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ABSTRACT: Degradable hyperbranched polymers were synthesized via self-condensing atom transfer radical copolymerization
of methyl methacrylate (MMA) with a novel inimer bearing a thermolyzable acylal group. This inimer was 1-(2-
bromoisobutyryloxyl)ethyl methacrylate (BIBLEMA) and was synthesized in a one-step reaction between 2-bromoisobutyric acid
and vinyl methacrylate at 40% yield. The inimer was subsequently used for the preparation of three degradable hyperbranched
homopolymers of MMA (monomer conversion ~80%) with molecular weights in the range from 36 000 to 51000 g mol '
synthesized using initial MMA-to-inimer molar ratios between 25 and 100. The inimer was also used for the preparation of two
degradable hyperbranched amphiphilic copolymers of MMA and 2-(dimethylamino)ethyl methacrylate (DMAEMA) with an
MMA hydrophobic hyperbranched core and different compositions, 10 and 38 mol % DMAEMA, afforded by changing the
relative loadings in the two comonomers. Both hyperbranched amphiphilic copolymers were soluble in THF: water mixtures with
up to S0% w/w water content, whereas they precipitated at higher water contents. All hyperbranched (co)polymers were
thermolyzed in a vacuum oven at 200 °C within 24—56 h. The molecular weights of the thermolysis products were consistent
with the inimer content and the complete thermolysis of the hyperbranched (co)polymers. Hyperbranched polymers of MMA,
also prepared in this investigation, but using a nondegradable inimer, isomeric to BIBIEMA, 2-(2-bromoisobutyryloxyl)ethyl
methacrylate (BIB2EMA), did not present any reduction in their molecular weight when subjected to the same thermolysis

conditions as those applied for the degradable hyperbranched polymers (200 °C, ~24 h).

B INTRODUCTION

Hyperbranched polymers represent an interesting macro-
molecular architecture, with features intermediate between
those of linear polymers and polymer networks. Similar to
polymer networks, hyperbranched polymers are highly
branched, but yet soluble as linear polymers. As mentioned in
the review by Hult et al,' hyperbranched polymers were first
reported by DuPont in an effort to replace dendrimers, also
highly branched polymers but of highly ordered structure which
are difficult and time-consuming to prepare and, therefore, less
appropriate for industrial use. The high degree of branching of
hyperbranched polymers is responsible for their unique physical
properties, such as their compact shape resulting in low
viscosity in solution and in the molten state compared to their
linear counterparts,z’3 and their large number of functional
groups on their periphery. Because of these properties,
hyperbranched polymers*™® find numerous applications in
surface modification,” *? in coatings,13_16 in controlled drug
and gene delivery,'””"® in nonlinear optics,"”*° and can form the
cross-linking nodes in designer’s hydrogels.' ~>* As mentioned
before, the main advantage of hyperbranched polymers
compared to dendrimers is their facile synthesis.
Hyperbranched vinyl polymers can be synthesized following
three different techniques: (a) copolymerization of monovinyl
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with small amounts of di- or multivinyl monomers, (b)
polymerization of di- or multivinyl monomers with a large
excess of initiator, and (c) self-condensing vinyl polymerization
of AB* initiator-monomers, known as inimers. Whereas the first
two techniques can be applied using either controlled or
conventional polymerization methods, the third technique
requires the use of a controlled polymerization method. Of
special interest are the different controlled radical polymer-
ization methods which have been used for the preparation of
hyperbranched polymers applying all three above-mentioned
techniques, including atom transfer radical polymerization
(ATRP),**"* reversible addition—fragmentation chain transfer
polymerization (RAFT),>*™* and nitroxide-mediated radical
polymerization (NMP).*'~** Furthermore, controlled/“living”
ionic polymerization methods have also been used for the
synthesis of hyperbranched polymers, including “living”
cationic polymerization* and group transfer polymerization
(GTP).**

In the present study, self-condensing vinyl copolymerization
of a degradable inimer bearing a thermally labile acylal group
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was performed via ATRP for the preparation of hyperbranched
polymers. ATRP has previously been employed several times
for the preparation of hyperbranched polymers using
inimers,”***° but only once did that involve degradable
inimers.”’ Those degradable inimers bore disulfide or ester
labile groups and were used for the preparation of degradable
hyperbranched hydrophobic homopolymers of styrene.’’ In
this report, we present the synthesis of thermally labile
hyperbranched hydrophobic homopolymers and amphiphilic
copolymers using a novel inimer bearing an acylal group. The
successful thermolysis of these polymers and the results from
the characterization of the thermolysis products are also
presented. Finally, to show that the thermal cleavage of the
present hyperbranched polymers was due to the thermolysis of
the thermally labile inimer residue in the polymers, we also
prepared similar hyperbranched polymers based on a non-
degradable inimer, isomeric to the thermolyzable one. When
subjected to the same thermolysis conditions as those used for
the former (thermolyzable) polymers, these latter polymers did
not present any reduction in their molecular weight.

