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Transfer Polymerization

Introduction

For more than a decade hyperbranched
polymers have been an attractive research
area. They combine the features of a dendri-
mer-like dense structure and an exponentially
increasing number of end groups with the
ease of preparation of a linear polymer by
means of a one-pot reaction.?! Hyper-
branched vinyl polymers can be yielded
by self-condensing vinyl polymerization
(SCVP) of initiator-monomers.”! These are
of a general AB*-type structure, where A
represents a polymerizable vinyl group and
B” stands for a group capable of initiating the
polymerization of double bonds. Thus, the
AB*-molecule combines features of an
initiator and a monomer and has therefore
been named “inimer”.*~”! This approach is
analogous to the polycondensation of an
AB,-monomer, which was first discussed by
Flory.® In both cases the reaction between
the same functional groups is not possible; in
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Summary: Hyperbranched methacrylates were synthesized by Self-Condensing Group
Transfer Polymerization (SCGTP) of 2-(2-methyl-1-triethylsiloxy-1-propenyloxy)ethyl
methacrylate (MTSHEMA) and characterized by multi-detector SEC as well as quan-
titative *C-NMR. Kinetic measurements revealed that side reactions limit the
molecular weights and lower the polydispersity. A maximum degree of branching
of DB~ 0.4 and a reactivity ratio, r= k,/kz =18 £ 5, was determined.
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consequence the polyreactions result in
hyperbranched polymers without the forma-
tion of any network.

The SCVP commences by attack of the
activated initiating B* group on the vinyl
group of another inimer. This converts the
second inimer’s vinyl group, A, into a new
type of propagating active group, A*. The
dimer possesses two active sites, A* and B”,
one double bond, A, and one inactive group,
b, stemming from the initiating moiety of the
first inimer. Both, the initiating B* moiety
and the newly created propagating group,
A’, can react with any vinyl group, A, present
in any inimer or polymer with rate constants
ka and kg, respectively, cf. Scheme 1lero1]

Self-Condensing Vinyl Polymerization
has been applied to a broad variety of living
polymerization techniques, i.e. cationicl),
ATRP"™L nitroxide-mediated  radical
polymerization!'®, and even ring-opening
polymerization.!"”! Baskaran employed an
anionic route to hyperbranched styrene
derivatives by reacting an equimolar amount
of 1,3-diisopropylbenzene and n-butyl
lithium, thus forming an inimer in situ.PV]
wellt2 _ and independently of us Saka-
moto et al.??l — used group transfer poly-
merization (GTP) of the inimer 2-(2-methyl-
1-triethylsiloxy-1-propenyloxy)ethyl metha-
crylate (MTSHEMA) (1) where the silylk-
etene acetal group can be activated by
nucleophilic catalysts (cf. Figure 2)?*?% to
initiate GTP.[>2°!
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Kinetic Results

The dependence of the molecular weight
distribution on the conversion of MTS-
HEMA (1), x;, for a batch polymerization
was monitored by varying the absolute
concentration of the inimer, Iy, as well as
the type and concentration of the nucleo-
philic catalyst, Cy, (cf. Scheme 2 and Table 1)
employed to activate the GTP reaction. The
results are depicted in Figure 1.

For unequal reactivities of initiating B*
and propagating A™ groups, r=kalkg #1,
the complete molecular weight distribution
cannot be calculated analytically. Only the
number averages are independent of the
reactivity ratio, r.!®! Any other average

H,C_ CH,
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H,C |
/N\
H,C  CH,

Trisdimethylamino—

sulfonium bifluoride bibenzoate
TASHF, TBABB
Scheme 2.

Nucleophilic GTP Catalysts.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

© ©

Tetrabutylammonium

must be numerically determined. Because
the reactivity ratio of the MTSHEMA
system was found to be in the range 10 <
r<40 (vide infra), the theoretical depen-
dence of the number-average degree of
polymerization and the polydispersity as a
function of the conversion of inimer, xj, for
r=1 and r=100 are shown for comparison
in Figure 1 (a) and (b).

