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Preface

At present, three-dimensional free-radical polymerization (TFRP) is a special field
of radical polymerization. TFRP is characterized by specific kinetic regularities and
mechanisms of processes for the formation of cross-linked or hyper-branched poly-
mers, and they are different from the kinetics and mechanism of classical radical
polymerization.

The fundamental studies of kinetics and mechanism of TFRP with formation of
cross-linked polymers have been carried out in three stages. The first stage lasted
from 1960 until 1983, and the main mechanisms of TFRP of oligo(acrylates) were
established during this stage [1-3]. Condensation telomerization, being a universal
oligo(acrylate) synthesis procedure, allows us to vary certain molecular parameters,
such as length and flexibility of oligomeric blocks, number and type of reactive
groups (methacrylic or acrylic groups), and chemical nature of atomic groups of an
oligomeric block, which represent the centers of strong intermolecular interactions.
For this reason, oligo(acrylates) were very convenient compounds for establish-
ing the main kinetic regularities of TFRP and regularities of formation of polymer
three-dimensional cross-linked structures, according to the so-called microheteroge-
neous mechanism (G.V. Korolev, 1977), at the topological and morphological levels.
During the second stage, which lasted from 1983 until 1995, the kinetic regularities
of TFRP were studied in depth, and additional evidentiary data in favor of the micro-
heterogeneous mechanism of TFRP were found [4, 5]. The last, or third stage (from
1995 until 2005) involved exploration of TFRP under the “living” chains condi-
tions and identification of new regularities associated with the implementation of
these conditions [6], as well as the creation of the new gelation theory applicable to
TFRP, investigation into physical and mechanical properties of cross-linked copoly-
mers, and the interpretation of these properties within the framework of the physical
network model [6].

The technical value of TFRP is generally known. Industrial use of oligo
(acrylates), oligo(estermaleates) in styrene compositions, and oligo-esters modified
by fatty acids of vegetable oils (alkyds) is based on TFRP with cross-linked poly-
mer formation. The interest in TFRP throughout the world has markedly increased
in the 1990s: by 2000 the number of publications on TFRP had grown tenfold. This
growth is explained by the development needs of microelectronics, fiberoptics, and
data storage and transmission devices. TFRP makes polymers highly attractive for
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applications related to high-tech materials. The radical chain nature of TFRP en-
ables performing curing of fluid polyunsaturated methacrylates in superfast time
(seconds!) and an easily controlled mode at normal temperature.

It was found, in the middle of the 1990s, that in addition to cross-linked poly-
mers TFRP can also lead to the formation of hyper-branched polymers (HBP)
(non-cross-linked) that have a unique chemical structure and properties which are
different from the structure and properties of all known linear and cross-linked poly-
mers. Polymer chains of HBP diverge outward symmetrically in three-dimensional
space from the point or linear center of symmetry and look like a branching tree. The
unique properties of HBP turned out to be so popular that during the next decade
these polymers found use in various applications for polymer materials from micro-
electronics to medicine. They caused a revolution in polymer materials technology.
And, all this gave a new powerful impulse to the development of the entire TFRP
field—the intensive and successful investigation into cross-linked polymers synthe-
sized by TFRP conducted for many years did not betoken such a “burst” of interest.
Judging by the trends in publications on this issue, this new subfield has devel-
oped extremely fast: before 1997, only a few publications appeared per year, during
1997-1998 the number of publications increased to 100, and during 2000-2005
more than 250 articles and patents per year have appeared.

The first part of this book deals with TFRP with formation of cross-linked poly-
mers. It is based mainly on the results of systematic research of the authors and their
colleagues.

This part (Chapters 1 through 6) includes all available data (plus analysis of
these data) indicating the microheterogeneous character of TFRP. The microhetero-
geneous mechanism of TFRP includes both polymerization specifics at the ini-
tial, intermediate, and final stages (namely, initial formation, growth, and merger
of polymer grains performing the function of autonomous micro-reactors) and
structural and physical transformations in the course of TFRP (micro-syneresis,
microredistribution, and local glass transition).

The interpretation of the main kinetic regularities of polyunsaturated oligomer
polymerization in blocks and solutions and kinetic specifics of inhibited TFRP is
given taking into account the microheterogeneous mechanism of TFRP. The main
regularities of the polymerization of polyunsaturated compounds of vinyl and al-
Iyl types in a film under the conditions of oxygen diffusion were explained in the
context of the proposed layer-by-layer TFRP model. A model of regular kinetically
active associates intended for interpreting kinetic abnormalities of oligo(acrylates)
and alkyl methacrylates polymerization is proposed: this model is substantiated
both kinetically and via computer simulation. Basic kinetic features of the three-
dimensional copolymerization of polyunsaturated (cross-linked) oligomers and mo-
nounsaturated (non-cross-linked) vinyl monomers were identified.

The main issues of the new branch in free-radical polymerization—namely,
“living” chain three-dimensional free-radical polymerization—are analyzed. Also,
exhaustive description is given for all studies on TFRP in the “living” chain mode
and the role of this mode for the macromolecular design of cross-linked polymers.

