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Prediction and Experimental Characterization of the
Molecular Architecture of FRP and ATRP Synthesized
Polyacrylate Networks

Miguel A. D. Gongalves," Rolando C. S. Dias,*' Mdrio Rui P. F. N. Costa®

Summary: This work reports experimental and modeling studies concerning the
conventional (FRP) and atom transfer radical polymerization (ATRP) of acrylate/
diacrylate monomers. In the framework of a recently developed general approach,
kinetic models including crosslinking reactions and branching by chain transfer to
polymer are discussed for FRP and ATRP polymerization systems. Besides molecular
weight distribution (MWD), fairly good predictions of the z-average radius of gyration
could be obtained for these non-linear polymers. A set of experiments was performed
at 1L scale in a batch reactor using n-butyl acrylate (BA) or methyl acrylate (MA) as
monovinyl monomers and 1,6-Hexanediol diacrylate (HDDA) or bisphenol A ethox-
ylate diacrylate (BEDA) as crosslinkers. In FRP experiments, AIBN was used as initiator
and ATRP polymerizations were initiated by ethyl 2-bromopropionate (EBrP) and
mediated by CuBr using PMDETA (N,N,N',N”,N"-pentamethyldiethylenetriamine) as
ligant. Polymerizations were carried out in solution at 60 °C with different dilutions
using toluene and DMF as solvents. Products formed at different polymerization
times were analyzed by SEC/RI/MALLS yielding average MW, MWD, z-average radius of
gyration and monomer conversion. Important differences in the molecular archi-
tecture of the synthesized FRP and ATRP highly branched polyacrylates have been
identified. Comparisons of experimental results with predictions have put into
evidence the important effect of intramolecular cyclizations at all dilutions, even
with ATRP polymerizations.
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Introduction (FRP) leads to microgels (very high

molecular weight soluble non-linear poly-

Non-linear radical polymerizations are
used to produce soluble and insoluble
crosslinked materials with important appli-
cations in several domains, such as biome-
dicine, pharmaceutics, biotechnology,
environment and microelectronics. Con-
ventional free radical polymerization
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mers) and gels (insoluble materials) with
inhomogeneous structures due to the
combination of slow initiation, fast propa-
gation and termination.l'] Controlled radi-
cal polymerization (CRP) has been recently
exploited to increase the homogeneity of
these kinds of products.[2‘4]

Nowadays, there are some important
open issues in this field, namely concerning
the impact of intramolecular cyclizations/
unequal functional group reactivity in the
structure of these materials. The design of
new operation conditions to manipulate the
molecular architecture (e.g. operation in
semi-batch reactor[S]) or the control of
gelation and/or post gel properties are
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other important aspects concerning the
polymer reaction engineering of these
kinds of polymerization systems.

This work reports experimental and
theoretical studies concerning the FRP
and ATRP production of acrylate/diacry-
late microgels. Some important features of
the molecular architecture of these materi-
als are investigated and differences
between the two kinds of polymerization
systems are studied. The impact of the
synthesis conditions on the structure of the
products is assessed in order to develop
tools for the design of materials with
improved end use properties.

Experimental

Experiments were carried out using a 2L
reactor of which a detailed description has
already been presented elsewhere.”! In
ATRP experiments, N,N-dimethylforma-
mide (DMF) of 99.8% purity, ethyl 2-
bromopropionate (EBrP) of 99% purity,
Cu(I)Br of 98% purity, N,N,N',N",N"-pen-
tamethyldiethylenetriamine (PMDETA)
of 99% purity, n-butyl acrylate (BA) of
99% purity stabilized with 10 to 55 ppm
monomethyl ether hydroquinone (MEHQ),
methyl acrylate (MA) of 99% purity
stabilized with 100 ppm MEHQ, 1,6-Hex-
anediol diacrylate (HDDA) of 80% purity
stabilized with 100 ppm MEHQ, bisphenol
A ethoxylate diacrylate (BEDA) with
M, ~ 688 of 99% purity stabilized with
250ppm MEHQ were purchased from
Sigma Aldrich and used as received. In
FRP experiments the same monomers and
crosslinkers were used and AIBN of 98%
purity and toluene of 99.7% purity were
also purchased from Sigma Aldrich and
used as received. Monomers were used as
received to mimic the industrial practice,
and the presence of inhibition/retardation
of polymerization is taken into account in
kinetic modeling.

In ATRP experiments (see Table 1),
DMF, acrylate monomer, diacrylate mono-
mer, PMDETA and CuBr were premixed
at 60 °C for at least 30 min in a volumetric
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Table 1.

Description of a set of experiments performed in the
study of the ATRP copolymerization of Acrylate/
Diacrylate monomers at 60 °C.

Run M [M] CL M/EBrP/CuBr/ Vy,

PMDETA (%)

ye (%)

1 MA 2.44 - 0.0 50/1/0.45/0.5 22
2 BA 244 - 0.0 50/1/0.45/0.5 35
3 BA 241 HDDA 2.0 50/1/0.45/0.5 35
4 BA 2.28 HDDA 10.0 50/1/0.45/0.5 35
5 BA 218 HDDA 16.8 50/1/0.45/0.5 35
6 BA 2.24 BEDA 5.0 50/1/0.45/0.5 35
7 BA 1.64 BEDA 5.0 50/1/0.45/0.5 25
8 BA 1.04 BEDA 5.0 50/1/0.45/0.5 15
9 BA 2.26 BEDA 5.0 200/1/0.45/0.5 35

Yycis the mole fraction of diacrylate in the monomers
mixture, yc = ﬁ

Oy, represents tI!1e volume fraction of acrylate mono-
mer in the solution.