The scatter of the data in Figure 1 only
allows to us draw qualitative hypotheses.
For low conversions, the experimental
values for M,, and My, /M,, generally corres-
pond to the theoretical predictions. For
conversions xj > 0.9, however, the experi-
mental data are always below the theore-
tical ones. It may be reasoned that this
deviation is due to the unequal reactivity of
the A* and B* centers as the reactivity ratio
r=kalkg influences the molecular weight
distribution. As depicted in Figure 1 the
case r>1 leads to an increase of the
polydispersity index, making the discre-
pancy between theory and experiment even

NBu4© NBLI4

Cl Cl

Tetrabutylammonium
bi(3-chlorobenzoate)

TBAB3CIB
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Table 1.
Kinetic Results of the SCGTP of MTSHEMA (1) in THF.

Symbol Catalyst lo/molL™" Co/mol L' T/°C X M, M,/M,
o TBAB3CIB 0.167 1671073 20 0.64 438 1.85
0.92 691 2.43
1 935 2.16
1 775 2.44
1 760 2.29
1 676 2.28
IS TBAB3CIB 0.167 1.67.10 3 0 0.38 743 2.47
0.45 761 3.29
0.80 827 2.38
0.95 840 212
1 864 1.92
A TBAB3CIB 0.167 1.67.10 3 —20 0.06 364 113
0.05 380 112
0.19 343 1.52
0.62 871 2.09
0.86 1208 5.48
\V4 TBAB3CIB 0.167 1.67.10 3 —40 0.01 213 m
0.02 218 113
0.03 245 131
o 255 1.33
0.21 260 1.52
v TBABB 0.146 4.29.10° 0 0.81 2100 3.21
0.79 4300 3.49
0.87 3800 4.7
0.99 3500 4.66
1 4800 3.21
1 10600 3.56
] TBABB 0.142 5.46.10 ° —20 0.40 830 5.45
0.78 1200 6.21
0.89 2250 3.49
0.94 2400 4.7
0.97 2450 4.66

larger. Possible reactions which can explain
this difference are (i) the backbiting reac-
tion?”! and (i) the cyclization reac-
tion.[82]

Side Reactions

The term ‘“backbiting”?’! describes the
nucleophilic attack of an active chain end to
the penultimate carbonyl group yielding a
cyclic B-ketoester. This species contains
two new types of functional groups, acyc
and C, respectively. Unlike in a linear
architecture, backbiting detaches whole
branches of the macromolecule in the case
of a hyperbranched one thus lowering the
final degree of polymerization™?!] cf.
Scheme 3.

The resulting B-ketoester possesses an
absorption maximum at A~300 nm as
detected from the cyclic trimer (4), cf.
Scheme 4,1*’! allowing an identification by

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SEC-UV coupling methods. In SEC the
UV(x =300 nm) signal corresponds to the
number of (-keto-ester units present in
the macromolecule, whereas the RI-signal
is proportional to the polymer’s weight.
Accordingly, the amount of B-ketoester
units can be judged from ratio of the molar
mass-weighted UV (A =300nm) and the RI
signals, UV(x =300 nm) - M/RI. In Figure 2
two eluograms for reaction times of 1 min
and 135 min are compared. For short
reaction times, no significant UV absorp-
tion is detected, indicating the absence
of backbiting. After 135 min the ratio
UV(» =300 nm)-M/RI increases dramati-
cally, especially for low elution volumes, V.,
demonstrating the occurrence of multiple
backbiting reactions per macromolecule.
Especially for high conversions, molecular
weights increase slower with conversion of
vinyl groups than predicted for a SCVP, cf.
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Figure 1.

