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ABSTRACT: This work theoretically dealt with the effect of multifunctional initiators on the self-
condensing vinyl polymerization (SCVP) with nonequal molar ratio of stimulus to monomer (o). The
molecular size distribution function and other molecular parameters of the resulting hyperbranched polymers
were derived analytically. The feed ratio of stimulus to monomer significantly affects the molecular
parameters of the products. At the specified conversion of monomer (x), 99%, the number distribution
curve of the total species formed appears as a bimodal structure for the low stimulus-to-monomer ratio, and it
changes from bimodal to monomodal with increasing fraction of stimulus. When the polymerization is
completed, the polydispersity index of the product increases with increasing o value, which is opposite for the
polymerization without the core initiator. The higher the functionality of the core initiator (f), the lower the
polydispersity index. However, unlike the homo-SCVP with core initiator, the polydispersity index does not
always monotonously decrease with increasing fraction of core initiators (f). If § > +/a/f, then it increases
with increasing 3; otherwise, it decreases monotonously.

Introduction

Since Frechet and coworkers' ™ reported the self-condensing
vinyl polymerization (SCVP) in 1995, theoretical investigations
have been made systematically. Miiller, Yan, and coworkers*®
developed the kinetic theory for the SCVP in 1997 and derived the
analytical expressions of the molecular size distribution function
and other molecular parameters for the hyperbranched polymers
obtained. In addition, Miiller et al. ¢ suggested an approach to
narrow the molecular weight distribution, which can be con-
ducted in two ways: (i) the semibatch process: monomer mole-
cules were added so slowly to the additional multifunctional
initiator solution that they could react only with the core initiators
or the macromolecules formed already but not with each other
and (ii) the batch process: the additional multifunctional initiator
and monomer molecules were mixed instantaneously. The
authors gave the expressions of the molecular weight distribution
and its averages for the semibatch process and those of molecular
weight averages for the batch process. Then, the authors of this
work and Miiller’ reported the molecular weight distribution
function for the batch process. Using generating function,
Cheng et al.*? evaluated the influence of the trifunctional cores
with nonequal reactivities on various molecular parameters of
hyperbranched polymers. Monte Carlo simulation was also used
to treat SCVP in the presence of multifunctional initiator with
nonequal reaction rate constants.'®!" Miiller et al.'*'* presented
the technology of the self-condensing vinyl copolymerization
(SCVCP) to design the molecular structure and parameters.
Theoretical calculation shows that the average degree of branch-
ing strongly depends on the feed ratio of comonomers and the
relative reactivities of the monomer and inimer.'>"?

SCVP involves AB-type monomers. The A group is a double
bond, and B is a pendent group that can be transformed into an
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initiating center by an external stimulus. Therefore, the B group
becomes activated, and the AB monomer is transferred to an
AB* molecule, which had been coined as the “inimer”.* Chain
initiation is the addition of the active B* group to the double bond
of other inimers and residual monomers. If all AB monomers are
transferred to AB* inimers, then it is the homo-SCVP. If the mole
number of stimulus is less than the initial mole number of the
monomer, then there are both AB* inimers and AB monomers in
the reaction system at the beginning of the polymerization. The
activation reaction is usually assumed to be finished instanta-
neously. All aforementioned kinetic theories are confined to the
homo-SCVP. In the last year, we'* have reported the molecular
size distribution function and calculated various molecular para-
meters for the general model of SCVP with nonequal ratio of
stimulus to monomer. The self-condensing ring-opening poly-
merization of 3-ethyl-3-(hydroxymethyl)oxetane is another
example for this model. A series of hyperbranched poly[3-ethyl-
3-(hydroxymethyl)oxetane]s with various degrees of branching
have been ssynthesized by adjusting the feed ratio of catalyst to
monomer.'>”!? The experimental data showed that the molecular
structures and parameters of the hyperbranched polymers ob-
tained are indeed related to the feed ratio of catalyst to monomer.
In this work, we further investigate the kinetics of the general
SCVP in the presence of a small amount of multifunctional
initiator molecules, giving the expressions of molecular size
distribution function and various molecular parameters, which
may facilitate molecular design of the product and control of the
polymerization process.