9Monomer  concentration  ([M])

mol/dm3.

expressed in

flask. Good solubility of CuBr in the
polymerization system was observed. That
mixture was afterwards charged to the
reactor, which had previously been purged
with argon at a flow rate of 40 cm*/min, and
brought up to the polymerization tempera-
ture (60°C). When the temperature set-
point was attained, the bubbling process
was maintained for one hour before initia-
tion (as well as for the whole polymeriza-
tion). Then, the initiator (EBrP) was added
to the system defining r=0. At prescribed
polymerization times, samples of polymer
were withdrawn from the reactor and
analyzed by SEC/RI/MALLS. Similar pro-
cedures were performed in FRP experi-
ments (see Table 2) with exception of the
pre-mixing period which is absent.
Molecular weights and average molec-
ular radius of gyration in THF were
measured with a Polymer Laboratories
PL-GPC-50 integrated SEC system with a
differential refractometer working at
950+ 30nm attached to a Wyatt Technol-
ogy DAWNS" HELEOS 658nm Multi
Angle Laser Light Scattering (MALLS)
detector. The polymer samples were frac-
tioned by molecular size using a train of 3
GPC columns PL gel (300 x 7.5 mm) with
nominal particle size 10 wm and pore type
MIXED-B-LS, maintained at constant
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Table 2.

Description of a set of experiments performed in the
study of the FRP copolymerization of Acrylate/
Diacrylate monomers at 60 °C.

Run M [M]  CL yc (%) ] Vi (%)
BA 1.05 - 0.0 275x10°3 15
BA 1.05 HDDA 0.02 275x10 3 15
BA 1.05 HDDA 0.5 276x10 3 15

BA 1.04 HDDA 21
BA 1.04 HDDA 4.1

2.74 X103 15
2.75 X103 15

ON OV AW N =

BA 244 - 0.0 274%X103 35
BA 243 HDDA 05 273x10 3 35
BA 241 HDDA 20 271x10 3 35

9 Monomer and initiator concentrations ([M] and [f])
expressed in mol/dm>.

temperature of 30 °C and using THF as the
eluent at 1mIL/min flow rate. A Wyatt
Technology OPTILAB DSP 633 nm inter-
ferometric refractometer was used to
measure the refractive index increment
(dnldc) for the polymers, solvents and
monomers in THF, required for analyzing
the MALLS results and for estimating the
conversion from the values of the differ-
ential refractometer (RI) peak areas of
monomers and polymer in the chromato-
graphic traces of the SEC analysis. The
accuracy of this method has been confirmed
by gravimetry.

Kinetic Modeling of FRP and ATRP
Acrylate/Diacrylate Copolymerization
Prediction of molecular size distributions,
sequence size distributions and z-average
radius of gyration for non-linear polymer-
izations is possible before and after gelation
(if needed) wusing a general Kinetic
approach.[6‘9] These recent developments
are based on work developed in the early
nineties.'” Generating functions (GF) of
the rate of change of polymer species by
chemical reactions (Gr,, Grg and GRH”)
can be obtained for general kinetic schemes
and the insertion of these GF in the
population balance equations (PBE) of a
non-steady state perfectly mixed continu-
ous stirred tank reactor (CSTR) yields PBE
in terms of the GF of size distributions of
mole concentrations of polymer species,
sequences and pendent chains (named G(s),
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U(s) and GH(s~,s"), respectively):

oG Grlt) - G .
- = Gr, + ——— - R,G; )
Gli—o = Goso(t,5)]
U Ur(t) — U .
W—GRSJrivaU, @
Up—o = Uplso(t,s)]
Gy, _ Gll:() - Gl H.
YR Gry, +f— R.G,;
Gllo =Gl [sg (t,57), 85 (1,87)]
3)

Note that Ggr,, Gy and GRH” express
the influence of the kinetics on the change
of polymer degrees of polymerization,
sequences and z-average radius of gyration,
respectively. In batch reactor without
volume change, right hand sides of
Egs. (1)-(3) only include these contribu-
tions of which detailed expressions were
derived elsewhere.[*°! PBEs represented
by Egs. (1)-(3) are non-linear first order
partial differential equations that can be
solved by the method of the characteris-
tics.[*1% Batch, plug flow and semi-batch
reactors are special cases of a CSTR and,
owing to their generality, master equations
Egs. (1)-(3) can be applied in an automated
way (numerical approach is preferable as
no analytical solution exists for most
problems) to different polymerization sys-
tems and reactors involving branching (e.g.
involving transfer to polymer and/or term-
inal branching""'?!) and/or crosslinking of
multifunctional monomers.

