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Stochastic Simulation of Controlled Radical Polymerization Forming
Dendritic Hyperbranched Polymers

Masatoshi Tosaka,* Hinako Takeuchi, Masato Kibune, Tianxiang Tong, Nanyi Zhu, and

Shigeru Yamago*

Abstract: Stochastic simulation of the formation process
of hyperbranched polymers (HBPs) based on the
reversible deactivation radical polymerization (RDRP)
using a branch-inducing monomer, evolmer, has been
carried out. The simulation program successfully repro-
duced the change of dispersities (Ds) during the
polymerization process. Furthermore, the simulation
suggested that the observed Ps (=1.5-2) are due to the
distribution of the number of branches instead of
undesired side reactions, and that the branch structures
are well controlled. In addition, the analysis of the
polymer structure reveals that the majority of HBPs
have structures close to the ideal one. The simulation
also suggested the slight dependence of branch density
on molecular weight, which was experimentally con-
firmed by synthesizing HBPs with an evolmer having

phenyl group.
N /

Introduction

Highly branched polymers have attracted great deals of
attention because of their unique physical properties, such
as smaller hydrodynamic radius and lower intrinsic viscosity
than linear counterparts. Highly branched polymers are also
unique in that they have multiple chain ends that can be
functionalized."™ To expand the use of highly branched
polymers as new materials, their structural control, i.e., the
control of molecular weight and branching structure, as well
as their efficient production, are important. However,
conventional synthetic methods of highly branched polymers
can hardly meet these requirements.!*!

Dendrimers and dendrons are the most structurally
controlled highly branched polymers synthesized by stepwise
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coupling reaction of AC, monomer (A and C refer to two
functional groups and 2 represents the number of C groups;
the C group does not react with the A group but reacts with
the A group after being converted to the B group which
reacts with the A group). Due to this stepwise character, the
resulting dendrimers and dendrons have defined branch
structure and both dispersity and a degree of branching (=
D/(2D+L) where D and L are the fractions of dendritic and
linear monomers, respectively!”) being 1.0 (Figures 1a and
b).**1! However, this character also makes it difficult to
obtain sufficient quantities of dendrimer samples. In addi-
tion, access to dendrimers with very high branching
numbers, so-called generation, has been limited because of
the congestion of the reaction sites. Thus, the dendrimers
and dendrons synthesized so far are usually less than the 4"
generation having 124 branching points. The limit of the
generation has been partly overcome by using stepwise
anionic polymerization-addition reactions. For example,
Hirao reported the synthesis of the 7™ generation of
dendritic poly(methyl methacrylate)s (PMMAs) having up
to 508 branching numbers with a low D of <1.02. However,
the synthesis of this dendritic PMMA required 21 steps./®'?

Hyperbranched polymers (HBPs, Figure 1c) are another
class of highly branched polymers. They are typically
synthesized in one step using polycondensation of AB,
monomer (A and B refer to two functional groups reacting
with each other and x represents the number of B groups)
and self-condensing vinyl (co)polymerization [SCV(C)P]
using AB* monomer (A and B* refer to alkene and
initiating groups, respectively).[*>1 Despite the simple
synthetic operation, however, the structure control in HBP
synthesis is usually very limited, with the degree of
branching less than 1 and high # (£ >4). It should be noted

(c)

Dendron HBP

Dendrimer

Figure 1. Schematic structures of representative highly branched poly-
mers, a) dendrimer, b) dendron, and c) hyperbranched polymer (HBP).
The structures of dendrimer and dendron correspond to the 4™
generation are shown.
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that the SCV(C)P under cationic and radical polymerization
conditions is a controlled polymerization condition that is
effective in controlling the structure of linear polymers.
However, these methods are inefficient for structural control
in HBP synthesis. Some control over the HBP structure was
achieved by using special polymerization conditions, such as
stopping the polymerization at low monomer conversion,
slow monomer addition,'® or the use of monomer confine-
ment under microemulsion polymerization conditions.!”
Recently, Yokozawa"®! and Gao™?! reported the con-
trolled synthesis of HBPs by condensation polymerization
using specially designed AB, monomer with defined reac-
tion conditions. However, no general method has been
realized so far.

