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ABSTRACT: The molecular weight distribution (MWD) is derived for polymers generated by self-
condensing vinyl polymerization (SCVP) of a monomer having a vinyl and an initiator group (“inimer”)
in the presence of a multifunctional initiator. If the monomer is added slowly to the initiator solution
(semi-batch process), this leads to hyperbranched polymers with a multifunctional core. If monomer and
initiator are mixed simultaneously (batch process), even at vinyl group conversions as high as 99%, the
total MWD consists of polymers which have grown via reactions between inimer molecules (i.e., the normal
SCVP process) and those which have reacted with the initiator. Consequently, the weight distribution,
w(M), is bimodal. However, the z-distribution, z(M), equivalent to the “GPC distribution”, w(log M) vs

log M, is unimodal.

Introduction

Recently, Fréchet and co-workers'—2 reported on a
new method for the synthesis of hyperbranched poly-
mers based on vinyl monomers and called it “self-
condensing vinyl polymerization” (SCVP). This process
involves a monomer consisting of a double bond and an
active site capable of chain initiation. We proposed the
term “inimer” for this kind of monomer.#® Various living
polymerization techniques have been applied to this
process: cationic polymerization,’-2 nitroxide-mediated
radical polymerization,® atom transfer radical poly-
merization,®” and group transfer polymerization.8° A
characteristic feature of each macromolecule formed by
SCVP is that it possesses exactly one vinyl group and
Pn active sites which may be functionalized in various
ways. Our theoretical studies* showed that the hyper-
branched polymers generated from an SCVP possess a
very wide molecular weight distribution (MWD) (poly-
dispersity index My/Mp ~ Py, where Py is the number-
average degree of polymerization), similar to that
obtained in the polycondensation of AB, monomers
(Mw/Mp ~ P,/2).10 Although the experimental determi-
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nation of MWDs of branched polymers is not trivial,
GPC measurements using a viscosity detector qualita-
tively confirm the very broad distributions.®

Mduller and co-workers!! suggested a process to pro-
duce hyperbranched polymers with more narrow mo-
lecular weight distribution by adding a small amount
of an f-functional initiator, Gy, to the reaction system.
This process can be conducted in two ways. (i) Monomer
molecules can be added so slowly to the initiator solution
that they can only react with the initiator molecules or
to the already formed macromolecules, but not with each
other (semi-batch process). Thus, each macromolecule
generated in such a process will contain one initiator
core but no vinyl group. The authors derived expressions
of the MWD and its averages and showed that the
polydispersity index is quite low and decreases with f:
Mw/Mp =~ 1 4+ 1/f. The derived MWD is identical to that
for the polycondensation of an AB, monomer in presence
of an A core-forming molecule. (ii) Alternatively, initia-
tor and monomer molecules can be mixed instanta-
neously (batch process). Here, the normal SCVP process
and the process shown above compete and both kinds
of macromolecules will be formed. For this process, only
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the equations for the molecular weight averages were
derived and it was shown that the polydispersity index
also decreases with f, but is higher than for the semi-
batch process, Myw/Mp =~ P,/f2. In this publication we will
derive and discuss the MWD function generated by this
process. The expressions of the MWD and its averages
for the star-branched polycondensation of AB mono-
mers2 and of the hyperbranched polycondensation of
AB, monomers!3 in the presence of multifunctional core
molecules were recently published by Yan and co-
workers.

Kinetic Differential Equations. An inimer can be
symbolized as AB*, in which the initiating center, B*,
can initiate the polymerization of double bonds, A, of
other inimer molecules forming new propagating A*
centers. In the typical SCVP process, these can undergo
further reactions with A groups of inimer or polymer.

If a small amount of the multifunctional initiator, Gy,
is mixed with AB* monomers, two different reactions
can take place which will lead to macromolecules
without and with residual core moiety. Inimer molecules
can react with each other or with macromolecules
formed by consecutive reactions of the products (SCVP
process):

PO+ PO PO Kk =(i+j)k

Here, PEO) denotes a molecule with i active centers
(B* and A*) and one vinyl group, and P(10) = M is the
monomer. These species (including monomer) at some
time can react with the f-functional initiator, G¢, or with
one of the unreacted functions of the core:

G+ POPD =tk

PO+ PO Spld k= (f i)k 1=1,2,.,f

Here, P§') are species with f + i active centers carrying
an initiator fragment but no vinyl group, and | is the
number of reacted initiator sites. There are i + | reactive
sites in the | “sectors” of a P{" species, and f — |
remaining active groups of the initiator. In each of the
second kind of reactions, the initiator loses one of its
active sites and gains one new sector, until | = f.