Several complexities of non-linear poly-
merizations can be tackled by this method,
which is also free of several approximations
of non-universal applicability. Existence of
multiple kinds of radicals and double bonds
are examples of complexities that can be
easily taken into account with this
approach. Use of simplified statistical
approaches, quasi-steady state for radical
concentrations, closure conditions for the
moments, absence of multiple radical
centers in the same molecule are some
approximations used in alternative methods
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that are also avoided by this general kinetic
modeling. A crucial issue which avoids
several simplifying assumptions often used
with earlier models of non-linear radical
polymerizations stems from allowing that
all polymer molecules containing radical
sites or devoid of them (dead species)
engage in the same reactions. Important
deleterious effects in the quality of predic-
tions can result from the cumulative use of
these simplifications; for instance, the
spurious prediction of gelation (not experi-
mentally observed) for CSTR polymeriza-
tions involving long-chain branching but no
combination. Other distinctive features of
this approach as compared to alternative
methods can be found in the aforemen-
tioned works.[c-%11:12]

These theoretical concepts have been
recently applied to the modeling of FRP
copolymerization of methyl methacrylate
(MMA) with ethylene glycol dimethacry-
late (EGDMA) in a batch reactor"®! and
styrene (S) with divinylbenzene (DVB) in a
semi-batch reactor.”]ATRP of MMA/
EGDMA and NMRP of S/DVB were also
recently studied using this approach.[14]

In the present work, a kinetic scheme
comprising a total of 28 different chemical
groups was considered in modeling studies
of the FRP with acrylate/diacrylate:

e Different kinds of polymer radicals (9)

e Different kinds of macromonomers,
namely, pendent double bonds (from
diacrylate monomer), terminal double
bonds (from termination by dispropor-
tionation and chain transfer to monomer)
and H and CHj; chain transfer to polymer
centers (5)

e Reactants and primary radicals (6)

e Polymer structural units (e.g. repeating
units, branching/crosslinking points) (8)

In modeling studies of ATRP with
acrylate/diacrylate a kinetic scheme invol-
ving a total of 40 different chemical groups
was considered:

e Different kinds of growing polymer
radicals (9)
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e Different kinds of dormant polymer
radicals (9)

e Different kinds of macromonomers as
described in the FRP case study (5)

e Reactants (e.g. monomers, initiator, tran-
sition metal site) and primary radicals (9)

e Polymer structural units (8)

A set of 175 different chemical reactions
was considered in the Kkinetic scheme of
FRP acrylate/diacrylate which can be
classified as follows:

e Initiator decomposition (1)

e Initiations (20)

e Propagations of different kinds of macro-
monomers (35)

e Intermolecular chain transfers to poly-
mer (14)

e Chain transfers
solvent (21)

e Terminations by combination and dis-
proportionation (84)

to monomers and

ATRP acrylate/diacrylate modeling stu-
dies were performed by considering a
kinetic scheme with 196 different chemical
reactions:

e Reversible activation/deactivation of

initiator (2)

e Initiations (20)
e Propagations of different kinds of macro-

monomers (35)

e Intermolecular chain transfers to poly-

mer (14)

e Chain transfers to monomers and solvent

1)

e Terminations by combination and dis-

proportionation (84)

e Reversible activation/deactivation of

growing radicals (18)

e Reversible activation/deactivation of

primary radicals (2)

For both polymerization systems, much
more complex kinetic schemes result if
intramolecular chain transfer to polymer
(backbiting) and/or B-scission reactions!*>7!
are also taken into account. These phenom-
ena were not considered in the present
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work. Branching mechanisms (intramole-
cular/intermolecular) in acrylates polymer-
ization should be specially important at
high temperatures (e.g. in the range 75 to
100°C) and at high polymer concentration
(e.g. emulsion/suspension polymerization
at high monomer conversion) leading
eventually to gelation.'®!°1 Simulations
here performed, considering the polymer-
ization conditions experimentally used,
show that the contribution of intermolecu-
lar chain transfer to polymer to the
formation of non-linear connections is
negligible as compared with the main
crosslinking process.

Modeling studies of FRP and ATRP
acrylate/diacrylate were carried out con-
sidering basic sets of rate coefficients
collected from previous works (see
also (3)), namely for initiator thermal
decomposition,* nBA  propagation,*!
chain transfer to monomer,[22] chain trans-
fer to solvent,[20'23] intramolecular chain
transfer to polymer,?* termination.***!
Rate coefficients for reversible kinetic steps
of ATRP, namely, radical activation, radi-
cal deactivation or equilibrium constant
activation/deactivation, measured/esti-
mated in previous works,?*28 were also
here considered. Sensitivity analysis of the
branching and crosslinking processes to
kinetic parameters was performed by con-
sidering perturbations of the rate coeffi-
cients governing different reaction steps,

Table 3.

namely: propagation of pendent double
bonds, propagation of the different kinds of
terminal double bonds, intermolecular
chain transfer to different polymer centers,
reactivity of the different kinds of polymer
radicals and probabilities of radical termi-
nation by combination/disproportionation.
Under the experimental conditions here
used, simulation results show a particular
sensitivity to the reactivity of pendent
double bonds of diacrylate monomer and
therefore only this parameter was used in
the fitting of experimental results, as
discussed below.

Past experimental/theoretical works
using the same simulation method!>!3!4!
considered the effect of inhibition/retarda-
tion reactions in FRP and CRP polymer-
ization process. Kinetic models accounting
for the presence of an inhibitor and/or a
retarder in the polymerization system were
developed and it was concluded that, for
those experimental conditions, the effect of
inhibition on average molecular weights
should only be noticeable above around
500 ppm. Results thus obtained showed that
this possible issue was avoided with the
monomers and experimental set-up used.
Transient behavior (before and after AIBN
addition) due to thermal initiation in
styrene/divinylbenzene FRP and NMRP
was also simulated and experimentally
studied™ in the framework of the present
approach showing the ability to deal with

Basic set of rate coefficients considered in the modeling studies of the FRP and ATRP copolymerization of

acrylate/diacrylate monomers.