In view of this problem, we have developed a novel
method for the one-step synthesis of HBPs with a controlled
branch structure by radical polymerization (Figure 2).>2
This method is based on organotellurium-mediated radical
polymerization (TERP),”"*! a type of controlled radical
polymerization also called reversible deactivation radical
polymerization (RDRP) using organotellurium chain trans-
fer agent (CTA) 1. The addition of vinyl telluride 2 induces
the branching. The role of 2 is somewhat similar to the AB*
monomer used in SCV(C)P, which is also called an inimer
because it serves as an initiator and monomer simultane-
ously. However, 2 has a distinct difference from the inimer
because 2 serves as the initiator only after the monomer part

a) COR  COR'

CO,Et R COR' AIBN COzEt| R TeMe
%\ + }\ + ) _— = x1n
TeMe TeMe benzene x | TeMe
. 3 n

1(e) azR( 'N)1 () 60°C COZR'
H = Me
b: R = (CH,),Ph
. COLR'
' CO,R 2
COzEpoﬁR TeMe COEt| R TeMe
—
x TeMe X TeMe
4 5

b) X X X 0
. «zi 3, &
Lo La YESB g

x X X = TeMe
generation 2 3 4 5 6
G)

2 2a 2a 2a 2b 2b 2b
[MA]p/[2]o/[1]o 500/3/1  500/15/1  500/63/1 960/7/1 1984/15/1  4032/31/1
generation (G) 2 4 6 3 4 5

M, (theo) x10* 4.12 3.96 3.46 7.78 15.93 32.18
M,(SEC) x10™ 4.21 2.56 0.98 4.85 9.42 17.28
Mp(MALS) x10% 5.37 5.73 5.39 8.29 17.14 37.84
) 1.55 1.71 1.99 1.88 1.97 2.09

Figure 2. One-step synthesis of structurally controlled HBPs by TERP
using evolmer 2. a) Reaction Scheme and b) schematic structure of the
obtained HBPs and summary of polymerization results, in which the
ones using 2a have been reported in our previous work,”? while the
others using 2b were newly synthesized for the current work. MA
denotes methyl acrylate. © was calculated based on the signals of the
refractive index detector. M,,(MALS) was obtained by dividing M,,-
(MALS) by D, in which M,,(MALS refers to the weight-average
molecular weight determined by MALS.
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has reacted giving 4. Then, stepwise activation of the two
tellurium groups in 4 leads to the formation of dendritic
HBP 3 through 5. The branch efficiency was determined to
be 1 by the isotope labeling experiments; therefore, the
number of chain-ends could also be controlled. Hereafter,
we call this comonomer an evolmer because 2 “evolves” its
role as a monomer to that of an initiator by alternating the
reactivity of the C—Te bond and enabling structural control
in HBP synthesis.

One of the most striking features of this method is the
possible control of the dendritic generation (G) by changing
the ratio of 1 and 2 (Figure 2b). Indeed, our previous
experimental results showed that the number-averaged
molecular weight determined by size exclusion chromatog-
raphy (SEC, M, sgc)) became smaller as the increase of the
[2]¢/[1], ratio. In contrast, the absolute molecular weights
determined by multi-angle laser light scattering (MALS,
M,naLs)) were very close to those of theoretical values
(M,neoy)) (see the table in Figure 2b). The results are
consistent with the fact that the hydrodynamic volumes of
polymers decrease with increased branching. However, the
Ds of the resulting HBPs were usually between 1.5 and 2.
These values were significantly improved from the conven-
tional HBP synthesis by radical polymerization using SCV-
(C)P. However, they were still higher than those usually
observed for the synthesis of linear polymer using RDRP.
Also, the Ds were significantly higher than the dendritic
PMMA synthesized by the anionic polymerization/coupling
reaction.™®