B EXPERIMENTAL SECTION

Materials and Methods. 2-(Dimethylamino)ethyl methacrylate
(DMAEMA, 99%) and methyl methacrylate (MMA, 99%) were
purchased from Aldrich, Germany. Copper(I) bromide (99%), 2,2
bipyridine (bpy, 99%), 2-bromoisobutyric acid (98%), vinyl
methacrylate (98%) and 2,2-diphenyl-1-picrylhydrazyl hydrate
(DPPH, 95%) were also purchased from Aldrich and were used as
received. N,N-Dimethylformamide (DMF, Merck, 99%) was dried
over calcium hydride and was freshly distilled under reduced pressure.
The monomers were passed through basic alumina columns to remove
the polymerization inhibitor and any other acidic impurities and they
were stirred overnight over calcium hydride to remove the last traces
of moisture and protonic impurities. This was done in the presence of
an added free radical inhibitor, DPPH, to avoid undesired thermal
polymerization. The monomers were freshly distilled prior to the
polymerization.

Preparation of the Degradable Acylal Inimer 1-(2-
Bromoisobutyryloxyl)ethyl Methacrylate (BIBIEMA). The de-
gradable inimer BIBIEMA was prepared by an addition reaction. In
particular, to a 100 mL round-bottomed flask containing S mL of vinyl
methacrylate (4.67 g, 0.042 mol) were added 10.42 g of 2-
bromoisobutyric acid (0.062 mol) and left to react at 95 °C for 19
h until all vinyl methacrylate was consumed. As vinyl methacrylate
already contained radical inhibitor, no extra inhibitor was added to this
reaction. After 19 h, the mixture was allowed to cool down and was
distilled under vacuum. The desired product was isolated at 40% yield
as a yellowish liquid. The structure of the inimer was confirmed by 'H
and "*C NMR spectroscopy. 'H NMR (300 MHz, CDCl,, §): 6.87 (m,
1 X 1H, —OCHH(CH,;)0-), 6.09 (s, 1 X 1H, CH;=C—, H cis to the
carboxylate), 5.57 (s, 1 X 1H, CH,=C—, H trans to the carboxylate),
1.87 (s, 2 X 3H, —C(CHjs),Br), 1.81 (s, 1 X 3H, —C(CH;)=CH,),
1.49 (d, 1 X 3H, —OCHH(CH;)O-). 3C NMR (300 MHz, CDCl,,
5): 169.6 (1C, (CH;),BrC—COO-), 165.1 (1C, CH,=C(CH,)—
C00-), 135.3 (1C, CH,=C(CH,)-), 127.0 (1C, CH,=C(CH;)-),
89.9 (2C, —OCH(CH,;)0O-), 55.1 (1C, —C(CH;),Br), 30.4 (2C,
—C(CH,),Br), 19.1 (2C, —OCHH(CH,)0-), 18.0 (1C, —C(CH;)=
CH,).

Preparation of the Nondegradable Inimer 2-(2-
Bromoisobutyryloxyl)ethyl Methacrylate (BIB2EMA). The non-
degradable inimer BIB2EMA was prepared by an esterification
reaction. In particular, to a 100 mL round-bottomed flask containing
S mL of 2-hydroxyethyl methacrylate (5.35 g, 0.041 mol) and 34 mL
of triethylamine (24.9 g 025 mol) was added 7.62 mL of 2-
bromoisobutyryl bromide (14.00 g, 0.062 mol). The reaction was
carried out under a dry nitrogen atmosphere at 0 °C. The resulting
insoluble salt of Et;N-HBr was removed from the reaction mixture by
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filtration. Subsequently, the filtrate was passed through a column of
basic alumina to remove the formed (excess) isobutyric acid. The
desired product was finally obtained after vacuum distillation at 90 °C
as a yellowish liquid at 43% yield. The structure of the inimer was
confirmed by 'H and *C NMR spectroscopy. '"H NMR (300 MHz,
CDCl,, 8): 6.06 (s, 1 X 1H, CH,=C—, H cis to the carboxylate), 5.52
(s, 1 X 1H, CH,=C—, H trans to the carboxylate), 4.35 (s, 2 X 2H,
—OCHH,CH,0-), 1.87 (s, 2 X 3H, —C(CH,),Br), 1.86 (s, 1 x 3H,
—C(CH;)=CH,). C NMR (300 MHz, CDCl, §): 1714 (1C,
(CH,),BrC—CO0-), 1669 (1C, CH,=C(CH,;)—COO0-), 135.8
(1C, CH,=C(CH,)-), 126.1 (1C, CH,=C(CH,)-), 63.5 (1C,
—-0OCH,CH,0-), 61.8 (1C, —OCHH,CH,0-), 55.3 (1C, —
C(CH,),Br), 30.6 (2C, —C(CHS,),Br), 182 (1C, —C(CH,)=CH,).