Kinetic step Rate coefficient expression Ref.
Initiator thermal decomposition kg = 4.31 X 105 exp(—131.7 x 103 /RT)(S7"), f=0.6 [20]
BA propagation ky, = 2.21 x 107 exp(—17.9 x 103/RT) [21]
Initiation by primary radicals ki=kp

Chain transfer to monomer (BA) kv = 2.9 X 10° exp(—32.6 X 103 /RT) [22]
Chain transfer to solvent Cs = kes/k, =27 x 1074 [20]
Intramolecular chain transfer to polymer 1075 < Cp = kep /kp <1073 [24]
Radical termination kp/v/ke = 0.15 + 0.4[M] 23]
Combination/Disproportionation g = keg/ke = 0.05, otre = kic/ke = 0.95 [20]
Equilibrium constant (ATRP) Karre = Ka/kda = 3.27 x 1078 [28]
Radical deactivation (ATRP) Kga = 6.1 % 10° [27]
Propagation of pendent double bonds r=k/ky a)

Kinetic parameters expressed in dm®mol~"s™", unless otherwise stated.

R=28.314)mol "K'
a)Fitting parameter in this work.
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these complexities and were not observed
noticeable induction periods. Similar con-
clusions concerning the importance of
the induction period were obtained with
the present chemical system. Note that the
high proportion initiator/monomer used
(namely in ATRP experiments) makes this
issue negligible.

Before gelation, as it is the case of the
work here performed, our simulation
method®!% transforms the resolution of
partial  differential equations (PDE),
through the method of the characteristics,
into initial value problems (IVP) of systems
of ordinary differential equations with
conditions at the initial value of the
independent variable (polymerization
time). Two point boundary value problems
(2PBVP) will arise if generic values of
generating functions are sought, as for
obtaining predictions of size distributions
by the numerical inversion of their GF or
for computing non-integer moments or
moments after gelation. Successive deriva-
tion of GF and resolution of the resulting
PDE by the method of the characteristics
also leads to systems of ODE for the
moments up to the prescribed order. The
dimension of the system to be solved
depends on the complexity of the kinetic
scheme involved, namely of the number of
different chemical groups and reactions.
For instance, to obtain moments up to
second order, a system of Noy = N4 + Np +
Np(Np+1)/24+1 ODE must be solved
with N, being the count of active chemical
groups and Np the set of polymer chemical
groups considered (active and non-active).
The present FRP case study was treated
considering Ny =20 and Np =22 and there-
fore a system of N, =296 ODE had to be
solved. Note that for this polymerization
system 6 chemical groups (e.g. monomers,
initiator...) are active but do not belong to
the polymer. The same purpose is achieved
with N, =560 ODE for the ATRP system
here considered (simulations performed
with Ny =32, Np =31 and 9 chemical groups
not belonging to the polymer). The calcula-
tion of the z-Average Radius of Gyration in
the O state (Ryg) involves the resolution of

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

IVP with 780 ODE for the FRP system and
1521 ODE with the ATRP case study. The
simulations below presented were obtained
through the numerical resolution of those
problems, using the stiff ODE integrator
RADAUSP,

Unperturbed Dimensions and
Prediction of the z-Average Radius
of Gyration in a Good Solvent

Several effects are involved in the short-
range interactions leading to increased
molecular size of linear random-coil poly-
mers. The restriction to fixed bond angles
expands the polymer chains. Molecular
dimensions are further increased due to
restricted rotations resulting from steric
hindrances or due to rigid planar confor-
mations (e.g. presence of aromatic rings in
the main chain). Conformations which
would place too close pairs of atoms in
neighbor repeating units along the polymer
chain are also forbidden. The mean square
distance between chain ends including
short-range interactions (12 - unperturbed
dimensions in the absence of long-range
interactions) divided by the square of the
random-flight end-to-end distance (r]%)
defines the characteristic ratio C..:

> 6R>
C. = lim (%) = lim [—%
n—oo r]% n—o00 nlz
. [6M R\ 6M, R,
= (11[2M e W

with n representing the number of (equal)
skeletal bonds of the polymer chain of
molecular weight M, M, being the mole-
cular weight of the repetitive unit bearing
two C—C bonds of length /=0.154 nm. For
random coil chains the unperturbed value
of the mean square end to end distance (r2)
is related with the unperturbed (® condi-
tions) value of the mean square radius of
gyration by rj = 6R,.

The O dimensions of linear polymers can
be estimated from experimental measure-
ments performed in a good solvent using a
SEC/RI/MALLS system.**3!] For polymer
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chains in a good solvent with dimensions
greater than 4/20, with 1 being the wave-
length of the incident light, the mean square
radius of gyration can be measured for each
slice of elution volume (considered as
monodisperse samples) in a SEC/RI/
MALLS apparatus. With the instrument
used in this work and operating with THF,
the lower detection limit is around
/20 ~ %o/(20 X nyyr) = 658/(20 x 1.4) =
23.5 nm. Measurements below this limit are
possible (e.g. 10nm) but with high asso-
ciated uncertainty (e.g. errors in the order
of 50%). Figures 2 (a) and 2(b) show
measured variations of molecular weight

(M) and of root mean square radius of
gyration (R,) along the SEC trace of
a PnBA sample synthesized in this work.
Observed light scattering (90°) and RI
signals are also shown in these figures. In
this analysis, the head and tail regions of the
chromatograms were eliminated due to
their very low LS and RI signals, which
would also cause high errors in the estima-
tion of M and R,. The following average
properties of this sample were measured:

M, x1075 =2.0+0.1,
M, x 1075 =3.0£0.1,
M, x107°=42+0.7, R, =32+ 1nm.

a) 10004—————
= = p=0.12
= =044

2 L - 058

5

-

T 5001

3

£

Z P(nBA/HDDA)

DMEF;

nBA G

T

o | "
HDDA = ',

a

_; !