The new theory of gelation in the TFRP process, which was developed by
V. L. Irzhak and G.V. Korolev in 2000-2003, is described in depth. This theory is
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alternative to the well-known Flory—Stockmayer theory, which is unjustifiably ap-
plied to TFRP. Critical conversion (gel point) for various modes of free-radical poly-
merization is determined in numerical form, and the obtained results are generalized
in formulas.

Physical, mechanical, and thermo-mechanical properties of cross-linked (poly)
acrylates and cross-linked copolymers of oligomers with vinyl monomers are ana-
lyzed in the context of the physical network model (i.e., intermolecular interactions
system approximated by network of physical links). The predominant role of the
physical network (i.e., a network of physical junctions) in proposed mechanisms
for the transition of cross-linked copolymers into high-elastic and forced-elastic
states is revealed. Problems of macromolecular design of cross-linked polymers and
copolymers are also discussed.

The second part of the book [Chapters 7, 8] is devoted to methods of synthesis,
properties, and application of hyper-branched polymers (HBP). An extensive array
of information (about 400 publications) is systematized and reviewed. A classifi-
cation of synthesis methods for HBP, which is based on mechanisms of synthesis
reactions, is proposed. Methods for HBP synthesis by three-dimensional free-radical
polymerization (with regulation of polymeric chains length due to the variation of
initiation rate, employment of chain transfer agents and chain transfer catalysts, and
intrachain reactions of radical chain carriers) are discussed in detail with examples.
A mathematical model of HBP synthesis by the TFRP method under the condi-
tions of unlimited supply of oxygen is proposed, and results of prediction obtained
through the use of this model are presented.

The most successful and representative options of HBP synthesis by “living”
chain free-radical polymerization are reviewed in depth because it is in just this
case that the topological structure of HBP is distinguished by the maximum degree
of regularity, which makes the HBP topological structure similar to the structure of
regular HBP dendromers. Also, the method of “living” TFRP makes it possible to
synthesize HBP with a sophisticated structure of macromolecules (nanostructured
polymers).

Large amounts of information on practical application of HBP are systematized
in this book in the form of generalized tables for the sake of convenience for readers.
Particular emphasis is placed on HBP that are already produced industrially and on
methods for modifying them in the context of specific applications.

Analytical reference materials for the subject matter of this book are given in the
Appendix (Chapter 9). A short description of experimental methods that proved to
be effective for studying the TFRP kinetics and mechanism, as well as the structure
and properties of cross-linked polymers, is also given in the Appendix.

Thus, the authors have tried to give an integral description of scientific and ap-
plied aspects of three-dimensional free-radical polymerization with formation of
both cross-linked and hyper-branched polymers as well as to outline the current state
and trends of the development of this specific area of free-radical polymerization.
The readers are to judge whether the authors have succeeded.
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Chapters 1 and 2 were written by G.V. Korolev and M.M. Mogilevich, and
Chapters 3, 4, 5, 6, 7, 8, and 9 were written by G.V. Korolev.

St. Petersburg, July 2008 Gennady V. Korolev
Michael M. Mogilevich
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Chapter 1

Microheterogeneous Mechanism
of Three-Dimensional Free-Radical
Polymerization

Abstract For the first time, the microheterogeneous mechanism of three-dimensional
free-radical polymerization, initially disclosed by the authors in Russian in a number
of publications during a period from 1970 to 1995, is here consistently described in
English and supported by sufficient proof. This process gives products having com-
plex multilevel cross-linked structure, namely, highly cross-linked polymeric grains
and low cross-linked intergrain layers; in their turn, grains of “core-shell” struc-
ture and interlayers are also nonuniform in terms of degree of cross-linking of the
polymer network at different conversions.

The very concept of the microheterogeneous character of highly cross-linked
polymer formation processes was rather precisely presented by Howink as early
as in 1934 [1]. Further development of this idea is reflected in works written
by Kozlov [2, 3], Gallacher and Bettelheim [4], Korolev and Berlin [5], Notley
[6], Bobalek et al. [7], and Dusek [8]. Exploration into the generation and growth
of microgel particles during polymerization of unsaturated oligo-esters [4], and
the appearance of a hypothesis on the formation [during the polymerization of
oligo(acrylates)] of discrete microgel particles, in which a local gel effect is devel-
oped [5], contributed to the substantiation of ideas related to the three-dimensional
free-radical polymerization (TFRP) mechanism. A TFRP mechanism that includes
microheterogeneity [9] was formulated in 1970 based on new experimental data.
The phenomenon of microsyneresis in the process of highly cross-linked macro-
molecular structure formation [8] was discovered in 1971. However, only studies
that took many years and were focused on polymerization of model objects, with
intentionally varied structure, plus exploration into the structure of formed polymers
conducted with the use of specially developed methodologies, enabled researchers
to obtain strict experimental proofs of the microheterogeneous TFRP mechanism
[10]. Only then did the hypothesis turn into a proven concept, and now a TFRP
model suitable for quantitative calculations has appeared.