In accordance with the nomenclature in the previous
paper by Miuller et al.,'! the total concentration of
polymers with i + f active centers which carry an
initiator fragment is

f
Gpyi = ZPEI)

As in our previous derivations we will assume that
the reactivities of A* and B* centers are equal, that the
intrinsic rate constant, k, does not depend on i, and that
intramolecular cyclization reactions in P{*) species can
be neglected. Now we can write the Kinetic differential
equations for this process.
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The initial conditions of eqs 1—4 are
Gilizo = G7
PEO)|t=O = 0;,M,
Pl =0
where G and My are the initial concentrations of the
f-functional initiator and the monomer, respectively; i1

is the Kronecker symbol. The conservation conditions
are

f o
Git Y P =Gy (5)
=11=

) f o
ZiP§°> + Z iP{) =M, (6)
1= =1i1=

Because every molecule of P carries one double
bond, the conversion of double bonds is defined by:

x = (Mg — ipﬁ‘”)/wlo (7)

Then,

0

ZP§°’ = My(L = %) (8)

Differentiation of both sides of eq 8 leads to
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= . dx (9)
dt °dt
From eq 2 we have
d$ PO
£ i MOZ

= —k—/(1 —x) (10)

dt a

where

o= 1/(1 + fr) and r = G{/M, (11)

Note that in the paper by Muller et al.!! a somewhat
different parameter was used, i.e., y = Mo/(fG?). Thus,
r = 1/(fy) and o = y/(y+1).

Comparison of eq 9 with eq 10 results in

dx _ Mo
a—ka(l X) (12)

Dividing egs 1—4 by eq 12, we obtain

dG, o
G = foGy (13)
dP-(O) 1 i(l i—1
— = —(ia + )PEO) b ZPJ-(O) PO,
dx 1—-x 2My(1 —x) £ (14)
14
dpP® _ ) -
— =—o(i + HP® + {fG? P +
dx ol —x)
i—1
Z(j +1)PP PO} (15)
J:
dp{’

— =—o(i + HPY +
dx

a i—-1
——{(f—1+12) z P~ PO +
My(1 — x) =1

i—1
Z(j + )PV P, 1=2,3, ... f (16)
A

The initial conditions for x = 0 are the same as above
for t = 0. After making this variable transformation,
we can solve the set of Kinetic differential equations
exactly.

MWD. The residual concentration of the multifunc-
tional initiator can be easily derived from eq 13:

G; = Gle ™ (17)

Solving eqs 14—16, we can find the molecular size
distribution function of various hyperbranched species:
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The derivation procedures of eqs 18—20 are given in
Appendices 1-3.

The MWD function of the total resulting hyper-
branched polymer reads:

f
P, = Z}P@ (21)

It is of interest to calculate the moments of the MWDs
of the different species. The zeroth moment of species

PO (without initiator fragment) was expressed by eq 8

[«

u) = ZP?’) = My(1 = x) (8)

Furthermore, we can derive, respectively, the first and
the second moments of P{%:

1 —
© _ < ipO) —
=>)IP;’'=M 22
;“1 Z i 01 — ax ( )
©) 25(0) _ 1-x
My~ = Z' P = M0—3 (23)
T (1 — ax)

The derivation of egs 22 and 23 is given in Appendix
4. Using these moments, we can calculate the average
degrees of polymerization:

PR = 1’ = 1/(1 — ox)
PR = ud Il = 1/(1 — ox?
POPO =1/(1 — ax) =P,

Because typically r << 1 and thus a ~ 1, the MWD
of the species without initiator is practically identical
to that obtained in the SCVP process without initiator.
Note that these averages still contain unreacted mono-
mer. If this should be excluded, P must be subtracted
from the moments. Pf can be obtained from eq 18 by
setting i = 1.