The same strategy for the structure control of HBPs
based on atom transfer radical polymerization (ATRP) and
reversible addition-fragmentation-chain transfer (RAFT)
conditions was also reported by Zhong®! and Chen,® in
which  a-bromoacrylate and 1-bromo-1-trifluorometh-
ylethene were used as an evolmer, respectively. Very
recently, the application of the ATRP method in water using
a-bromoacrylic acid as an evolmer was reported by
Matyjaszewski.®!! The characteristic features of these reports
are low Ps (P <1.5), and the results contradicted our results.
It should be noted that the Bs of HBPs, recently reported by
Zhong using ATRP, were higher (P=1.5-2.0) than their
initial report when the conversion of the evolmer was
high.’” These differences in Ps raised a question; what
would be the values of ® of HBPs synthesized by this
strategy without any undesirable side reactions, i.e., termi-
nation reactions.

To confirm the optimum Ps of the HBPs synthesized by
this strategy, we carried out stochastic computer simulations
on the formation process of HBPs by TERP. While the
increased P was possibly occurred by the increased termi-
nation reaction due to the proximity effect of the dormant
ends, as pointed by Zhong,*? the results clearly indicate that
the increase in the P is not due to the termination reaction.
Instead, the increase of P originates from the distribution of
the number of branches. Furthermore, the simulation
indicates the branched structures of the HBPs are well-
controlled. These results, combined with the resemblance of
the simulation and our experimental results, strongly sup-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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port the successful synthesis of structurally controlled HBPs
with dendritic structure by the TERP method.

Results and Discussion

The stochastic simulation program was created based on the
reaction kinetics of the elementary steps of the current HBP
synthesis based on TERP (See Supporting Information for
details). The polymerization mechanism of TERP is the
degenerative chain transfer.">'® Therefore, the current HBP
synthesis consists of three elementary steps, i.e., propagation
of polymer end radical P* to monomer M, cross propagation
of P* to evolmer E, and chain transfer between P°* and
dormant species PX (polymer chain end or CTA) with the
rate constants k,, k,, and k., respectively (Figure3). In
addition, the undesired termination reaction between two
radicals P* and P"* also takes place with the rate constant k,.

An elementary reaction that an active radical species
will take is stochastically determined as one of those in

k.

P+ M3 P Propagation
P+ E 5‘3 PE- Branching

P+ p'xlEI PX + P Chain transfer

ki
Pe+ P2 PP Termination

Figure 3. Elementary reactions in the current HBP synthetic method.

v = ky[PIIM] (: 'd.[z_A:])
7o = ky[P-1[E] (=—%)

Vex = kex[P1[PX]

_1d[P1]
— 2 (=
—uipr (--3%0)
Figure 4. Rates of elementary reactions in the current HBP synthetic
method; v, vy, Ve, 1, are reaction rate of propagation, branching, chain
transfer and termination, respectively, and t is time.

b= p _ ke, [M]
P v Vet vt ke, [M]+ ko [E] + ke [PX] + ki [P
_ vy _ ky [E]
Vp+Up+Vex + %t ky[M] + ko[E] + kex [PX] + ki [P-]
P — Vex _ kex[PX]
T U+ Ve + 0t Ky [M] + ko[E] + ke [PX] + ki [P
= Yt k[P

Vot Vo Vex + 0 Iy [M] + olE] + oy [PX] + ke [P]

Figure 5. Probability of selection of elementary reactions in the current

HBP synthetic method. P,, P,, P, and P, are the probability of taking
propagation, branching, chain transfer and termination, respectively.
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Figure 3 based on their relative reaction rates. The corre-
sponding elementary reaction rates are formulated as in
Figure 4.

As a selection of one of these elementary reactions
results from competition among them, the probability of
selection of each elementary step is written as equations in
Figure 5 with P, + P, + P,, + P, = 1, when no other reaction
occurs.

Based on these equations and considering the changes in
the number of chemical species, the formation of HBPs
starting from 10000 molecules of CTA was simulated.
([PX],=10000; see Supporting Information for details. The
square bracket usually indicates molar concentration. In the
simulation program, however, we can regard it as the
number of the chemical species indicated in it.) The Ps were
calculated for the 10000 polymers formed.