G.V. Korolev, M.M. Mogilevich, Three-Dimensional Free-Radical Polymerization, 3
DOI 10.1007/978-3-540-87567-3_1, (©) Springer-Verlag Berlin Heidelberg 2009



4 1 Microheterogeneous Mechanism of Three-Dimensional Free-Radical Polymerization

1.1 Microheterogeneous Model of Polymerization Process

The essence of the model at the qualitative level consists of the following [10]. The
radical polymerization of polyunsaturated compounds leads to formation of poly-
mer coils even at low conversions (i.e., even at pre-gel state) as a result of inter-
or intrachain aggregation of polymer chains containing “pendent” double bonds.
The diffusion-limited rate of chain termination is decreased in such coils with in-
creasing local viscosity and, as a consequence, the polymerization rate is increased,
which, in its turn, leads to further growth of viscosity. Locally (in polymer coils),
the polymerization process develops autocatalytically, as a result of which polymer
coils turn into highly cross-linked polymer particles (grains). With an increase in
the degree of primary macromolecules branching, the probability of intramolecu-
lar cross-linking (cyclization) increases, which promotes the formation of microgel
particles (grains). The concentration of polymer grains in the reaction medium stops
increasing even at the initial stage of conversion, and subsequent polymerization is
effected via buildup of new layers of cross-linked polymer from the surface of the
grains. Such grains play the role of self-contained micro-reactors, in the surface
layers of which the polymerization process is localized. At later stages of polymer-
ization, grains come into contact with one another (as a result of their growth), and
the accretion of grains into a monolithin the zones of such contact takes place. The
specific character of TFRP process lies in the fact that practically starting from low
conversions, a homogeneous reaction system becomes a micro-nonhomogeneous
system consisting of highly cross-linked polymer particles that are poorly intercon-
nected with penetrating chains.

The polymerization, i.e., the chemical transformation proper, is accompanied by
secondary physical processes, namely, aggregation of polymer chains, microsynere-
sis with isolation of an initial oligomer from quite highly cross-linked micro-volumes
of initial oligomer (with certain components dissolved in this initial oligomer—
initiators, inhibitors, and other additives), and local glass transition of these highly
cross-linked micro-volumes.

The micro-nonhomogeneous reaction medium (in terms of polymer network
cross-linking degree) becomes microheterogeneous after the beginning of local
glass transition. Also, TFRP and structural physical processes are mutually in-
terconnected. The aggregation of polymer chains accelerates polymerization in
cross-linked polymer coils, which, in turn, leads to the accelerated development
of local syneresis (microsyneresis) and local glass transition within the coils. In
the end, instead of a polymer with macromolecular network uniformly distributed
within the volume, a polymer is formed that consists of highly cross-linked volumes
(grains) separated by low cross-linked (defective) interlayers.

Thus, according to the microheterogeneous model, in the course of TFRP a set
of kinetic, thermodynamic, and topological factors causes structural and physical
transformations, which accompany the chemical reaction of polymerization and
result in a microheterogeneous structure of cross-linked polymer. Experimental
results (presented in Sects. 1.2, 1.3, and 1.4) prove the adequacy of the model; they
give grounds for considering that the microheterogeneous mechanism of TFRP is
substantiated quite well.
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1.2 Polymerization Process: Stages of Formation
of the Microheterogeneous Structure for Cross-Linked
Polymers

1.2.1 Formation of Polymer Grains at the Initial Stage
of Polymerization

The light-scattering method enables us to study directly the generation and devel-
opment of micro-nonhomogeneity and microheterogeneity of the reaction medium
in the optical range of 10~2~10um at different conversions C, including the initial
stage of polymerization characterized by C — 0. Micro-nonhomogeneity (micro-
heterogeneity) is quantitatively characterized by the variation of the light-scattering
intensity R at different angles of observation ¢ and by the variation of characteristic
dimensions of scattering centers < a > calculated based on the model of small-
angle scattering [11]. Comparison of the dynamics of variation of R, < a >, and
C in the course of polymerization enabled the authors to trace the origination of
micro-nonhomogeneity and then microheterogeneity of the reaction medium at the
initial stage of polymerization in an example of tri(ethylene glycol) dimethacrylate
(tEGdMA) oligomer polymerization [12].

From the very beginning of polymerization at 0 < C < 5% (Fig. 1.1), a certain
decrease of characteristic size of scattering centers < a > is observed (Fig. 1.2), ac-
companied by a concurrent slight increase of light-scattering intensity R (Fig. 1.3).
Most probably, the decrease of < a > is associated with the appearance of a large
number of small scatterers in the oligomer against the background of quite large
scatterers (foreign inclusions in the oligomer). These scattering centers (which
are newly formed after the beginning of polymerization) could be identified with
polymer coils that are responsible for the slight growth of light-scattering inten-
sity during this period (Fig. 1.3), which in terms of order of magnitude of R corre-
sponds to scattering of a diluted solution of polymer in a monomer [13]. At the
initial stages of polymerization the reaction medium is homogeneous, although
micro-nonhomogeneous: polymer coils and oligomer are not substantially differ-
ent in terms of refraction index and density, as their volumetric fluctuations are

w 3.
C, % mlo,mm

Fig. 1.1 Integral (/) and
differential (2) kinetic curves
of tEGAMA
photopolymeriza- ) -
tion. Temperature 20°C: [AIBN] =0.03% (weight) 20 50 80 T, min
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Fig. 1.2 Variation of average <a>, mkm
size of scattering centers in 3t

the course of tEGAMA

photopolymerization.