!i [ |

%

E

Relative Response

Elution Volume (ml)

Figure 1.

(a) Observed refractive index signal in the SEC traces of ATRP synthesized Acrylate/Diacrylate copolymers
corresponding to different polymerization times (monomer conversion) showing the consumption of mono-
mers and the evolution of the crosslinking process. (b) Measured refractive index and light scattering (90°)
signals in the SEC trace of an ATRP synthesized Acrylate/Diacrylate copolymer showing the formation of a
cluster of high molecular weight at a low concentration.
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(@) Measured relation of molecular weight versus elution volume in the SEC trace of a FRP
synthesized PnBA sample. (b) Measured relation of root mean square radius of gyration versus elution volume
for the same PnBA sample of (a). (c) Scaling law for the radius of gyration versus molecular weight observed
for PnBA in a good solvent and its comparison with scaling laws measured for the dimensions of other polymers.
(d) Estimated unperturbed dimensions of PnBA considering Fixman extrapolation. () Estimated ® dimensions
of PnBA with Stockmayer-Fixman extrapolation. (f) Estimated ® dimensions of PnBA with Kurata-Stockmayer-

Roig extrapolation.

Measured values of M and R, along the
chromatogram of the PnBA sample were
used to establish a relation R, versus M
which is known to follow a scaling law of the
form R, = OM9Y. Figure 2(c) shows the
scaling law R, = 0.0146M%3% that was
estimated in this work for PnBA in THF
at 30°C. This result is consistent with
measurements reported in other research
works using other polymers, namely

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R, = 0.011M°%% for PMMAP? in THF at
30°C and R, = 0.0118M°¢ for PSP in
THF at 25°C that are also presented in
Figure 2(c).

Experimental values expressing the
dependence of the dimensions of PnBA
in THF on molecular weight were used to
estimate the unperturbed dimensions of
this polymer. Different extrapolation pro-
cedures were used for this purpose:

www.ms-journal.de
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[34]

Fixman"™ extrapolation:

R. R2 2\ ~1/2
= ﬁg" +0.0299B (ﬁ) M2 (5)

Stockmayer-Fixman!®! extrapolation:

N 3/2 )\ 3/2
(%) :(%) (1+CM1/2) (6)

Kurata-Stockmayer-RoigBG] extrapola-
tion:

R? R2 M
- el
=5+ 0.0286B(@) ( Rg) )

The application of these extrapolation
procedures to the synthesized PnBA sam-
ple is shown in Figures 2(d)-(f). Good
agreement between experimental values
and theoretical predictions are obtained
with the three different methods. Extra-
polated unperturbed dimensions of PnBA
are closer when Stockmayer-Fixman or
Kurata-Stockmayer-Roig  extrapolations
are used and higher dimensions are esti-
mated with Fixman extrapolation. Char-
acteristic ratios C., = % =7.0,
C=9.5and C,, =16.2 are estimated when
Kurata-Stockmayer-Roig, Stockmayer-Fix-
man and Fixman extrapolation results are
considered, respectively. The length of
a C—-C bond, [=0.154nm was here
considered.

Experimental studies concerning the
polymer chain flexibility of polyacrylic
esters,’’8 report (among others) the
length og the Kuhn segment for PnBA:
A, = 6%]}?—5 = 3.54nm, with by represent-
ing the contribution of each monomeric
unit to the length of the polymer chain
(bp=0211nm was considered in these
works®738 for polyacrylates). This defini-
tion is generically consistent with Eq. (4) if
the relation b =2/ is considered. These
experimental results can be used to esti-
mate the characteristic ratio
of PnBA because its relation with Kuhn’s
statistical segment is expressed by
Cy = % and therefore C,, =16.3 results
for PnBA. Based on these same works,

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C.o=9.3 (A,,=2.02nm) can be estimated
for PMA. Other experimental/theoretical
studiest®” estimate C, = 8.4 for PMA. It is
well known that the structure of polymer
chains plays a strong influence on the
polymer chain flexibity. For polymethacry-
lates the effect of the substituent on the
chain flexibility was thoroughly studied and
values of C are reported[4°] to lie between
7.3 (methyl methacrylate) and 26.4 (penta-
chlorophenyl methacrylate). For n-butyl
methacrylate (PnBMA) the characteristic
ratio was experimentally evaluated and
theoretically predicted***!l to be in the
range 8.6 to 9.6. Chain flexibility of
polymethacrylates has been extensively
studied but for polyacrylates only few
research works are available. Characteristic
ratio of poly(tetrahydrofurfuryl acrylate)
and poly(2-ethylbutyl acrylate) were more
recently measured and C,,=8.6 and 9.2,
respectively, have been reported.[42] Based
on the available range values of the
characteristic ratio of PMMA, PMA,
PnBMA and on the effect of substitution
groups, a value around 10 is expected
for PuBA. The measurement of C., around
16 before reported for PnBA,*78 and also
obtained in the present work when Fixman
extrapolation is considered, seems to be
overestimated.