Plot of (a) the number-average molecular weight, M,, and (b) the polydispersity index,M,,/M,, versus the
conversion of inimer, x, for the SCGTP of MTSHEMA (1). (B, <, A, V): TBAB3CIB, I, =0.167 molL™",
Co=1.67.10"3 molL™"; (E)): T=20°C, (O): T=0°C, (A): T=—20°C, (V): T=—40°C; (H, V): TBABB; (H):
lo=0.142 molL™", C, =5.45.10 > molL™", T=—20°C; (¥): I, = 0.146 molL™", C, = 4.29.10 > molL™", T=0°C, cf.
Table 1. For comparison the dependences for a ratio r=1(—) and r=100 (- - - -) were computed according to
Figs. A3-1 and A4-1 of the supporting information of ref.l! Note that unequal rate constants only affect the
polydispersity index.

o

| Acyc M.

Scheme 3.
Example for the “Backbiting” Reaction in the GTP of MTSHEMA (1). Functional Groups and Chemical Structure of
the Reaction Are Shown.
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t=1min

Figure 2.

SEC traces at reaction times (a) 1 min and (b) 135 min of a SCGTP of MTSHEMA. Reaction conditions: I, = 0.167
mol/L, C, =3.34.10* mol/L, TBAB3CIB. (- - - -): RI signal, (- - - -): UV(\ =300 nm), and (—): UV(\ =300 nm).M/RI.

Figure 1. As vinyl groups are not affected in
the formation of B-ketoesters, this finding
cannot be explained by the occurrence of
backbiting.

Vinyl groups may be consumed by an
intramolecular reaction with an A* or B*
group. This cyclization reaction yields
multifunctional macro-initiators contain-
ing one loop. Be-cause these do not
contain a vinyl group, the reaction kinetics
will be altered — an effect also studied
theoretically for AB, polycondensation
using Monte-Carlo simulation.?®2°! This
simulation predicts the fraction of cyclic x-
mers to increase with increasing degree of
polymerization, P,, and overall conversion
leading to a decrease in polydispersity!>* 2!
and finite number- and weight-ave-
rage molecular weights even at complete
conversion of vinyl-groups.?®?°!" Conse-
quently, the strong deviation in the kine-
tics of the SCGTP of MTSHEMA (1) from
theoretical predictions, especially the
occurrence of finite molecular weights in
the limit x;=1, are indirect indications
for the occurrence of cyclization. The topo-
logy in the presence and the absence of
cyclization only differs in the struc ture of
one single group per macromolecule;
hence a direct determination of cyclization
can only be accomplished using advanced

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mass-spectroscopy techniques as pointed
out by Dusek et al.["!

Determination of the Degree of Branching
and the Reactivity Ratio
In order to estimate the shifts of the dif-
ferent groups present in hyperbranched
PolyMTSHEMA (poly-1)model compounds
were analyzed by *C-NMR. The linear
analogue poly(2-isobutyrylethyl methacry-
late) (poly-2)!''212233] mimics the structural
motif of the a- and B*-moieties. The A*-
groups’ chemical environment may be
estimated from 2,2,4-trimethyl glutaric acid
dimethyl ester (3).*¥ The cyclic trimer of
MMA  24-(dicarbomethoxy)-2,4,6,6-tetra-
methylcylcohexanone (4)P* exhibits a pat-
tern similar to the C- and a.y.-moieties (cf.
Scheme 3). The chemical shifts of the various
functional groups composing the hyper-
branched polymer are compiled in Scheme 4.
The degree of branching, DB, may be
defined as

2(number of branched units)
2(number of branched units) (1)
+ (number of linear units)

DB =

The fraction of the structural units can
be obtained from the product of the
fractions of the active or reacted groups

www.ms-journal.de
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Scheme 4.