Observation angle 2

¢ = 21°-23°. Temperature
20°C: [AIBN] =0.03%
(weight)

20 80 %, min

responsible for the variation of light-scattering intensity value R. In the temperature
range 20°-80°C, the tEGAMA oligomer is a thermodynamically good solvent of its
own primary products of polymerization (so-called B-polymers) [14—16]. This fea-
ture provides swelling of polymer coils in the oligomer and homogenization of the
reaction medium.

With the beginning of polymerization auto-acceleration, the situation is radically
changed: dramatic growth of size of scattering centers < a > and enhancement of
light-scattering intensity R (see Figs. 1.1, 1.2, and 1.3) are observed. This observa-
tion is indicative of mass formation of reaction medium micro-volumes that differ
dramatically from the oligomer in terms of density and refraction index. The reason
for such large-scale fluctuations in reaction medium polarizability resulting from
dramatic growth of R and < a > most probably lies in mass transition of polymer
coils into glass-like polymer grains as a result of local gel effect and growth of
such grains. Local glass transition of quite highly cross-linked micro-volumes of

R -10-3, cm-!

4»—-

Fig. 1.3 Variation of reduced
intensity of light scattering in
the course of tEGAMA
photopolymerization.
Observation angle ¢: 7, 21°;
2,30°; 3,40°; 4, 58°; 5,75
6, 80°; 7, 113°. Temperature
20°C: [AIBN] = 0.03% (by 0 ] A .
weight) 10 20 40 60 80 T, min
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reaction medium [15] occurs in the same range of conversions, in which dramatic
increase of light-scattering intensity is observed. Judging by values of R, even at
low conversions, with just the beginning of polymerization auto-acceleration the
micro-nonhomogeneous reaction medium becomes microheterogeneous. Such a
medium is, in essence, a nano-dispersion of glass-like microgel particles, weakly
bound by penetrating chains in the volume of nonreacted oligomer. The transfor-
mation of homogeneous reaction medium into a microheterogeneous one even at
the initial stage of polymerization is also shown by the light-scattering method for
polymerization of tEGdMA in solutions [16].

1.2.2 Growth of Polymer Grains During Polymerization

According to the microheterogeneous model, polymer grains that have formed even
at the initial stage of polymerization are in a certain sense self-contained micro-
reactors, in the surface layers of which the polymerization process becomes local-
ized. This key point of the model needed thorough experimental substantiation.

Using the method of spectroturbodymetry, it was found (based on turbidity spec-
tra) that actually the accumulation of new isolated particles in the reaction medium
stops from the very beginning of oligo(acrylates) polymerization, and subsequent
polymerization proceeds with the number of such particles practically unchanged,
but with their size increased (Fig. 1.4)[17].

Kinetics of oligo(acrylates) polymerization is described by the Avrami equation
(Fig. 1.5) [18], the derivation of which is based on the model of growing heteroge-
neous particles:

(a) ” (b) "
7_102 P | 7_102 .-l
R0 nm  (M]™T R-102, nm  [M]  min
@ | |° 2 b
a :
ok 4 { oz ok o T ®
TR A o SV
T Y 44 41 100F g f3 14
Camn ‘ §
L6l 3,9 13
1076 {'fo‘o.../ o ’ 6 I\I,_.?ﬁ—ﬂ”i"b\
4 ; 1\”0,;' -13,7 4 /9 42
o sl
2 }.0' -1 3,5 2k =1
s
0 4 1 ] ] | 0o 3.3 0 | | | 1 0
020 40 60 80 . g 0 20 40 60 80 g

Fig. 1.4 Variation of reduced polymerization rate W/[M] (1), size R (2), concentration of poly-
mer particles N (3), and dielectric permeability € (4) during polymerization of tEGdMA (a) and
dMA-tEGPh (b) in 50% solution of benzene at 50°C
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Fig. 1.5 Dependency of Ig[1g(1-C)]
dMAtEGPh conversion upon 0r
time 7 in coordinates of

Avrami equation.

Polymerization conditions: /,

2, block; 3, 4, 50% solution

in benzene; benzoyl peroxide -1
(BP), % by weight: I, 3, 1.0;

2,4,0.1. Index of Avrami

equation

n:1,1.6;2,14;3,4,2.1

-2

C=1—exp(—K/) (1.1)

where C = fraction of substance that was subjected to transformation (conversion in
terms of double bonds); K; = specific rate of transformation process; and n = index,
Fig. 1.6 depending on the geometric shape of growing heterogeneous particles.