Similarly to other works dealing with
estimation of unperturbed dimensions of
polymer chains considering different extra-
polation methods,P%3138] in the present
work, the mean of the three extrapolations
for the unperturbed dimensions of PnBA
will be used: Ry = 0.0255M°3. This esti-
mate leads to a characteristic ratio
C.,=10.5 and a Kuhn segment of length
A,,=2.29nm. Note that an imaginary bond
length (b) connecting a set of beads
(repeating units) in the context of the
freely rotating model can be calculated
because the following relation holds:
b* = Ayby = V2A,l. Therefore, in the
predictions of the z-average radius of
gyration performed in the present work, a
bond length of » = 0.706 nm was considered
to link nBA repeating units.

www.ms-journal.de



10|

Macromol. Symp. 2010, 289, 1-17

Using the experimentally observed rela-
tion R, = 0.0146M*> for PuBA in THF at
30°C and the extrapolation
Rgp = 0.0255M°3 estimated for a © solvent,
we estimate that also in THF at 30 °C, for
polydispersed PnBA, the following expan-
sion relation holds: Rg/Rgs = 0.573M .
Our simulation method is able to estimate
the z-Average Radius of Gyration in the ©
state (R,p) but experimental measurements
were performed in THF at 30°C (good
solvent regimen). Predictions of R, are
therefore needed and this expansion rela-
tion was used with this purpose in the
present work. This same expansion relation
was considered in the linear and non-linear
polymerization systems, as described
below.

Results and Discussion

Figure 3(a) shows measured and predicted
monomer conversion evolutions of M,, in
FRP nBA/HDDA copolymerizations, at
15% initial volume fraction of monomer
(Var=15%), with different mole fractions
of crosslinker, showing the strong influence
of the initial amount of HDDA in the
dynamics of polymer properties. These
experiments were simulated using the
reactivity of PDBs as fitting parameters.
It was estimated that PDBs present a lower
reactivity as compared to nBA, with a ratio
of propagation constants r = k, /k, = 0.06.
Simulation results have shown a low
sensitivity to changes in other Kkinetic
parameters besides the reactivity of PDB.
Reactivities of the different kinds of
polymer radicals have a small effect on
the branching/crosslinking process only if
they are very low as compared with the
reactivity of the radical correspondent to
the acrylate monomer (e.g. below 1/1000).
Simulations also have shown that, under the
polymerization conditions here considered,
the branching process due to intermolecu-
lar chain transfer to polymer (H and CHj;
chain transfer centers were considered)
have a negligible contribution to the
formation of non-linear architectures,

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

namely when compared with the cross-
linking phenomena. Reactivity ratios for
intermolecular chain transfer to polymer in
the range 107 < Cp = kip/k, < 1073 are
reported in the literature®¥ and simula-
tions have shown a very small impact of this
mechanism on the polymer properties only
when the upper limit of this interval is
approached and the mole fraction of
diacrylate monomer is very small (e.g. yc
below 0.5%). Note that chain transfer to
solvent (Cs = kys/k, = 2.7 x 107*) is here
an important competitive mechanism as
compared with chain transfer to poly-
mer.'"21 Similar  conclusions  were
obtained with respect to the impact of
polymerization of terminal double bonds.
Simulations were performed considering
that the fraction of termination by combi-
nation is 95%.

In Figure 3(b) is presented the effect of
the monomer dilution (experiments with
Vi =15% and V,;=35%) in the evolution
of M, for nBA/HDDA FRP copolymer-
izations with the same initial mole fraction
of diacrylate (y-=0.5%). Completely dis-
tinct evolutions of M, with monomer
conversion were experimentally measured
and different values for the reactivity of
PDBs are fitted from these two experi-
ments: r = k;, /k, = 0.16 for Vj;=35% and
r=0.06 for Vy;=15%. It is plausible that
these reactivity ratios are only apparent
values due to the influence of intramole-
cular cyclization reactions which had been
neglected in these modeling studies.
Increased deviation from the ideal case
(r=k,/k, =1) with dilution seems to
confirm this issue.

In Figure 3(c) are compared FRP and
ATRP nBA/HDDA copolymerizations
with the same initial dilution (V,;=35%)
and the same amount of crosslinker
(ye=2%). Experimental results and simu-
lations show the distinct behavior of the
crosslinking process when FRP and ATRP
synthesis techniques are used. In fact,
ATRP can be used at least to have a better
control on the dynamics of gelation of
acrylate/diacrylate polymerization systems.
Operation at higher contents of crosslinker
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(a) Measured and predicted evolution of M,, in nBA/HDDA FRP copolymerization with different initial amounts of
diacrylate (V,, =15%). (b) Effect of the dilution in the evolution of M,, for FRP copolymerization of nBA/HDDA.
(c) Comparison of FRP and ATRP copolymerizations of nBA/HDDA with the same initial dilution and amount of
crosslinker. (d) Effect of the initial amount of crosslinker in the evolution of M,, for ATRP copolymerization of
nBA/HDDA. (e) Effect of the dilution in ATRP of nBA/BEDA. (f) Effect of the initial ratio Monomer/Initiator in ATRP

of nBA/BEDA.

without gelation is possible with ATRP
when compared with FRP and this is an
important issue in the production of
hyperbranched polymers.