Kinetic Analysis

The reaction mechanism can be described by Scheme 1 with a
trifunctional core initiator. The AB monomers are partially
transformed into AB* inimers by the stimulus. Let M, be the
initial concentration of AB monomers and a (<1) be the mole
ratio of stimulus to monomers. Usually, the active reaction
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finishes instantaneously. Therefore, at the beginning of polymer-
ization, the concentration of AB* inimers is oM, and that
of residual monomers is (1— o) M. To reduce the polydispersity
of the resulting hyperbranched polymer, a small amount of
multifunctional core initiator, B/* (frepresents the functionality,
i.e., the number of active B* groups in the initiator), is present in
the reaction system, and its concentration is denoted as S M,.

The double bond A can react with any active group (B* or A*),
and the A becomes active A* group after it reacts. The poly-
merization results in two types of species. One is those without
core initiator and the other includes a core initiator. Let
P;,, denote the concentration of the species consisting of 7 inimer
units and (7—n) monomer units without core and G;,, denote the
concentration of the species with a core and # inimer units and
(i—n) monomer units. If the core initiator is neglected, then the
degrees of polymerization of both P;, and G, are i. According to
the kinetic mechanism,*”'* there is exactly a double bond and
n active centers (A* + B¥) in every P;, species, and there are
n + factive centers in every G, species. The chemical equations
for the formation of species read P;; + P;—;,,—;— P;,,and P, ; +
Giein—— Gin

If the rate constants of the various active groups are assumed
to be identical and the intramolecular cyclization reactions are
excluded, then the kinetic differential equations for the evolution
of species with respect to time are
ds;,n =3 Z []PI,/ i—lyn—j +(l’l ])Pl —lyn 1Pl,/}

l<l,]<l

k|nP;, Z P ; + Piy Z JPj + Z (f +0)Gy,; =

1>0,j=! 1>0,j=/ 1>0,j=1

_anl,/lln]

l<1,/<l

k nPi,n Z P/,j +Pi,n Z jP/,] f+] Gl,]
1>0,j=/ 1>0,j=</ 1>0, =<1
G (1)
d”1_k Z f+n_])Ple1 —lyn—j
I<iyj=<l

(f + n)Gi,n Z Pl,j (2)
1>0,/=<l
where k represents the reactivity between a double bond and an
active site. In these two equations, the first term represents the
generation rate of the corresponding species and the second
negative term denotes the consumption.
The initial conditions of species read

Pl = aMo;  Prol,—g = (1=0)Mo; Ppi(I>1)],_g =0
GO»O‘r:O :ﬁMo; Gl,j(l> 0)‘[:0 =0 (3)
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The constraint conditions can be written as
> n(Piy +Gi) = aM, (4)
i>0,n=i
> (i=n)(Piw + Gi,) = (1-0)Mo (5)
i>0,n<i
> Giw =pM, (6)
i=0,n<i

Because every inimer, AB*, or monomer, AB, has a double bond,
A, the conversion of double bonds is defined as

M, - Zi>0 n<i Pim

= Ehd 7
that is, the total number of double bonds in the reaction system is
A=Y Py =Ml-x) (8)
i>0,n=<i

Differentiating both sides of eq 8 leads to

d4 dx
— =M, 9
de dr ©)
However, the consumption of the double bonds fits
d4 )

where the total concentration of active site, A* + B*, always
remains constant, Mo(a. + fB). Comparing eqs 9 and 10 leads to

dx
qr = kMyy(1 —x) (11)
with

y =a+fp (12)

By dividing eqs 1 and 2 by eq 11 and using the constraint
conditions (eqs 4—6), we can transfer the variable from the
time, ¢, to the double conversion, x, for the kinetic differential
equations.

dP,'n 1 n 1
— = PriPi—pn—j— = +7—|Piu
» 2Moy(1—X)IZjn LjLi~l,n—j (V+l—x) )
(13)
dGi,n
o g S 410

1,j

I, .
;(f +n)G;,, (14)

Molecular Size Distribution and Molecular Parameters
Solving eqgs 13 and 14 yields

ni—l

P = My e (1= (=) e (13
- i—1
6= Mo (1o e (1)