An investigation of reaction medium composition as a function of conversion C;
for different types of oligo(acrylates) [19] led to the following equation:

G =C,(1-V) (1.2)

where C, = conversion in gel fraction and V; = volume rating of sol fraction of
polymer.

cu (@ (b) ©)
100
2 2 2
sof- L/ -
1
0 l | |
0 0,5 1,0 0 0,5 1,0 0 0,5 1,0

B

Fig. 1.6 Dependency of sol yield upon conversion in the case of polymerization of oligo(acrylates)
of different functionality n: (a) tEGAMA (n = 2); (b) tMA-tPA (n = 4); (¢) hMA-PeA
(n = 6).Temperature °C: 1, 60; 2, 90
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Besides, the value of C, did not vary in the course of polymerization and was
equal to the possible limit value of C; at a given temperature:

Cy = (C;)iim = const (1.3)

The constancy of C, in the course of polymerization was stated based on linear
character of dependency C; = f(V;), while equality (1.3) was established based on
the section intercepted on the ordinate by direct line in coordinates C; — V; with V;
® 0 (Fig. 1.6).

Since

G =CVi+Cy(1-Vy) (1.4)

(where Cy = conversion in sol fraction), then it uniquely follows from Egs. (1.2) and
(1.4) that Cy = 0. It means that the sol fraction consists only of nonreacted initial
oligo(esteracrylate) and, hence, the reaction medium during the entire polymeriza-
tion process contains only two components—namely, insoluble highly cross-linked
polymer (gel) with limiting conversion and nonreacted initial oligo(esteracrylate).

Because this conclusion is of key importance for experimental substantiation of
the hypothesis implying growing polymer grains, the composition of sol fractions
was determined using the gel chromatographic method and then analyzed for non-
saturation. Indeed, the sol fraction was represented by a nonreacted oligomer. In the
case when C, # (C)jim during the entire polymerization process, sol fraction also
contains only an initial nonreacted oligomer [20]. This regularity is of general char-
acter, it is true for oligo(acrylates), which differ in terms of both functionality and
structure of oligomer block.

According to the model forecast, polymer grains should consist of highly
cross-linked glass-like cores with the limiting conversion degree (at a given temper-
ature) and peripheral surface layers (shell) with uncompleted network structure, i.e.,
reaction zones, in which polymerization actually proceeds. The auto-deceleration
at the final stages of TFRP is interpreted within the framework of the microhetero-
geneous mechanism as a result of reaction zones overlapping following the contact
and accretion of polymer grains (see Sect. 1.2.3). Indeed, during the polymerization
of oligo(acrylates) in solutions containing surfactant additives under the conditions
excluding aggregation of polymer grains because of overlapping of their peripheral
reaction zones, the authors managed to completely eliminate auto-deceleration of
polymerization (Fig. 1.7) [21]. Thus, surface reaction zones of polymer grains were
kinetically identified.

Information on relative size of reaction zones of polymer grains h/r (Fig. 1.8) was
obtained directly from kinetic characteristics of the oligo(acrylates) polymerization
process [22] based on values of :

'y:Cmax./Clim (1.5)

where C,,, = conversion corresponding to maximum polymerization rate; and
Cjim = limiting conversion that could be implemented under given conditions.
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Further, the reaction medium filled with polymer grains that are in contact is
approximated by a monodispersive set of spheres having radius r (see Fig. 1.8). In
terms of physical meaning, ¥ is a volume fraction of polymer grains in a reaction
medium at the moment of their contact. In the supposition on monodispersiveness
of spherical grains, the theoretical value of ¥ is equal to 0.64 or 0.72 for tetragonal
or hexagonal packing of grains, respectively, while

h/r=1-(y/%)'"? (1.6)

It follows from the data presented in Table 1.1 that the character of variation of
relative size of reaction zones (surface layers) of polymer grains 4/r is determined
by oligomer structure, initiator type, and polymerization temperature.

The correlation of yield of sol fraction and TFRP conversion of the type (Eq.(1.2))
enables us to suppose the following mechanism of polymer grains growth.
Throughout the entire duration of the polymerization process, i.e., from forma-
tion of polymer grains until their contact and accretion (taking the constancy of
their concentration in the reaction medium into account), the said process pro-
ceeds through buildup of new polymer layers over the periphery of the grains.
In this process, a radial gradient of conversion from (C,); at the internal side of
the peripheral layer facing the grain nucleus, with (Cy); = (Gi)iim to (Cq)p = 0
at the external side of the layer facing the interlayer of source oligomer with
zero degree of transformation (see Fig. 1.8), would obviously exist in the grow-
ing peripheral layer with still incomplete network structure (i.e., in the reaction
zone of the grain). The average conversion in the entire volume of grain Cg is
described by the following expression (taking the peripheral layer (shell) volume

W2 5F

W02,

Ml !