The effect of the initial amount of
crosslinker in the evolution of M, for
ATRP nBA/HDDA copolymerization at
constant initial dilution (V),=35%) is

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

presented in Figure 3(d). Experimental
results were used to fit the reactivity ratio
of PDB and the value r= 0.3 was obtained.
Note that simulations with the ATRP case
study also have confirmed the negligible
impact (at least with the operation conditions
here considered) of intermolecular chain
transfer to polymer and polymerization of
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(a) Measured and predicted evolution of Ry in FRP homopolymerization of nBA and nBA/HDDA copolymerization
with different amounts of diacrylate. (b) Measured and predicted evolution of Ry and M,, in nBA/BEDA ATRP
copolymerization with initial mole fraction of diacrylate y.=5% and M/I=200.

terminal double bonds, when compared
with the crosslinking process. Estimated
values of the reactivity ratios of PDB for
ATRP process are also apparent due to the
effect of intramolecular cyclizations.
Nevertheless, at the same initial dilution,
the estimated reactivity of PDB in ATRP
(r=0.3) is higher than in FRP (r=0.16). It
is plausible that this difference is due to the
lower magnitude of intramolecular cycliza-
tions in ATRP which can be an important
advantage for the production of more
homogeneous networks.

Figure 3(e) shows the effect of the
monomer dilution in the ATRP of nBA/
BEDA copolymerizations at constant

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

initial mole fraction of diacrylate (yc=
5%). These results confirm the importance
of the intramolecular cyclizations reactions,
even in ATRP. Estimated reactivity ratios
of r=0.3, 0.2 and 0.17 at V,;,=35%, 25%
and 15%, respectively, show the increasing
importance if this mechanism at higher
dilutions. In Figure 3(f) is shown that the
initial molar ratio between monomer and
initiator (M/I) can also be used, trough the
manipulation of the length of the primary
chain, to control the crosslinking process
and therefore to help in the production of
tailored hyperbranched polymers.
Measured and predicted evolution of the
z-average radius of gyration (Ry) for FRP

www.ms-journal.de



Macromol. Symp. 2010, 289, 1-17

acrylate/diacrylate copolymerizations per-
formed with different amounts of diacrylate
are presented in Figure 4(a). Calculations
of R, have been carried out using the same
set of kinetic parameters as in the calcula-
tions of molecular weights. Despite the
huge simplifications above discussed which
were used in the prediction of Fg, a good
agreement between experimental observa-
tions and predictions is obtained with
different  polymerization  conditions.
Figure 4(b) shows predicted and observed
monomer conversion evolution of R, and
M,, in nBA/BEDA ATRP copolymeriza-
tion with initial mole fraction of diacrylate
ye=5% and M/[=200. A simultaneous
good agreement between measurements
and predictions of average molecular
weights and z-average radius of gyration
is observed, confirming this general kinetic
approach as a valuable tool to predict and
design some important features of the
molecular architecture of such complex
materials.

Conclusions

In this work, the molecular architecture of
FRP and ATRP synthesized polyacrylate
hyperbranched polymers and networks was
experimentally and theoretically studied.
Such non-linear polymers were synthesized
at 1 dm’ scale and the dynamics of
formation of products was characterized
by SEC/RI/MALLS. In the framework of
a general kinetic approach, for both poly-
merization systems, models were devel-
oped taking into account the polymeriza-
tion of different kind of macromonomers
(pendent double bonds, terminal double
bonds and chain transfer to polymer
centers) and the existence of different kinds
of polymer radicals. The most important
conclusions are as follows:

e Under the experimental/theoretical con-
ditions here considered, namely low
temperature (60°C) and low monomer
concentration (e.g. 35% v/v), the impact
of branching processes (intermolecular
chain transfer to polymer, polymeri-

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

zation of terminal double bonds) in the
molecular architecture of acrylate/dia-
crylate copolymers is very low as com-
pared with the main crosslinking process
(polymerization of pendent double
bonds).

e Experimental results at different mono-
mer dilutions put into evidence the
important effect of intramolecular reac-
tions (cyclizations) on the molecular
architecture of these microgels. These
reactions should be minimized if micro-
gels with improved homogeneity are
desired.

e Important differences were observed in
the molecular architecture of non-linear
products synthesized either by FRP or by
ATRP. Improved microgel homogeneity
can be obtained by ATRP of acrylate/
diacrylate monomers. Comparatively to
FRP, ATRP also allows the operation
with higher crosslinker mole fraction
without gel production. These results
can be especially useful to obtain hyper-
branched polymers at higher conversions
than with FRP.

Additional theoretical developments
accounting for cyclization reactions are
needed but the aforementioned compara-
tive studies are the key for carrying out a
quantitative modeling of loop formation for
these chemical systems. Suspension poly-
merization leading to gel formation can also
be used to elucidate the importance of these
mechanisms in network production.
Ongoing research concerning the in-line
monitoring of these polymerization systems
by FTIR-ATR should eventually lead to
further important informations about the
reactivity of pendent double bonds and the
branching/crosslinking processes.

Notation

A, length of Kuhn’s statistical
segment of polymer chain.