Synthesis of the Hyperbranched Homopolymers. Polyme-
rizations of Methyl Methacrylate Using 1-(2-Bromoisobutyryloxyl)-
ethyl Methacrylate (BIB1EMA). For the preparation of the degradable
hyperbranched homopolymers of MMA, the initial monomer-to-
catalyst (CuBr) molar ratio, the initial monomer concentration and the
amount of the inimer loaded were kept constant at values of 100, 5 M
and 5.4 X 10~* mol, respectively. The initial monomer-to-inimer molar
ratio was varied from 25 to 100. A typical experimental procedure for
the preparation of BIBIEMA-co-MMA,s was as follows. A 20 mg
sample of CuBr (1.4 X 107* mol), 65.4 mg of bpy (4.2 X 107* mol),
1.44 mL of MMA (1.34 g, 0.013 mol) and 1 mL of DMF were added
into a dry 25 mL Schlenk tube kept under a dry nitrogen atmosphere.
The reaction mixture was degassed by two freeze—pump—thaw cycles
and then 0.15 g of inimer (5.4 X 107* mol), dissolved in 0.25 mL
DMEF, was added to the mixture. Subsequently, the Schlenk tube was
placed in a thermostated oil bath at 70 °C for 2 h until monomer
conversion reached 75%. The product of the polymerization reaction
was passed through a short column of neutral alumina to remove
copper, was precipitated in n-hexane and was finally dried in a vacuum
oven at room temperature for 72 h.

Polymerizations of Methyl Methacrylate Using 2-(2-
Bromoisobutyryloxyl)ethyl Methacrylate (BIB2EMA). For the prep-
aration of the nondegradable hyperbranched homopolymers of MMA,
a similar procedure was followed as that employed for the preparation
of the degradable hyperbranched homopolymers described above, with
the only difference that the nondegradable BIB2EMA inimer was used
instead of BIBIEMA.

Synthesis of the Degradable Hyperbranched Amphiphilic
Copolymers. For the preparation of the degradable hyperbranched
amphiphilic copolymers, copolymerizations by sequential addition of
monomers were performed. A typical procedure for the preparation of
BIB1EMA-co-MMA,-grad-DMAEMA, is described below. To a 25
mL dry Schlenk tube kept under a dry nitrogen atmosphere were
added 39.3 mg of CuBr (2.7 X 10™* mol), 0.13 g of bpy (8.2 x 107
mol), 2.87 mL of MMA (2.69 g, 0.026 mol), and 2.0 mL of DMF. The
mixture was degassed by two vacuum—nitrogen cycles. The reaction
flask was heated to 70 °C and a deoxygenated solution of the
BIBIEMA degradable inimer (0.15 g, 5.4 X 107* mol) in 0.5 mL of
DMF was added. After 85 min of reaction, at a monomer conversion
of 78%, samples were extracted for gel permeation chromatography
(GPC) and 'H NMR spectroscopy analyses (polymer relative number-
average molecular weight, M, = 11 000 g mol', polydispersity index,
PDI = M,/M, = 2.34; M,, is the relative weight-average molecular
weight). Then, the second monomer, DMAEMA (4.5 mL, 4.20 g,
0.027 mol) was added and was allowed to react for another 120 min
until the DMAEMA conversion reached 54%. As with the hyper-
branched MMA homopolymers, work-up procedure involved passage
through neutral alumina, precipitation in n-hexane and vacuum drying
at room temperature for 72 h.

Thermolysis of the Hyperbranched (Co)Polymers. All hyper-
branched (co)polymers were subjected to thermolysis at 200 °C to
cleave the acylal group in the inimer residues. Samples (~0.5 g) of
each hyperbranched polymer in glass vials were placed in a vacuum
oven kept at 200 °C for about 24 h. Samples were taken out of the
oven at different times during thermolysis and characterized using
GPC to estimate the extent of thermolysis.
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Polymer Characterization. Gel Permeation Chromatography
(GPC). The molecular weight distributions (MWDs) of all the
hyperbranched (co)polymers and their thermolysis products were
recorded using GPC with single detection based on refractive index
(R1), from which the relative M,, the relative M,,, and the PDIs were
calculated. This setup will be referred to as the GPC—RI system. A
single Polymer Laboratories PL-Mixed “D” column (bead size =5 ym;
pore sizes =100, 500, 10°* and 10* A) was used for sample analysis. The
mobile phase was THEF, delivered using a Waters 515 isocratic pump at
a flow rate of 1 mL min". The RI signal was measured using a
Polymer Laboratories ERC-7515A RI detector. The calibration curve
was based on eight narrow MW (630, 2680, 4250, 13000, 28900,
50000, 128000, and 260000 g mol™") linear polyMMA standards also
supplied by Polymer Laboratories.