min 2
4+
3._

Fig. 1.7 Kinetics of tEGAMA

polymerization in solutions

with stabilizing additives:

1-3, 40% solution in 2
acetonitrile; 4-6, 30%

solution in heptane. Type and

concentration of additive, % 1 L 4
(by weight): 1, 6, without

additive; 2, colloxylin, 0.1; 3, //——/— 5
linoleic acid, 0.2; 4, = T~ 6 __

poly(isoprene), 0.4; 5, L L ! L
surfactants, 0.5 0 20 40 60 80 ¢ %
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a G ¢

Fig. 1.8 Formation stages (a—d) of microheterogeneous structure of cross-linked polymer in the
course of TFRP and schematic diagram of polymer grain (e) at stages (a) and (b) (e): (a) formation
of polymer grains; (b) growth of polymer grains; (¢) contact and accretion of polymer grains;
(d) microheterogeneous cross-linked polymer. /, polymer grains; 2, oligomer; 3, surface layer of
polymer grain (shell); 4, core of polymer grain; 5, zone of direct contact and accretion of polymer
grains

into account): B
Co = (Ciim.(1 =V1)+CV (1.7)

where C| and V| = average conversion in the surface layer and volume of surface
layer of the grain, respectively.

It is obvious that at the end of polymerization process (i.e., after the limiting
conversion has been reached), the very fact of polymerization cessation is equivalent
to the assertion that growing peripheral layers of grains ceased to exist and the value
of V| became zero. Consequently, at the end of polymerization the ratio of Eq. (1.7)
is transformed into that of Eq. (1.4). At earlier stages of polymerization, with V; > 0,
ratio (1.7) is true, from which it uniquely follows that Cg < (C)1im.

In the case when the constancy of Cy and Cy = (Ci)1im (see Fig. 1.6) is experi-
mentally observed, relationships (1.2) and (1.4) do not contradict one another only
on condition that V; =~ 0 not only at the end of the polymerization process, but also
throughout its entire duration. The physical meaning of this condition is as follows:
the buildup of polymer grains occurs in very thin peripheral layers practically only
at the very surface of grains when //r < 0.1 (see Table 1.1). When in the course of



12 1 Microheterogeneous Mechanism of Three-Dimensional Free-Radical Polymerization

Table 1.1 Values y and /i/r for polymerization of tEGdAMA and dMA-tEGPh

Oligomer Initiator Y hir Oligomer Initiator Y hir
concentration, concentration,
% (by weight) % (by weight)
Initiator AIBN, 60°C Initiator DCPD, 40°C
tEGAMA 0.010 043 0.12 tEGdMA 0.010 028 0.24
0.025 0.46  0.10 0.050 038 0.16
0.050 0.50 0.08 0.075 042 0.13
0.075 0.53  0.06 0.100 045 0.11
0.100 0.55 0.05
dMA-tEGPh  0.075 0.58 0.03 dMA-tEGPh  0.010 038 0.16
0.050 040 0.14
0.075 0.48  0.09
0.100 0.62 0.01

Note. Given values of h/r are found from Eq. (1.7) with % = 0.64 based on the assumption of more
probable tetragonal packing of grains [22].

polymerization Cg < (C;)1im and when only at the end of the process, conversion in
gel (Cy) reaches the limiting value, the buildup of polymer grains occurs in quite
voluminous surface layers of grains with i/r > 0.1 (see Table 1.1).

Thus, the data set obtained through the use of independent experimental methods
completely verifies the hypothesis of growing polymer grains, in the surface layers
of which the polymerization process is localized.

1.2.3 Accretion of Polymer Grains at the Final Stages
of Polymerization

According to the microheterogeneous model, at late stages of polymerization the
growing polymer grains come into contact, after which polymerization accretion
of discrete grains into a microheterogeneous polymer solid takes place. The mono-
lithization of polymer grains should be accompanied by an abrupt change of prop-
erties of the polymer being formed. Indeed, a reaction medium inevitably passes
through two states as the polymer grains grow. In the first state, while the size of the
grains is quite small, a reaction medium represents a state of dispersion, in which the
role of the dispersion phase is performed by solid highly cross-linked strong grains,
while the role of continuous dispersion medium is performed by liquid nonreacted
oligomer that is thickened by penetrating polymer chains (see Fig. 1.8a,b). The con-
tinuous phase should obviously have a level of strength that is close to zero level and
which is characteristic of moderately concentrated solutions of polymers. The level
of the properties of the polymer material on the whole in this state is preconditioned
by the properties of the continuous phase; therefore, the strength should be very low
whereas the permeability, in contrast, should be high.
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The second state of reaction medium is observed when in the course of polymer
grain growth their size is increased to such an extent that they come into contact
with one another and start to accrete into a single network structure as a result
of polymerization in the contact zones. The oligomer (which served earlier as a
continuous phase), separated by grain accretion zones into discrete micro-volumes,
becomes a dispersed phase. And, vice versa, polymer grains are transformed from
the dispersed phase into the continuous phase during accretion (see Fig. 1.8c). In
other words, a certain critical conversion C;, which could be regarded as a phase
inversion point, is reached in the course of polymerization. After C,, the presence
of a structural framework composed of accreted solid highly cross-linked grains
in the role of continuous phase should inevitably lead to a jump-like alteration of
properties of polymer material near C.;. The strength and elasticity modulus will
be dramatically increased in this case, while diffusion permeability, in contrast, will
be dramatically reduced; diffusion pathways, which ran over the continuous, easily
permeable phase (oligomer) when C < C, would be blocked by barely permeable
barriers when C > C,,.