Equations 15 and 16 are just the molecular size distribution
function of the species formed from the general SCVP in the
presence of multifunctional initiators. If § = 0, then eq 15
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degenerates into the size distribution function reported for
general SCVP,'* and if o = 0, then these two expressions can
be reduced to that for homo-SCVP in the presence of multi-
functional core initiators.” If both o and f3 are zero, then eq 15
degenerates into the size distribution function for homo-SCVP
without core initiators.” The various molecular parameters can be
obtained from these two expressions. Equations 6 and 8 are the
respective zeroth moments of P;, and G;, distributions; that is,
/«‘(1)) = Zizop<i Pin = Mo(1 — x) and //t((); = Zison=i Gin = fM,.
The first and second moments can be derived as

1—x
P ,
uy = iPiy =My——F+ (17)
i>%n:si I—ax/y
W= 2 =M - (1)
i>0, n<i (y —ax)
G . SBx
ul = iGi,n = My (19)
i>§n:§i Yo
MzG = Z izGi,n
i>0,n=<0

Y2+ fyx—fox® + a(l —a)x?
(y —owr)’

For the sake of simplicity, the core initiators can be neglected
when we investigate the molecular size and average molecular
weight because it is only a small fraction. Then, the normalized
number-, weight-, and z-distribution of the molecular size can be
defined as

= Mfpx (20)

N(i) = enziPin +Gin)
ZizO,nsi(Pi,” + Gi,")

1 x(1—a)\’ y(1—=x)n~!
1—x +ﬁ( y >Z[ X *

n<i

Y +n)"_le‘fk/y}m<&e*/v>” (21)

W(l) — Znsi i(Pia” + Gf,”) _
Zi>0,nsi i(Pi,'l + Gi’ ”)

(525

n<i

1— i—1
y(1—x)n L
X

B+ n)”e_”/y} i (e ™) @

Znsi iz(Pia n + Gi,”)

Z(i) = ,
( ) Zi>0,n§i lz(PiJl + Gi,n)

(23)

Figure 1 shows the number distribution of the products,
with x = 0.99, f = 0.01, and o = 0.1 at the specified values of
f = 0,1, 2, and 5, respectively. A particular feature is that
the distribution curve has a bimodal when f > 1. It should
contribute to the fact that the products consist of two clusters.
One is the group of P;, species and the other is that of G; , species.
Figure 2 is a typical example of the number distributions
of these two types of species in which the low molecular
weight distribution comes from the P;, species and the high

Macromolecules, Vol. 42, No. 12, 2009 4049

10
8 x=0.99 N \ —— /=0
a=0.1 B \ ----f=1
p=0.01 ! AL =2
6 1 I' L =5
) 1 ‘\ LN
Z RN A
= 4 ~ ) ‘\ l! \
4 i
2’ / \AI \!: \\
1000

Figure 1. Number distributions of the hyperbranched polymers formed
from general SCVP in the presence of multifunctional cores with
x = 0.99, 5 = 0.01 and oo = 0.1 at the specified values of /: 0 (—),
1(—=),2(-++),and 5(—-—).
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Figure 2. Typical number distributions of the hyperbranched polymers
formed from general SCVP in the presence of multifunctional cores with
x =0.99,8 = 0.01,and o = 0.1 at the specified values of f = 3. Np: the
distribution of P;, species; Ng: the distribution of G;, species.

molecular weight distribution comes from the G, species. In
consequence, it results in the total dimodal distribution curve.
When f = 1, there is a major overlap of the two distributions,
which composes a monomodal for the total distribution curve.
The large value of f favors the formation of G;,, species. There-
fore, with the increase in f, the peak of the P;, species drifts
toward the left (low degree of polymerization), and the other
drifts toward the right. The higher the value of f, the larger the
space between the two peaks.

Shown in Figure 3 are the total z-distribution curves under the
same parameter conditions as those used in Figure 1. Every
z-distribution curve has only a monomodal regardless of the
values of f. It is evident from Figure 3 that the larger the
functionality of the core, the narrower the molecular weight
distribution, which is in agreement with that of homo-SCVP’ and
AB, type polycondensation®"** in the presence of a multifunc-
tional initiator. For the general SCVP without core initiators,
that is, / = 0, the molecular size distribution is extremely broad,
and the z-distribution curve presses close to the abscissa on the
present scale of Figure 3.