NMR Spectroscopy. A 300 MHz Avance Bruker spectrometer
equipped with an Ultrashield magnet was used to acquire the 'H NMR
spectra of all the hyperbranched (co)polymers in CDCl; containing
traces of CHCl; which was used as an internal reference. The same
instrument was also used to collect the 'H and '3C NMR spectra of
the two inimers synthesized.

Static Light Scattering. The absolute M,, of the hyperbranched
polymers was measured using dual RI and static light scattering (SLS)
detection in a GPC configuration (GPC—SLS system). To this end, a
Brookhaven molecular weight analyzer (BI-MwA) equipped with a 30
mW red diode laser emitting at 673 nm and a multiangle detector, was
used to determine the intensity of the scattered light at 7 different
angles, 35°, 50°, 75°, 90°, 105°, 130°, and 145°, whereas a PL-RI 800
RI detector was used to simultaneously measure the RI signal. A
Polymer Laboratories PL-LC1120 isocratic pump was used to deliver
the THF mobile phase at a flow rate of 1 mL min~' through a PL-
Mixed “D” column, also supplied by Polymer Laboratories. The
analysis for the calculation of the absolute M,, was conducted using the
PSS-WinGPC 7 SLS-flow software. The hyperbranched (co)polymers
were dissolved in HPLC-grade THF at a 2% w/v polymer
concentration and were filtered through 0.45 ym pore size syringe
filters. The RI increments (dn/dc) of the hyperbranched (co)polymer
solutions in THF used for the calculation of the absolute M,, were
0.087 mL g

Dynamic Light Scattering (DLS). The hydrodynamic diameters of
the synthesized amphiphilic hyperbranched copolymers in water/THF
mixtures were measured using dynamic light scattering (DLS). A 1%
w/w solution of each hyperbranched amphiphilic copolymer was
prepared in the appropriate solvent mixture and was filtered three
times through a PTFE syringe filter with 0.45 ym pore size diameters.
The filtered solution was left to settle for about an hour, so that any air
bubbles could escape before the DLS measurement. A 90Plus
Brookhaven DLS spectrophotometer, equipped with a BI9000
correlator and a 30 mW red diode laser emitting at 673 nm, was
used to determine the intensity of the scattered light at a 90° angle.
The data were processed using multimodal size distribution (MSD)
analysis based on non-negatively constrained least-squares (NNCLS).

B RESULTS AND DISCUSSION

Synthesis of the Degradable Inimer. For the preparation
of the degradable hyperbranched (co)polymers via the self-
condensing vinyl copolymerization (SCVCP) technique and
using ATRP, it was first necessary to design and synthesize the
appropriate inimer. Thus, 1-(2-bromoisobutyryloxyl)ethyl
methacrylate (BIBIEMA) was synthesized. This molecule
consists of one polymerizable methacrylate unit (colored blue
in Figure 1) and one 2-bromoisobutyrate group (in green)
capable of initiating the polymerization, interconnected by one
thermolyzable acylal group (in red). As shown in Figure 1, the
synthesis of the inimer was performed in a simple, one-stage
addition reaction between vinyl methacrylate and 2-bromoiso-
butyric acid. The final inimer was isolated at 40% yield and was
characterized using 'H and '*C NMR spectroscopy. Its NMR
spectra are also presented in Figure 1.
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Figure 1. Reaction scheme followed for the synthesis of the degradable
inimer BIBIEMA and its structure confirmation by 'H and '*C NMR
spectroscopy.

Synthesis of the Nondegradable Inimer. As a control,
the well-known nondegradable ATRP inimer 2-(2-
bromoisobutyryloxyl)ethyl methacrylate (BIB2ZEMA) was also
prepared at 43% yield following the published procedure.®” It is
noteworthy that this nondegradable inimer is isomeric to the
degradable one, differing only in the arrangement of the ethyl
group interconnecting the monomer and the initiator parts of
the molecule. The chemical structures and the names of the
two inimers and the two monomers used in this investigation
are presented in Figure 2.

oo

1-(2-bromoisobutyryloxyl)
ethyl methacrylate

jo/\/o

O

2-(2-bromoisobutyryloxyl)
ethyl methacrylate

(BIB1EMA) (BIB2EMA)

methyl methacrylate

Figure 2. Chemical structures and names of the main reagents used for
the preparation of the degradable and the nondegradable hyper-
branched polymers using self-condensing ATRP.