Structure of the Model Compounds. Carbon Atoms Used for the Determination of the Chemical Shifts in C-

NMR Are Designated with C in the Structure.

of which they consist of.[3] During the
backbiting reaction acyc and C groups are
generated, cf. Scheme 3. The C group has to
be considered as a linear unit as the back-
biting reaction does not create an addi-
tional branchpoint (cf. Scheme 3). Finally,
the degree of branching, DBnmr, using the
intensities of >C-INGATED NMR spectra
reads

DBnumr
_ 2(LZ + Llcyc)b (2)
2(Ll + acyc)b + A*b

+ (a + acyc)B* +C

A typical inverse-gated decoupling
(INGATED) "*C-NMR-Spectra at 100,6
MHz in CDCl; of poly-1 is depicted in

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. From that the fraction of the
various functional groups was obtained by
normalization of their intensity with respect
to the (-O-CH,-CH,-O-) group. The
results are given in Table 2

At full conversion further relations can
be established®!

a=B" and b=1-5B" 3)
Defining a ratio of reacted groups

a—+acyc
= == 4
Jere, @

the fraction of initiating groups can be
rewritten

I

i1

B = ®)

i
+

www.ms-journal.de
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Representative 100 MHz "*C-INGATED NMR-spectra of poly-1. Shaded areas were used to calculate the degree of

branching, DBymg-

and used to calculate the theoretical
reactivity ratiol®”!

B*
B B 1 ©)

Ftheo =

Accordingly, the reactivity ratio at full
conversion as determined from the NMR
spectra, rnmR, can be computed by combi-
nation of egs. (5) and (6)

ka

rNMR:F—_
B 14 (1+

(LIRR|

T @)

However, eq. (6) was originally derived
for ideal SCVP conditions, i. e. absence
of backbiting and cyclization. Only in
that “ideal” case, the degree of branching,
DBiheo, can be estimated from its depen-

Table 2.

Dependence of the Reactivity Ratio, rywr = ka/ks, and
the Degree of Branching, DByug, on the Reaction
Conditions for the SCGTP of MTSHEMA (1).

Catalyst T/°C DBywe”  Tamg  DBepeo”
TBAB3CIB —20 0.24 22.7 0.36
TBAB3CIB o] 0.38 19.4 0.38
TBABB? 20 10.1 0.43
TASHF, —20 0.42 13.4 0.41
TASHF, 0 0.25 13.1 0.42
TASHF,? 20 38.1 0.31
3 results of Sakamoto et al.??

® calculated using eq. (2).

9 obtained from the theoretical dependence

DB = f(r) according to Fig. 5 of ref.?

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dence on the reactivity ratio, ripeo.!'>>

In the case of poly-1 the occurrence of
backbiting and cyclization reactions makes
this procedure erroneous.

The impact of the reaction conditions of
the SCGTP of MTSHEMA (1) on the
reactivity ratio, rymgr, and the degree of
branching, DByumr, are outlined in Table 2
including the results of Sakamoto’s et al.
study'??! Because they did not publish any
information on the fraction of structural
units, we were not able to calculate the
degree of branching using eq. (2). To
establish a correlation to our results, we
calculated a theoretical degree of branch-
ing, DBy, by neglecting the presence of
backbiting (i. e. assuming ryvr = Fineo) and
using the theoretical dependence given in
Fig. 5 of ref.[®]

The results of Table 2 indicate a variance
of the results of Sakamoto’s group with
ours. Probably, these differences are due to
the precipitation of their polymers, which
excludes lower molecular weight com-
pounds from analysis. Moreover, Table 2
highlights the influence of the GTP-catalyst
on the reactivity ratio, r, and the degree of
branching, DB.

According to our results, the oxyanion-
type catalyst leads to a higher reactivity
ratio compared to the fluoride one. As the
reaction rate of the oxyanions is generally
lower due to a shift of the activation

www.ms-journal.de
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Figure 4.