With the increase in a values, the fraction of inimers
increases, and the probability of forming G; , species decreases.
The typical number distribution curves, with x = 0.99, f =
0.01, and f = 3 at the specified values a. = 0.5 and 1, are given
in Figures 4 and 5, respectively. The dashed lines (Np) denote
the number distribution of P;, species, and the dotted lines
(Ng) represent the distribution of G, species. The solid lines
(N) represent the total distribution of products. The respective
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Figure 3. z-Distributions of the hyperbranched polymers formed from

general SCVP in the presence of multifunctional cores under the
identical conditions in Figure 1.
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Figure 4. Number distributions of the hyperbranched polymers formed
from general SCVP in the presence of multifunctional cores with x =
0.99, 5 = 0.01, f = 3,and a = 0.5. Np: the distribution of P;, species;
Ng: the distribution of G;,, species; N: the total distribution of products.
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Figure 5. Number distributions of the hyperbranched polymers formed
from general SCVP in the presence of multifunctional cores with x =
0.99,8 = 0.01,/ = 3,and o = 1.0. Np: the distribution of P;, species;
Ng: the distribution of G;,, species; N: the total distribution of products.

peak of P;,, and G, , species still appears at oo = 0.5, but there is
no dimodal for the total distribution. There is even no peak for
the respective distribution curve at a = 1. Therefore, it can be
known that the total number distribution changes from dimo-
dal to monomodal by increasing the fraction of stimulus, that
is, a values, and there is no peak at a high value of a.. Shown in
Figure 6 is the z-distribution curves at f = 3, x = 0.99,
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Figure 6. z-Distributions of the hyperbranched polymers formed from
general SCVP in the presence of multifunctional cores with x = 0.99,
B = 0.01, and f = 3 at the specified values of o: 0.1, 0.2, 0.5, and 1.0.

p = 0.01, and the several a values margined. The lower the
o value, the narrower the molecular weight distribution.

The molecular weight of P;, species with n inimers and
(i—n) monomers is [nw; + (i — n)wy] and that of G, species
is [nwr + (i — n)wm + wgl, where wy, wy, and wg denotes the
mass of inimer, monomer, and core initiator, respectively.
Therefore, the kth molecular weight distribution (MWD)
moment is

e = X+ G- Pt

iyn

Z[nwl + (i—m)wym + WG]kGi,n (24)

iyn

The number- and weight-average molecular weights of the
products formed are defined as M, = u/up and My, = uoju,,
that is

> almwn 4 (i =m)wu](Pin + Gion) +wG D, Gign
2i,n(Piyn + Giyn)

’

M, =

(25)

D + (z'*n)nf'M]zP,-’,z + 2w+ (f=m)ww + wc,]2G,-,,,
Sl + ([ =n)wml(Pin + Gion) +w6 2, Gign
(26)

i, =

As a matter of fact, the inimer was formed by activating
monomer, and they have same mass. Furthermore, the mole-
cular weight of the hyperbranched polymers always remains
large when the reaction approaches completion, and the mass
of the core initiator may be negligible. The average mole-
cular weight can be substituted by the average degree of poly-
merization.

o Zi,n i(Pf,ﬂ + Gi,n) . 1
! Zi,n(Pi,'l +Gin) 1—x+4p

(27)

P— _ Zi,n iz(Pi,” + ny") o
" Zi,n l-(Pfan + Gi:”>

{7’ —x(’ —fBy) + X (a—a® +£7B) -

1
v(1-ax/y)
afl = +fB( =1 + o)y} (28)
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The polydispersity index of the products reads
Pl = P, /P, =

1-x +p
ey T B 40 ) -
Kafl —a +fA(f—1 +a)/y]} (29)
If the residual monomers, inimers, and core initiators are

excluded, then the revised number- and weight-average degrees
of polymerization and the polydispersity index read

—r =1 =o)(1=x) =01 —x)e /" —pe
T L=y (1 —a) (1 —x) —a(l —x)e /7 —Be Iy

(30)

51 _Ha/Mo—(1—a)(1 —x) —a(l —x)e ™" —pe M
YT =1 —a)(1—x) —a(l —x)e /7 —fe F/r )
PT —;W,, (32)

n

Shown in Figure 7 is the evolution of the number-average
degree of polymerization. The solid line denotes the total average
degree of polymerization calculated from eq 27, which is inde-
pendent of fand a, and the dashed line is the average degree of
polymerization of G, , species for the specified a values, 0.01, 0.5,
and 1.0, respectively, calculated according to G, = u{/u§. For
the low value of a, the average degree of polymerization of
P;, species is very small. At any specified x, the lower the o, the
larger the average degree of polymerization of G;, species
formed. At the end of the reaction (x = 1.0), the P;, species
disappears, and the total average degree of polymerization
reaches 1/f regardless of the o values. Similar to the homo-SCVP
in the presence of multifunctional initiators, the polydispersity
index of the products initially increases with increasing reaction
extent of A groups and decreases after a maximum. Here,
however, the location of the maximum of the polydispersity
index depends on the value of o.. The lower the value of o, the
earlier the maximum appears, as shown in Figure 8.