Synthesis and Characterization of the Hyperbranched
(Co)polymers. Degradable Hyperbranched Homopoly-
mers of MMA. Before proceeding to the synthesis of the
desired degradable hyperbranched polymers, a systematic study
was performed to examine how important parameters, such as
the initial monomer-to-inimer molar ratio and the initial
monomer-to-catalyst molar ratio, influence the polymerization
of MMA using the novel inimer BIBIEMA prepared for the
needs of the present study. First, the effect of the initial
monomer-to-catalyst molar ratio, , was examined by varying it
in the range from 2.5 to 100, and keeping constant the initial
monomer-to-inimer molar ratio, y, at the value of 10. The
polymerizations were performed at a constant initial monomer
concentration of 3 M in DMF at 70 °C, and allowing a
polymerization time of 2 h. Figure 3 presents the influence of
the initial monomer-to-catalyst molar ratio on the M, and the
PDI values of the produced hyperbranched polymers as
determined by GPC—RI.

As was expected,®” both the M, and the PDI values decreased
as the initial monomer-to-catalyst molar ratio increased from

dx.doi.org/10.1021/ma202021y | Macromolecules 2012, 45, 1313—1320
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Figure 3. Dependence of number-average molecular weights (M,s)
and polydispersity indices (PDIs) on the initial monomer-to-catalyst
molar ratio at an initial monomer-to-inimer molar ratio of 10 and an
initial monomer concentration 3 M in DMF at 70 °C.

2.5 to 100. A lower initial monomer-to-catalyst molar ratio
corresponds to a higher catalyst concentration which leads to
more extensive activation and more random initiation, resulting
in the synthesis of polymers with greater branching. Higher
catalyst concentrations also lead to higher polymerization rates,
resulting in higher monomer conversions. These monomer
conversions, as determined by '"H NMR spectroscopy, along
with the M, and PDI values from GPC, are presented in Table
1.

The second parameter that was examined was the initial
monomer-to-inimer molar ratio, y. For this study, the
polymerization conditions were the same as those described
above ([MMA], = 3 M in DMF at 70 °C) and the initial
monomer-to-catalyst molar ratio, i, was kept constant at y =
50, while the initial monomer-to-inimer molar ratio was varied
from 25 to 100. The M, values of the three resulting
hyperbranched MMA homopolymers are plotted against the
initial monomer-to-inimer molar ratio as the open circles
(IMMA], = 3 M) in Figure 4. As shown in the figure, the M,
values increased with the initial monomer-to-inimer molar ratio,
a behavior that has been described before.* Unlike the M,
values, the PDIs and the monomer conversion in this case were
not systematically affected by the initial monomer-to-inimer
molar ratio (Table 1, entries 5—7).

As shown in Table 1, all the degradable hyperbranched
polymers, synthesized at [MMA], = 3 M, presented relatively
low molecular weights. To produce hyperbranched polymers of
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Figure 4. Dependence of the number-average molecular weights
(M,s) on the initial monomer-to-inimer molar ratio at two different
initial monomer concentrations, 3 and 5 M, in DMF at 70 °C, and at
constant initial monomer-to-catalyst molar ratio of 50.

higher molecular weights, we decided to perform the rest of the
syntheses at the higher initial MMA concentration of S rather
than 3 M, at constant initial monomer-to-catalyst molar ratio
equal to 50, and varied the initial monomer-to-inimer molar
ratio from 25 to 100. The higher initial monomer concentration
resulted in higher monomer conversion, around 80%, and also
resulted in polymers with higher molecular weights, as shown in
Figure 4 (closed triangles). The three degradable hyper-
branched homopolymers of MMA prepared in this way were
characterized in terms of their relative M;s and PDIs using
GPC—RI and also in terms of their absolute M,, using GPC—
SLS, and the results are presented in Table 2.

As shown in Table 2 and in Figure 4 (closed triangles), an
increase in the molecular weights was observed with an increase
in the initial monomer-to-inimer molar ratio, as expected.*’
The GPC—SLS absolute M,-values, listed in Table 2, also
increased with the initial monomer-to-inimer molar ratio but
were higher than the GPC—RI relative molecular weights due
to the compact nature of the hyperbranched polymers
compared to the linear polyMMA GPC calibration standards.
In fact, hyperbranched polymers prepared via SCVCP exhibit a
high degree of branching, approaching 46.5% at full monomer
conversion.