Let us calculate the moments for the polymers with
initiator fragment. From the conservation conditions we
have

wo? = 3PP =Gl — e (24)
N

Here and hereafter the double summation Y,;; means
SI_, 5%, Further treatment gives
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Appendix 5 shows the derivation of eqs 25 and 26.
Using these moments, we can calculate the average
degrees of polymerization:

PO = 491, etc.
Here, residual initiator may be accounted for by

subtracting G from the moments. Consequently, various
moments of the total products read

o=y Pi=ug’ +ui’ =Mg(l —x) + Gi(1 — &)
' @27)
U = Zipi = ,“(10) + ﬂ(lG) =M, (6)
1
—{Mo(1 —x) +

1 - ox)®
Gy fax[1 + fox — f(ax)*]} (28)

up ="y Py =y +uf =
1

Finally, we get the expressions of the number- and
the weight-average degrees of polymerization:

— 1
P = 29
" l-x+r@-e ™ 29)
— 1-—x rfax 2
P, = + [1 + fax — f(ax)?] (30)
L R R S

The molecular weight averages and the polydispersity
index were discussed in a previous paper!! in detail.
However, we should stress again that—in contrast to
normal SCVP—the number-average degree of polymer-
ization cannot go to infinity, but reaches a limiting value
of 1/r = Mo/G? at x = 1.

Numerical Results and Discussion of Distribu-
tion Curves. We are usually interested in the observa-
tion of the weight- and the z-distribution curves of a
polymer. The normalized weight- and z-distribution of
various hyperbranched species with different number
of sectors and the total products are respectively defined

by
W(i,1) = iP/ S iP, (32)

=)

z(il) =PV S i?p, (33)

wherel =0, 1, 2, ..., f, and

W(i) = iPy/ S iP, (34)

Z(iy =i*Py/ S i’P, (35)
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Figure 1. Weight distribution curves of hyperbranched
polymers formed by self-condensing vinyl polymerization
without and with various multifunctional initiators. Initiator/

monomer ratio r = G?/Mo = 0.01; vinyl group conversion, X =
0.99; the numbers denote the initiator functionality, f. f = 0:
no initiator added.
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Figure 2. z-distribution (GPC distribution) curves of hyper-
branched polymers shown in Figure 1.

It can be shown that the z-distribution is identical to
that obtained from GPC eluograms, z(i) = w(log i). We
can calculate the weight- and the z-distributions in
terms of eqs 32—35. The weight- and the z-distribution
curves of resulting hyperbranched polymers without and
with various core moieties are given in Figures 1 and 2
for an initiator/monomer ratio r = GY/My = 0.01 and
99% vinyl group conversion. For f = 0 (absence of
initiator), and for f = 1 or 2, the weight distribution
monotonically decreases with increasing molecular size,
but bimodal distributions can be observed if f > 3. On
the other hand, every z-distribution curve in Figure 2
has only one peak regardless of the value of f.

Figure 3a—d show the evolution of the z-distribution
curves of various species with different numbers of
sectors as well as the total products obtained in the
presence of a trifunctional core moiety at various
conversions. Because the amount of the multifunctional
initiator is much smaller than that of the monomer, the
macromolecules without core are predominant even at
x = 0.95, and there is still a certain amount of these
species in the reaction system when x = 0.999, which
totally disappears at the completion of the reaction, i.e.,
x = 1. As a consequence, the bimodality of the weight
distribution decreases with increasing conversion. The
evolution plots of various species given in this work are
somewhat different from those reported for the hyper-
branched species formed in the polycondensation of AB;
type monomer with a multifunctional core moiety.13
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Figure 3. Evolution of z-distribution curves of various hy-
perbranched species and total products during self-condensing
vinyl polymerization processes in the presence of a trifunc-
tional initiator, f=3;0: 1 =0;1: 1 =1;2: 1 =2;3: | =3;
thick curve: total products. Vinyl group conversions: (a) x =
0.95, (b) x = 0.99, (c) x = 0.999, (d) x = 1.
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Figure 4. Evolution of the weight distribution of the total
hyperbranched polymer formed in the self-condensing vinyl

polymerization with a decafunctional initiator (f = 10); r =
0.01.
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Figure 5. Evolution of the z-distribution of the hyperbranched
polymer shown in Figure 4.

The evolution of the weight- and the z-distribution
curves of the total resultant polymer during the self-
condensing vinyl polymerization in the presence of the
core moiety with f =10 is given in Figures 4 and 5. The
weight distributions in Figure 4 become less bimodal
with increasing conversion, and the first peak only
disappears at x = 1. In contrast, all z-distributions in
Figure 5 are unimodal.
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