At the end of reaction, the polydispersity index reads

1
1*B
The pictorial relationship of eq 33 is shown in Figure 9. The

polydispersity index increases linearly with the increase in o at the
specified f/ and f, and the slope decreases with increasing
functionality of core initiator. The polydispersity index always
decreases with increasing f. As for the dependence of the poly-
dispersity index on f3, it can be known from the equation that it
decreases with increasing fraction of core initiator if 8 < /a/f.
Otherwise, it increases monotonously. The number-average
degree of polymerization remains constant at the specified x.
Therefore, the corresponding relationship of the weight-average
degree of polymerization can be understood from eq 33 and
Figure 9 as well.

PI (2B + Do +£7B(1 + )] (33)

Conclusions and Discussion

For the general SCVP in the presence of multifunctional core
initiators, the feed ratio of stimulus to monomer considerably
affects the molecular weight distribution and molecular para-
meters for the resulting hyperbranched polymers. For a low ratio
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Figure 7. Evolution of the number-average degree of polymerization
with /= 3 and f = 0.01. Solid line: the number-average degree of
polymerization of total products; dashed lines: the number- average
degree of polymerization of the G;,, species with oo = 0.01, 0.5, and 1.0,
respectively.

Figure 8. Dependence of polydispersity on x with/'= 3and 5 = 0.01 at
the values of a. = 0.01, 0.1, 0.5, and 1.0, respectively.
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Figure 9. Dependence of polydispersity on the ratio of stimulus-to-
monomer at x = 1, # = 0.01, and the several specified values of /.

of stimulus/monomer, the number distribution curve of the total
product has a dimodal structure. The peak in low molecular
weight distribution belongs to the species without the core
initiator (P;,), and the peak in high molecular weigh distribution
belongs to the G;, species. The space between the two peaks
increases with the increase in the functionality of core, f. The total
number distribution changes from dimodal to monomodal with
increasing fraction of stimulus, and there is no peak at a high
value of a. For the ultimate products, the polydispersity index
increases with increasing o value. It can be understood that the
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large fraction of inimers results in a high probability of forming
the P;, species, which enhances the polydispersity index. Oppo-
sitely, the polydispersity decreases with increasing o for the
general SCVP without core initiator."* For the homo-SCVP with
core initiator, the polydispersity index of the product always
decreases with increasing fraction of core initiator.” However, it
depends on both the fraction of stimulus (o) and that of core
initiator (f) for the polymerization model in this work. It can be
known from eq 33 that the polydispersity index decreases
with increasing 8 on the condition that f < y/a/f: otherwise, it
increases monotonously.

Experiment'”** and Monte Carlo simulation'®!'" have con-
firmed the theoretical prediction that the polydispersity index is
slightly low when a core molecule was used in the polymerization.
However there is very little experimental detail of the molecular
weight distribution in the literature. In the synthesis of hyper-
branched phenylacetylene polymers by 3,5-diiodophenylacety-
lene (AB, monomer) in the presence of multifunctional core,
monomodal molecular weight distributions were observed at low
monomer/core ratios. As this ratio increases, a bimodal mole-
cular weight distribution was observed, which consists of a sharp
peak at high molecular weight and a broad tail at low molecular
weight.* It is thought that the low molecular weight distribution
comes from the self-polymerization of added AB, monomer. The
calculated number distributions in this work are in good agree-
ment with their experimental results.

The theoretical treatment in this work is limited to the
assumption that the reactivities of A* and B* functional groups
are identical and the intramolecular cyclization is absent. Taking
into account the effect of nonequal reactivities, some investiga-
tions have been reported for the SCVP;*>?® however, further
endeavor is needed still to interpret the results fully.
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