Nondegradable Hyperbranched Homopolymers of MMA.
To compare the behavior of the novel degradable inimer with
that of other inimers already reported in the literature, we
performed the synthesis of nondegradable hyperbranched

Table 1. Number-Average Molecular Weights, Polydispersity Indices, Polymerization Conditions, and Monomer Conversions
upon the Synthesis of the Hyperbranched Polymers Prepared from the Polymerization of MMA ([MMA], = 3 M) Using

BIB1EMA

entry polymer structure i ,ub
1 BIB1EMA-co-MMA 10 2.5
2 BIBIEMA-co-MMA,, 10 25
3 BIB1IEMA-co-MMA o 10 S0
4 BIB1EMA-co-MMA, 10 100
S BIBIEMA-co-MMA,¢ 25 NU
6 BIB1EMA-co-MMAg, 50 S0
7 BIB1EMA-co-MMA 4, 100 50

GPC—RI
conversion MMA (%) M, M, M,/M,
80 13 000 12 600 7.65
76 9590 10 800 2.99
63 4550 5910 191
18 1380 1260 1.40
31 2450 2860 1.47
36 3660 3750 1.48
48 10900 12 600 2.06

“y: initial monomer-to-inimer molar ratio; y = [MMAJ],/[BIBIEMAJ,. “u: initial monomer-to-catalyst molar ratio; u = ((MMA]y+[BIBIEMA],)/

[CuBr],.
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Table 2. Number-Average Molecular Weights, Absolute Weight-Average Molecular Weights, Polydispersity Indices, Monomer
Conversions, and Copolymer Compositions of the Hyperbranched (Co)polymers Synthesized at an Initial Monomer (MMA)

Concentration of S M

GPC—RI GPC—SLS conversion (%)
entry polymer structure M, M,/M, M, w) M) M,/M, MMA DMAEMA 'H NMR % mol MMA
Degradable Hyperbranched Homopolymers
BIBIEMA-co-MMA,¢ 9600 1.71 6740 36470 1.67 75 100
2 BIB1EMA-co-MMA, 11700 1.88 14970 44300 1.80 82 100
3 BIBIEMA-co-MMA 27 360 2.08 27930 51450 1.89 79 100
Degradable Hyperbranched Amphiphilic Copolymers
4 BIB1EMA-co-MMA, 11000 2.34 - - 78 - 100
5 (BIBIEMA-co-MMA,,)-grad-DMAEMA;, 16200  1.86 19343 40000 1.74 89 54 62
6 BIBIEMA-co-MMA 16700 251 - - 77 - 100
7 (BIBIEMA-co-MMA o,)-grad-DMAEMA;, 26900 248 25100 57200 208 80 50 90
Nondegradable Hyperbranched Homopolymers
8 BIB2EMA-co-MMA,¢ 9450 2.25 11700 25480 2.32 71 100
9 BIB2EMA-co-MMAg, 15700 2.67 26 540 67 670 2.17 76 100
10 BIB2EMA-co-MMA 20900 2.54 29720 71970 1.90 77 100

homopolymers of MMA at exactly the same conditions as the
degradable one. For this purpose, we chose to prepare the
inimer 2-(2-bromoisobutyryloxyl)ethyl methacrylate (BIB2E-
MA) which is an isomer of the degradable inimer and has
already been reported in the literature.”" Three hyperbranched
MMA homopolymers were synthesized using this non-
degradable inimer BIB2EMA at a constant initial monomer-
to-catalyst molar ratio equal to SO and an initial monomer
concentration equal to 5 M, and varied the initial monomer-to-
inimer molar ratio from 25 to 100. The nondegradable
hyperbranched polymers were also characterized in terms of
their relative M,s and PDIs using GPC—RI and in terms of
their absolute M,s using GPC—SLS, and the results are
presented in Table 2 too, together with those for the
degradable ones. As shown in the table, the polymers prepared
using BIB2EMA followed the expected trends® and displayed
similar relative M, and PDI values to those of the degradable
ones prepared using BIBIEMA.