The monolithization stage is a final stage of polymerization process, the existence
of which represents a direct consequence of the microheterogeneous mechanism of
TERP. It was first experimentally discovered as a result of studying the polymeriza-
tion of studying tEGAMA (trietheleneglycol dimethacrylate) oligomer under widely
varied conditions [23].

The degree of monolithization was evaluated by elasticity modulus of polymer in
compression (E¢omp) and by coefficient of diffusion (D) of a number of solvents in
the polymer. A quite narrow area of conversion near C¢; = 75%, within which dra-
matic, almost jump-like variation of cross-linked polymer material properties takes
place, is clearly seen in Fig. 1.9 and from data presented in Table 1.2: elasticity
modulus is increased almost 3.5 times (from 700 to 2,300 MPa), while the value
of the diffusion coefficient is decreased under the same conditions approximately
1,000 times.

The variation of polymerization conditions—initiation method (substantial and
irradiation), initiation rate, temperature, or introduction of inhibitors—does not
change the above-indicated character of dependency “properties,” i.e., conversion
(see also [24], pp. 69-71). It is believed that the described dependency is of univer-
sal character and should also be observed in the case of TFRP of polyunsaturated
compounds of other types.

It should be pointed out that the observed abrupt change of properties within a
narrow interval of conversions could not be explained by conventional gel forma-
tion because the gel point under selected conditions of tEGdMA polymerization
stays within the area of low conversion values (with C < 1%). An abrupt change
of properties is exactly a consequence of monolithization, i.e., accretion of polymer
grains. The light-scattering method also records the monolithization stage as a pe-
riod of sharp decline of light-scattering intensity R (see Fig. 1.3) and equally sharp
reduction of characteristic dimensions of scattering centers < a > (see Fig. 1.2).
Such changes of values of R and < a > are most probably preconditioned by changes
in the nature of scattering centers resulting from reaction medium transition from



14 1 Microheterogeneous Mechanism of Three-Dimensional Free-Radical Polymerization
(@) (b)
Ec_?mbl()f3, M Pa

lgD+11, cM2/g
B
Sh =

Yo

ooy
1L o

[e]

o

0 L—ooko 1 ! ! 0 1 1 | | L
30 40 50 60 70 80 C, % 30 40 50 60 70 80 C, %

Fig. 1.9 Dependency of elasticity modulus in case of compression Ecomp (a) and diffusion coef-
ficient of acetone D (b) upon conversion for tEGdMA polymerization. Polymerization conditions
are given in Table 1.2

Table 1.2 Elasticity modulus in compression Ecomp and diffusion coefficient of acetone D for
different conversion values C (polymerization of tEGdMA)

Conditions of polymerization C, % Ecomp, MPa D x 108,
cm? /s

50°C, 240 min 35.8 5.4 180
20°C, 150 min 38.8 10.0 112
60°C, 180 min 42.0 13.3 104
60°C, 240 min 53.3 50.3 74
100°C, 25 h 68.0 297.8 12
60°C, 61 h 75.0 564.0 -
60°C, 180 min+100°C, 24 h 71.8 928.0 -
60°C, 365 min+100°C, 24 h 77.0  1047.6 -
60°C, 180 min +°°Co, 1 Mrad during 5 h 80.2  1736.0 -
60°C, 180 min+100°C, 24 h + ®Co, 1 Mrad during 5h 793 1933.7 1.0
60°C, 61h+100°C, 24 h + %°Co, 1 Mrad during 5 h 80.4  2079.0 -
20°C, 150 days + %Co, 11.5 Mrad during 10 h 79.0 1679.2 -
20°C, 150 days + ®°Co, 20 Mrad during 100 h 81.4 22306 -

Note. Polymerization under conditions indicated in this table was conducted using initiator AIBN
([AIBN] = 2 x 1072 mol/1) and inhibitor 2,4,6-trinitrotolyol (TNT) ([TNT] = 5 x 10~2mol/1).

the state of dispersion of growing polymer grains in a liquid oligomer (Fig. 1.8a,b)
to the state at which such oligomer becomes the dispersion phase that is separated
into discrete, permanently reducing volumes by zones of polymer grain accretion
(see Fig. 1.8c,d).