The validity of the program was examined by the
reproducibility of Hs. Prior to HBPs, polymerization of
methyl acrylate (MA) giving linear polyMA (PMA) was
simulated by taking k,=2.40x10* molL™'s™" and k,, =4.60x
10° molL's™", values at 60°C from the literature.?”’ The
effect of the termination was not considered at first (k,=0)
for the sake of simplicity. The simulation with [M]y/[E]y/
[PX]p=500/0/1 showed that Ds decreased with monomer
conversion and finally reached 1.05 (Figure 6a, Y =0). This
result was virtually identical to the previous simulation
based on the analytical prediction®™ (See Supporting
Information for details).

Next, the Ds for HBP were simulated. The k, and k., of
P* derived from MA and 2a can be different, but they were
assumed to be equal for simplicity. As the k, has not been
known, it was estimated to be 4.23 x10° molL"'s! based on
the copolymerization kinetics in our previous work.”” The
effect of the termination was also unconsidered here (k,=0).

Figure 6a shows the simulation results for HBPs with
[M]/[E]/[PX]y=500/Y/1 (Y=3, 7, 15, 31, and 63), which
correspond to our previous experimental work for the
synthesis of 2™ to 6™ generation of HBPs (runs 1-5 of
Table 1 in Ref. [22]). The Ps quickly decrease and reach to
plateau in all cases. For example, the P value becomes
constant before 10 % monomer conversion for the simula-
tion results for Y =63, and the results are consistent with the
experimental data (Figure 6b). The monomer conversion to
reach the plateau depends on Y and is less for the higher
amount of Y. For example, for Y =3, about 40 % monomer
consumption is required to reach the plateau, but Y=63
needs about 10%. The final Ps at 100% monomer
conversion are also Y dependent and increase with the
increase of Y (Figure 6a). For example, the final D for Y=3
is 1.60, and that for Y=63 is 2.00, and these values agree
well with the experimental results (1.62 and 1.99, respec-
tively. See Figure 6¢).”? The excellent reproducibility of the
experimental results clearly validates the current simulation.

The simulation was also carried out for the previous
HBP syntheses by changing [M]y/[E]/[PX], ratios shown in
runs 7-10 of Table1 in Ref. [22]. The correlation of all
experimental and simulated final Ps was in good agreement
with the correlation coefficient of 0.84 (Figure 6¢), further
validating the current simulation. There is one point showing
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a) 0 0.2 04 0.6 0.8 1
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3.5
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3T k, = 24,000 ® Experimental
k, = 42,300
k., = 460,000
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Q
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22 =
250/15 500/63 et
2t x,/x
100/15x 500/15><
% 8T 5007 /
& 16| 50013 -
=
E 14t /, 2000/15/  2000/127
7] L 500/31
12
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Figure 6. a) Simulated dependence of & on monomer conversion for
linear and HBPs. Values in the parenthesis in the legend indicate the
final value of B. [PX],=10000. The condition corresponds to runs 1-6
of Table 1 in Ref. [22]. b) Simulated and experimental dependence of D
for hyper-branched polymer. The condition corresponds to run 5 of
Table 1 in Ref. [22]. c) Comparison between simulated and experimental
Ds, assuming the absence of termination reaction. Experimental data
were taken from runs 1-10 of Table 1 in Ref. [22]; [M]o/[E]o/[PX]o= 500/
3/1,500/7/1, 500/15/1, 500/31/1, 500/63/1, 500/0/1, 100/15/1,
250/15/1, 2000/15/1 and 2000/127/1. Values of [M]o/[E], are indicated
in the Figure.

significantly higher experimental ® compared to that of the
simulation ([M]y/[E]y/[PX],=100/15/1), but this is probably
due to the short targeted segment length between branch
points (~3 MA units). Steric hindrance near the branch
points probably prevented the regular growth of each chain.