Degradable Hyperbranched Amphiphilic MMA-DMAEMA
Copolymers. The preparation of the degradable hyperbranched
amphiphilic copolymers was performed in a two-step synthetic
procedure, via sequential addition of monomers. In the first
step, the degradable hydrophobic hyperbranched core was
synthesized by the polymerization of MMA using BIBIEMA at
the same conditions as those used for the synthesis of the
hyperbranched MMA homopolymers described above (u = 50,
[MMA], = S M, DMF, 70 °C). After allowing MMA to
polymerize up to ~80% conversion, the DMAEMA hydrophilic
monomer was added to the polymerization reactor (without
isolating the hyperbranched MMA homopolymer and removing
the unreacted MMA monomer to enhance the “livingness” of
the system), resulting in the formation of the degradable
hyperbranched amphiphilic copolymers with a plausible
gradient composition in the second segment (although not
yet reported, the reactivity ratios for the DMAEMA—MMA pair
under ATRP conditions should not be exactly equal to one).
Thus, two degradable hyperbranched amphiphilic copolymers
were prepared, in which the length of the hydrophilic blocks
was kept constant (by using the same initial DMAEMA-to-
inimer molar ratio) but the size of the hydrophobic core was
varied by using different initial MMA-to-inimer molar ratios.
The degradable hyperbranched amphiphilic copolymers were

also characterized in terms of their relative M, s and PDIs, using
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GPC—R], in terms of their absolute M,s using GPC—SLS and
in terms of their compositions using 'H NMR spectroscopy,
and the results are also presented in Table 2.

Figure S presents the GPC—RI traces of the two degradable
hyperbranched amphiphilic gradient copolymers as well as
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Figure 5. GPC traces of the degradable hyperbranched amphiphilic
gradient copolymers, traces 2, (BIBIEMA-co-MMA)-grad-DMAE-
MAy, and 4, (BIBIEMA-co-MMA o)-grad-DMAEMA, along those
of their hyperbranched homopolymer precursors, traces 1, BIBIEMA-
co-MMAg,, and 3, BIBIEMA-co-MMA .

those of their hyperbranched MMA homopolymer precursors.
The figure shows that the GPC traces of the copolymers were
shifted to smaller elution volumes compared to the traces of the
homopolymer precursors, indicating their successful synthesis.
As shown in Table 2, the absolute M,s of the hyperbranched
amphiphilic copolymers determined using GPC—SLS were
higher than the relative M, s determined using GPC—RI for the
same reasons explained before. The compositions of the
hyperbranched amphiphilic copolymers were determined from
the '"H NMR spectra by ratioing the signal from the three
methoxy protons (3.56 ppm) of the side group of the MMA
units to the six protons in the two azamethyl groups (2.3 ppm)
in DMAEMA. The thus-determined percentage of the hydro-
phobic units was found to be very close to that calculated on
the

conversion.

basis of the comonomer feed ratio and monomer
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Hydrodynamic Size of the Hyperbranched Amphi-
philic Copolymers. Because of the amphiphilicity of the
hyperbranched copolymers, their behavior in selective solvents
was investigated. In particular, DLS was employed to determine
the hydrodynamic diameters of the present hyperbranched
amphiphilic copolymers in THF: water mixtures as a function
of the solvent composition. It was expected that larger entities
would form when the percentage of the selective solvent in the
solvent mixture would increase,”* provided that the copolymer
was still soluble. Thus, before proceeding to the DLS
measurements, the solubility of the hyperbranched amphiphilic
copolymers in solvent mixtures with water contents from 0 to
100% w/w was evaluated. It was determined that the
hyperbranched amphiphilic copolymer (BIB1EMA-co-
MMA;)-grad-DMAEMA;, was completely soluble in solvent
mixtures with up to 60% w/w water, while it precipitated at
higher water contents. It was also found that the hyperbranched
amphiphilic copolymer with higher MMA hydrophobic
content, (BIBIEMA-co-MMA,,)-grad-DMAEMA,, was solu-
ble in solvent mixtures with only up to 50% w/w water, and
precipitated in mixtures richer in water.

Table 3. Hydrodynamic Diameters of the Hyperbranched
Amphiphilic Copolymers in THF: Water Mixtures of
Different Solvent Compositions

polymer in 1% w/w water content (% w/w) in  hydrodynamic
concentration solvent mixture diameter (nm)
(BIBIEMA-co-MMA,)- 40 316
grad-DMAEMA,
S0 315
60 39.4
(BIBIEMA-co-MMA 59)- 30 273
grad-DMAEMA,
40 32.7
S0 63.0

After establishing the water-solubility of the hyperbranched
amphiphilic copolymers, DLS measurements were performed
for solutions with water content lower than that corresponding
to the solubility limit to determine the copolymer hydro-
dynamic diameters. The thus-determined hydrodynamic
diameters are listed in Table 3. As shown in the table, an
increase in the water content led to an increase in the

hydrodynamic diameters of the formed entities. Although
highly branched systems like the present one do not form
micelles, the observed increase in the hydrodynamic size
indicates some form of weak association between these
amphiphilic copolymers.