In-depth study [25] enabled us to find that two chemically identical, but topo-
logically different, polymerization processes proceed at the monolithization stage:
one of them (characterized by low efficiency) is localized in wide intergrains layers,
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Fig. 1.10 Dependency of E .
.. . ‘comp
elasticity modulus in
compression Ecomp upon
conversion: /, without
inhibitor
(photopolymerization at
20°C); 2—4, without inhibitor
before conversion Cpye, and
later, with an inhibitor for
different methods of
postpolymerization; 2,
postpolymerization for 5 h at
90°C; 3, radiation
postpolymerization (dose 1
Mrad, dose rate 166 rad/s); 4,
postpolymerization by
photoirradiation at 20°C

103, MPa

whereas another (highly efficient) process proceeds in narrow zones of polymer
grain contact (see Fig. 1.8). In this case efficiency is understood as an increment of
the level of polymer properties that characterize monolithness; e.g., an increment
of elasticity modulus AE, as related to the increment of conversion AC (Fig. 1.10).
The physical meaning of normalizing AE/AC is an increment of properties level
per unit of conversion.

This fundamental topological feature was experimentally determined using the
selective (local) inhibition method.

Selective inhibition is based on the different sorption capacity of polymer micro-
volumes with respect to molecules of inhibitor that is introduced into a partly
formed polymer from the outside (these micro-volumes differ quite significantly in
the partly formed polymer in terms of degree of polymer network density) [26].
Selective inhibition was carried out in the following way. The dependency be-
tween elasticity modulus at compression E¢omp and conversion C was determined
using polymer samples that were prepared under standard conditions (i.e., at 20°C,
with photoinitiation in the absence of inhibitor). Curve Ecomp = f (C) with distinct
dramatic growth of value of Ecomp, corresponding to the monolithization stage (see
Fig. 1.10, curve 1), served as a reference pattern for identifying the local inhibi-
tion effect. Then, under the same standard conditions, samples of prepolymers with
different conversions Cyre and, hence, with different elasticity moduli at compres-
sion Eje, were prepared. These samples of prepolymers were saturated with vapors
of stable nitroxyl radicals of 2,2,6,6-tetramethyl-piperidin-1-oxil (TEMPO) , an effi-
cient inhibitor of radical polymerization, which, diffusing into oligo(acrylates) poly-
mers, is incapable of sorption into micro-volumes with quite highly cross-linked
polymer network [26]. Following the saturation, postpolymerization of samples was
carried out under the conditions of thermal, photo-, or radiation initiation until con-
versions C = Cp +AC and, hence, Ecomp = Epre +AE (curves 2—4 in Fig. 1.10 and
data in Table 1.3).
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Table 1.3 Variation of properties of noninhibited polymers tEGdAMA upon completion of post-
polymerization in the presence of inhibitor

Prepolymer Polymer upon completion of postpolymerization
Cpre, % Epe, MPa C, % Ecomp, MPa AC,% AE,MPa AE/AC, MPa/%
or AMPa per A%
Photopolymerization
535 50 53.7 50 0.2 - -
62.0 100 63.0 170 1.0 70 70
66.0 180 704 580 44 400 90
67.0 185 73.5 810 6.5 950 153
75.0 510 79.0 2300 4.0 1790 447
Radiation polymerization
54.0 80 54.1 60 0.1 - -
59.5 75 59.7 110 0.2 35 175
63.3 115 63.6 220 0.3 105 350
64.4 140 65.0 270 0.6 130 217
68.0 210 715 590 35 380 109
71.4 350 745 910 3.1 560 181
76.5 630 78.5 1560 2.0 930 465
Thermal polymerization
57.0 60 57.2 60 0.2 - -
64.6 150 65.4 180 0.8 30 37
66.0 170 67.2 250 1.2 80 67
69.0 200 743 580 53 320 60
75.0 530 78.1 1040 39 510 130
71.8 370 76.1 740 4.3 370 86
81.0 1180 84.5 2150 35 970 277

Note. For conditions of postpolymerization, see Fig. 1.10.

The comparison of curves Ecomp = f(C) (see Fig. 1.10) shows that starting
from a certain critical conversion C; ~ 60%, the elasticity modulus of samples ob-
tained in two stages (prepolymerization without inhibitor and postpolymerization
with inhibitor, curves 2—4) is always higher than that of reference samples obtained
without using an inhibitor (curve 1). It is indicative of significant structural differ-
ence between samples that have been subjected to inhibition, and these structural pe-
culiarities appear only during the postpolymerization process when the increment of
conversion AC is very small as compared to the initial value of Cp. (see Table 1.3).
Indeed, the main part of the polymerization process (i.e., before Cp,.) proceeds un-
der the same conditions for the samples being compared and, consequently, results
in the formation of identical structures. For instance, the maximum value of AC
during postpolymerization was 6.5%, which was observed for Cp,, = 67.0%. For
this sample, C = Cp,, + AC = 73.5%, and elasticity modulus is more than twofold
higher than that for the reference sample with similar conversion (curves / and 4 in
Fig. 1.10 with C = 73.5%). Effects of similar scale were obtained when comparing
Ecomp of any pairs of inhibited and noninhibited (reference) samples with values of
C being the same.