B parameter in Fixman

(Eq. (5)) and
Kurata-Stockmayer-Roig
(Eq. (7)) extrapolations.

www.ms-journal.de

l13



14

Macromol. Symp. 2010, 289, 1-17

bo

Coo
Cr = kpp/k,

Cs = kys/k,
f
&)

G(s)

Gll(s",s7)

RHp

Gr

P

Gr

S

contribution of
monomeric units to the
length of polymer chains.
parameter in Stockmayer-
Fixman (Eq. (6)) extrapo-
lation.

characteristic ratio.
reactivity ratio for inter-
molecular chain transfer
to polymer.

reactivity ratio for chain
transfer to solvent.
thermal initiator decom-
position efficiency.
function in Kurata-Stock-
mayer-Roig (Eq. (7))
extrapolation.

generating function of the
distribution of mole con-
centrations of polymer
species according to their
counts of chemical groups
(also known as the size
distribution of polymer
species concentrations).
generating function of the
size distribution of pen-
dent chains.

generating function of the
rate of change of the size
distribution of polymer
pendent chains by chemi-
cal reactions.

generating function of the
rate of change of the size
distribution of polymer spe-
cies by chemical reaction.
generating function of the
rate of change of the size
distribution of polymer

sequences by chemical
reaction.

initiator concentration
(mol/dm?).

rate coefficient of radical
activation in ATRP.

rate coefficient of radical
deactivation in ATRP.
rate coefficient of the
unimolecular thermal
initiator decomposition.

ket

ka

ktd

KATRP = ka/kda

Np
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rate coefficient of the
chain transfer to
monomer.

rate coefficient of the
intermolecular chain
transfer to polymer.

rate coefficient of the
chain transfer to solvent.
rate coefficient of the pro-
pagation of vinyl mono-
mer.

rate coefficient of the pro-
pagation of pendent dou-
ble bonds.

rate coefficient of the glo-
bal radical termination.
rate coefficient of the radi-
cal termination by combi-
nation.

rate coefficient of the radi-
cal termination by dispro-
portionation.

equilibrium constant for
radical activation/deacti-
vation (ATRP).

bond length (0.154 nm for
C—C bonds).

polymer chain molecular
weight.

molecular weight of a
repetitive unit.

monomer concentration
(mol/dm?).
number-average relative
molecular mass.
weight-average relative
molecular mass.

z-average relative
molecular mass.
dimension of the system of
ODE to be solved.
number of different kinds
of active chemical groups
(including special indivi-
dual molecules, like
monomers and initiators)
considered in the polymer-
ization system.

number of different kinds
of chemical groups consid-
ered in polymer molecules
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r=k,/ky

s,

U(s)

Vi

Yc
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(active and non-active

groups).

reactivity ratio for the
propagation of pendent
double bonds.

square of the random-
flight end-to-end distance.
unperturbed polymer
dimensions in the absence
of long-range interactions.
ideal gas constant
(R=8.314 Jmol 'K ™).
root mean square radius of
gyration.

unperturbed (0) root
mean square radius of
gyration.

root z-average mean
square radius of gyration.
unperturbed root
z-average mean square
radius of gyration.
relative rate of change of
volume caused by chemi-
cal reaction.

vector of dummy Laplace
parameters of the generat-
ing functions associated
with the size distributions
(distributions according to
the counts of chemical
groups) of polymer species
Or sequences.

vectors of dummy Laplace
parameters of the generat-
ing function associated
with the size distributions
of the bilateral pendent
chains within polymer
molecules.

time.

temperature.

generating function of size
distribution of mole con-
centrations of polymer
sequences.

volume fraction of vinyl
monomer in the solution.
mole fraction of divinyl
monomer in the mono-
mers mixture.

Greek Characters

«, fraction of radical termination by
combination.

o, fraction of radical termination by
disproportionation.

A wavelength of the light (nm).

T space time (ratio of reactor volume
and inlet volume flow rate).

Subscripts

F in feed.

number average.
weight average.

. average.

o Initial.

Abbreviations

AIBN 2,2'-azobis(2-methyl-
propionitrile).

ATRP atom transfer radical
polymerization.

BA n-butyl acrylate.

BEDA bisphenol A ethoxy-
late diacrylate.

CL crosslinker.

CRP controlled radical
polymerization.

CSTR continuous stirred tank
reactor.

DMF N,N-dimethylforma-
mide.

DVB divinylbenzene.

EBrP ethyl 2-bromopropio-
nate.

EGDMA ethylene glycol
dimethacrylate.

FRP free radical polymeri-
zation.

GF generating function.

HDDA 1,6-Hexanediol diacry-
late.

I initiator.

M monomer.

MA methyl acrylate.

MEHQ monomethyl ether

hydroquinone.
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MMA methyl methacrylate.

MWD molecular weight dis-
tribution.

NMRP nitroxide-mediated
radical polymerization.

ODE ordinary differential
equation.

PBE population balance
equation.

PDB pendent double bond.

PDE partial differential
equation.

PMDETA N,N,N,N",N"-penta-
methyldiethyl-
enetriamine.

PMMA poly(methyl methacry-
late).

PMA poly(methyl acrylate).

PnBA poly(n-butyl acrylate).

PnBMA poly(n-butyl methacry-
late).

PS polystyrene.

RG root mean-square
radius of gyration.

SEC/RI/MALLS  size exclusion chroma-
tography with refrac-
tive index and multi-
angle laser light scat-
tering detection.

S styrene.

THF tetrahydrofuran.
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