Thermolysis of the Degradable Hyperbranched (Co)-
Polymers. After their characterization, all the hyperbranched
(co)polymers were thermolyzed in a vacuum oven at 200
°C>® for about 24 h. First, a kinetic study of the thermolysis
of hyperbranched polymer BIB1EMA-co-MMA,; was per-
formed by temporally following its thermolysis process by
GPC. Figure 6a presents the GPC—RI traces of the thermolysis
products at different times, whereas Figure 6b displays the
temporal evolution of the relative M;s and PDIs of the products
produced during thermolysis. As shown in Figure 6, the
molecular weights of the thermolysis products were gradually
reduced, and the thermolysis of the hyperbranched polymer
BIBIEMA-co-MMA,; was completed within 24 h. It is
noteworthy that thermolysis not only confers reduction in
the molecular weight but also in the PDI, due to the ultimate
formation of rather homogeneous linear polymer products with
monomodal MWDs.

After the thermolysis kinetic study, all hyperbranched
(co)polymers were thermolyzed, and the thermolysis products
were characterized in terms of their relative M, and PDI values
using GPC—RI. These results are listed in Table 4. Complete
thermolysis was evidenced by reduction in M, and PD], arising
from the formation of linear and homogeneous polymer
products with a monomodal MWD. The time required for the
complete thermolysis of the larger hyperbranched polymers was
longer than 24 h, reaching 32 and 56 h for the hyperbranched
polymers BIB1EMA-co-MMA;, and BIB1EMA-co-MMA .
Table 4 also presents the theoretically expected molecular
weights of the thermolysis products, calculated as (mass of
monomer fed) X (monomer conversion)/(moles of inimer
fed).

Finally, it is noteworthy that control experiments were
performed by attempting the thermolysis of the three
nondegradable hyperbranched polymers by subjecting them
to the same cleavage conditions as those applied for the
degradable ones. Molecular weight characterization using
GPC—RI revealed that the relative M,, and PDI values of the
processed polymers barely changed, indicating that no
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Figure 6. (a) GPC traces of the samples taken during the thermolysis of the degradable hyperberanched MMA homopolymer BIBIEMA-co-MMA,;.
(b) Temporal evolution of the relative M, and PDI values during thermolysis.
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Table 4. Molecular Weight Characteristics of the Products
Formed upon Subjecting the Degradable and the Non-
Degradable Hyperbranched (Co)polymers to Thermolysis
Conditions (200 °C for ~24 h)

before
thermolysis thermolysis product
hyperbranched polymer M, M,/M, MWu.. M, M,/M,
BIB1EMA-co-MMA, ¢ 9600 1.71 2230 2710 1.30
BIB1IEMA-co-MMAs, 11700 1.88 4460 7490 1.87
BIB1EMA-co-MMA, 27 360 2.08 8270 12 700 1.70
(BIBIEMA-co-MMA)- 16200 186 8510 4720 141
grad-DMAEMA,
(BIBIEMA-co-MMA,p)- 26900 248 12000 6720  1.54
grad-DMAEMA,
BIB2EMA-co-MMA, ¢ 9450 225 1780 10680  3.89
BIB2EMA-co-MMAg, 15700 2.67 3800 16 100 2.73
BIB2EMA-co-MMA 20900  2.54 7710 17800 227

thermolysis took place. This also suggested that the thermolysis
occurring with the degradable hyperbranched (co)polymers
was the result of the thermolysis of the acylal group in these

polymers.

B CONCLUSION

Degradable hyperbranched (co)polymers were successfully
synthesized via ATRP using a novel degradable inimer bearing
acylal groups, synthesized for the purposes of this study. The
behavior of this inimer during the polymerization of MMA
followed the trends described in the literature. Five hyper-
branched polymers were synthesized in total, from which three
were hyperbranched homopolymers of MMA with different
initial monomer-to-inimer molar ratios, and two were hyper-
branched amphiphilic gradient copolymers with different
compositions. These hyperbranched amphiphilic copolymers
were soluble in THF: water mixtures with water content equal
to or less than 50% w/w and exhibited hydrodynamic sizes
which increased with the water content in the solvent mixture.
Because of the presence of the acylal groups in their main
chains, the hyperbranched polymers could be quantitatively
thermolyzed to linear polymers. The time necessary for
complete thermolysis of the hyperbranched polymers was
found to increase with the size of the degradable hyperbranched
polymers. No thermolysis was observed for similar hyper-
branched polymers synthesized using a nondegradable inimer,
isomeric to the degradable one. Future work will employ the
present hyperbranched (co)polymers as thermolyzable cores
for the pre})aration of cleavable®>*>™%” functional polymer
conetworks,”' ~>+°®
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