GPC traces (RI-signal) of hyperstar polymer (—) and hyperbranched precursor (- - - -). Molecular weight
averages (universal calibration): hyperstar M,, =10300; D =2.2; precursor M, =2000; D=1.7.

equilibrium to the dormant species the
deactivation process of the propagating
groups, A", is not fast enough and vinyl
addition can occur several times before the
deactivation takes place. In the case of
the more “silicophilic” fluoride catalyst, the
deactivation process occurs faster, leading
to more similar reactivities and conse-
quently a higher degree of branching.
Direct exchange of activities between
living and dormant chain ends may account
for another explanation. This degenerative
transfer is a well-known feature of the GTP
influencing the molecular weight distribu-

tion as well as the reaction Kkinetics
especially in the case of oxyanion cataly-
sis.! It is therefore very likely that this
transfer may also account for the ‘‘slower”
deactivation process of the A* groups.

Applications

Due to their high number of end groups
hyperbranched polymers are potential
candidates for multifunctional initia-
tors.!1218] The proof of concept in case
of the addition of methyl methacrylate,
MMA, to a living poly-1 precursor is
demonstrated in Figure 4. In the SEC trace

log [7]

1.0
0.9
.-0.8
0.7
.-0.6

-0.5

0.4

Figure 5.

Mark-Houwink Plot for hyperstar and linear PMMA. ([J): Intrinsic viscosity of hyperstar; (- - -): linear PMMA
(o =0.688); (—): RiI-signal; (X): contraction factors of hyperstar PMMA. The fit of the intrinsic viscosity of
hyperstar PMMA yields a Mark-Houwink exponent of o =0.37.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



Macromol. Symp. 2006, 240, 83-92

the peak maximum of the resulting hyperstar
molecule is shifted to lower elution volumes
compared to the hyperbranched precursor,
consequently its molecular weight averages
(universal calibration, precursor M;, =2 000,
ie. P,=10 and D=1.7; hyperstar M, =
10300 and D = 2.2) are significantly increased.
Since the number of active groups in SCVP
equals P,, an average of 10 arms with
average arm length of M, rm =830 can be
estimated for the hyperstar polymer.

From on-line viscosimetry Mark-Hou-
wink plots and contraction factors g’ = [1]y,/
[7]iin using linear PMMA for [n];, were
established. The contraction factors
decrease with increasing molecular weights
demonstrating the densely packed structure.
Furthermore, the branched architecture is
corroborated by the low Mark-Houwink
exponent of o =0.37 (cf. o =0.688 for linear
PMMA!),

The copolymerization of MTSHEMA
(Dwith fert-butyl methacrylate, BMA,
yields highly branched PrBMA. According
to Doherty and Miiller®”! a controlled GTP
of tBMA can only be achieved if the
TASHF, catalyst is continuously added
during the polymerization procedure.

The corresponding Mark—Houwink plot,
Figure 6, clearly demonstrate the branched
structure of the PIMBA synthesized. Acid-

1,75

catalyzed hydrolysis of the rert-butyl
groups and neutralization with NaOH
produces a water-soluble, highly branched
poly(methacrylic acid) sodium salt.'")

Conclusion

The Self-Condensing Group Transfer Poly-
merization of the inimer MTSHEMA (1)
leads to hyperbranched polymethacrylates.
However, molecular weights are lower and
the molecular weight distribution is nar-
rower than predicted from the theory of
Self-Condensing Vinyl Polymerization. As
judged from kinetic data and SEC results,
cyclization and backbiting are responsible
for this effect. The degree of branching,
DB, and reactivity ratios of the two active
groups, r=kalkg, were determined by
quantitative >*C-NMR spectroscopy. Reac-
tivity ratios indicate a higher reactivity of
the B* group resulting in a DB <0.5. The
addition of MMA to a living hyperbranched
precursor yields a densely packed structure
as revealed by the corresponding Mark-
Houwink plots. The copolymerization of
the inimer MTSHEMA (1)with the como-
nomer (BMA, yields highly branched
PrBMA which can be hydrolyzed to a
highly branched polyelectrolyte.

log [7]

0,50 — ; '

Figure 6.

T ¥ T ¥ T ¥
4,5
log M

Mark-Houwink plot ([J) and RI signal (- - =) for highly branched poly(tert-butyl methacrylate). (—): intrinsic

viscosity of linear PtBMA (o =0.752).
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