Mn,cpc® Mw/Mp, gpc® atpH 3 at pH 10
6 10 14 400 3.52 8 600 2.99 1.7 2.2
7 25 25900 3.32 14 400 4.48 29 4.1
10 100 43 400 4.51 25000 6.86 3.2 5.2

a Branched PtBUA used for the hydrolysis; see Table 1. ? y = [tBuA]o/[BPEA]o. ¢ Mn caicd = Mn pc—-visco 0f PtBUA x (Maay + Mepea)/

(Miguay + Mapea). d Mw/Mp caic. =

Mw/Mn cpc-visco of PtBUA. & Determined by aqueous-phase GPC using linear poly(methacrylic acid)

standards. f Z-average hydrodynamic radius determined by DLS in 0.1 M NaCl aqueous solution.
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Figure 13. Normalized field correlation functions of the

branched PAA (y = 10) in 0.1 M NaCl aqueous solution (c =
2.0 mg/mL) at pH 10 at various angles.

branched PtBuAs. These results suggest that water-
soluble branched PAAs with apparent number-average
molecular weights between 8000 and 25000 were
obtained by SCVCP, with subsequent hydrolysis, and
the molecular weights and the branching architecture
of the hydrolyzed products correspond to those of the
branched PtBuAs.

Dynamic light scattering (DLS) studies were carried
out on the representative branched PAAs in water
containing 0.1 M NacCl at a concentration of 2.0 mg/mL
at room temperature. In all cases, measurements were
conducted at four different angles, as can be seen in
Figure 13, and the hydrodynamic radius (Ry) of the
species was obtained by extrapolation to g2 — 0. The
values obtained at pH = 3 and pH = 10 are shown in
Table 4. In both cases, the Ry, of the branched PAAs
increases with increasing y ratio, which is due to both
the increase in the molecular weights and the decrease
in the degree of branching. The differences in Ry values
obtained at different pHs indicate the influence of the
charged state on the chain conformation. At basic pH,
the electrostatic repulsion between the carboxylate
anions causes the branched polymer chain to adopt an
open chain conformation. At low pH, on the other hand,
the intrachain association of the hardly dissociated PAA
chains causes each chain to collapse into a smaller
conformation. The values obtained here seem reasonable
on the basis of the comparison with the results of linear
PAAs reported recently by Reith et al.*2 The authors
have determined the weight-average molecular weight
and the z-average hydrodynamic radius (Rp) of linear
PAA samples in NaCl-containing aqueous solution at
pH = 6—8 using static and dynamic light scattering.
Figure 14 compares the Ry, values of the branched PAAs
obtained in this work and the reported values of linear
PAAs as a function of My,. The Ry, value of the branched
PAA is always smaller than that of linear ones, indicat-
ing the compact structures of the branched polyelectro-
lytes in aqueous solution. To characterize the branched
PAAs as polyelectrolytes, we discuss here the Ry, values,
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Figure 14. Dependence of average hydrodynamic radius (Rn)
on weight-average molecular weight (My,caic.) of the branched
PAAs: R, was measured at pH = 3 (O) and pH = 10 (O). Linear
PAAs (a) at pH = 6—8 used as a reference are derived from
Reith et al.*?

which correspond to single molecules in aqueous solu-
tion. Some peaks attributed to aggregates were observed
in our measurement which may be due to the intermo-
lecular interactions between the polyelectrolytes. Note
that the conditions of DLS measurements used in this
study were within the region where no significant
dependence of the Ry, on the salt concentration and the
polymer concentration was found in the case of linear
PAAs.#2 Further studies on this interesting branched
polyelectrolytes, such as the influence of branched
architectures on the chain configuration in aqueous
solution under various salt concentrations and pHs, will
be communicated separately.

Conclusions

Self-condensing vinyl copolymerization (SCVCP), fol-
lowed by hydrolysis, enabled us to synthesize highly
branched polyelectrolytes, in which the molecular
weights, the composition of the PAA segments, and the
branched structures can be adjusted by an appropriate
choice of the catalyst system, the comonomer composi-
tion, y, and the polymerization conditions. The close
correlation of the bromine content of the branched
PtBuAs with the comonomer ratio, y, indicates that
unfavorable termination and transfer are essentially
negligible when the CuBr/PMDETA catalyst system is
used, and the number of bromoester end groups can be
simply manipulated by the ratio, y. The CuBr/Bipy
catalyst system made it possible to produce high mo-
lecular weight branched PtBuAs. The significant influ-
ence of the polymerization temperature on the resulting
products was confirmed on both catalyst systems. It was
demonstrated that a suitable choice of the temperature
is required to obtain highly branched polymers.

IH NMR, FT-IR, aqueous-phase GPC measurements,
and elemental analyses results consistently indicate
that hydrolysis of the tert-butyl ester groups in the
branched PtBuAs proceeds selectively to yield charac-
teristic branched PAAS, and the branched structure is
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intact during the hydrolysis. All branched PAAs ob-
tained in this study are soluble in water at high pH,
while only the polymers having lower degree of the
branching are soluble at low pH. DLS studies at
different pH indicate that a marked stretching of the
branched chains takes place when going from a virtually
uncharged to a highly charged stage. The comparison
of the hydrodynamic radius of the branched PAAs and
linear ones as a function of M,, suggests that highly
compact structures of the polyelectrolytes can be ob-
tained due to their branched architectures. This con-
venient synthetic approach may lead to further devel-
opment of branched polyelectrolytes, combined with the
detailed investigations of the relation of the chain
architectures and the solution properties. Attachment
of the highly branched polymers on the flat and spheri-
cal surfaces will lead to interesting materials with high
charge density on the surfaces.28:29
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