While the [E]y/[PX], ratio, Y, significantly affects the
final Ps (Figure 6a), the [M]/[PX], ratio, Z, has only a
negligible effect. For example, the results by varying Z=
100-2000 with keeping the same [E]/[PX],=15 are shown
in Figure 7. The decrease of Ds as the increase of monomer
conversion was slightly different, but the final P values are
identical at all. The same simulation results were also
obtained for Z=3, 7, 31, and 63 (Figure S6).

The simulation demonstrated that final Ds are more than
1.5 in all cases for HBPs with Y >3, strongly suggesting that

Angew. Chem. Int. Ed. 2023, 62, €202305127 (4 of 7)
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Monomoer conversion

Figure 7. Simulated dependence of © on monomer conversion for
branched polymers, assuming the absence of termination reaction.
[PX]o=10000. The conditions correspond to runs 3, 7-9 of Table T in
Ref. [22].

the high D values in our HBP synthesis are not due to the
termination reaction but an inherent issue for the HBP
formation process, as discussed below. Indeed, the simula-
tion including the termination reactions resulted in signifi-
cantly higher Ps than the experimental values (See Support-
ing Information).

The most significant advantage of this stochastic simu-
lation is the access to detailed structural information of each
HBP molecule generated by the simulation. Therefore, the
validity of the proposed structures shown in Figure 2b was
examined by the weight and the number distribution of the
HBPs against the degree of polymerization (DP) and the
number of evolmers (Ngy) incorporated into the HBP.

Figure 8 shows the distribution of the HBPs against DP
and the number of the evolmer for Y=63. The weight
distribution, which usually determines the physical proper-
ties of polymers, indicates that the most abundant HBP has

0.035 [M1/[E]y/[PX]o= 500/63/1
g 0.03 k —24 000
8 0.025 k,, 42,300
g oo ksx_ = 460,000
£ 0015
2 001
= 0.005
0

a)

Number fraction

Figure 8. Number (a) and weight (b) distribution of simulated structure
of HBP. [PX],=10000. The condition corresponds to run 5 of Table 1 in
Ref. [22]. The intended structure is indicated by the arrow in the right
part.
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a DP of 564, which agrees with the theoretical DP of 564
(Figure 8a, see also Figure S7). The formation of a small
amount (< 0.5 %) of very high molecular weight HBPs with
DPs over 3000 and a significant amount of low molecular
weight polymers was also observed. Therefore, the forma-
tion of such high and low molecular weight HBPs is the
origin of the high D of HBPs.

However, the presence of high and low molecular weight
HBPs does not mean the loss of control of the branched
structure, as indicated by an excellent good correlation
between DP and the Ngys in it (Figure 8 and S7). The
previous theoretical prediction indicates the activation
efficiencies of the dormant species 4 and S5 are very
similar.’>*! Furthermore, the branch efficiency experimen-
tally obtained is almost 100 %.%**! Therefore, the observed
periodical insertion of the evolmer implies the successful
control of the branch structure.

The same structural analysis of the HBPs simulated
under different [M]/[E]y/[PX], ratios also shows that the
significant weight distribution of the ideal structure in all
cases, especially [E]/[PX], ratios more than 7 (Figure S8).
The results strongly imply control of the “generation” of our
HBPs, as already reported for dendrimers and dendrons.

The number distribution, on the other hand, indicates
that many HBPs tend to remain low DP because of the
formation of very high molecular weight HBPs. Never-
theless, the distribution still has the apex at the ideal
structure (indicated by the arrow in Figure 8b). In actual
experiments, the fraction with the small DP can be removed
by the purification process, e.g., reprecipitation.

Figure 8 also implies that the number of dormant ends
increases with increasing DP and molecular weight due to
the insertion of evolmers. The situation sharply contrasts
linear polymer formation, in which one polymer always has
only one dormant end. As the reactivity of the dormant
ends must be very similar regardless of the branched
structure, the molecular weight increases further in propor-
tion to the number of dormant ends. Therefore, the
distribution of the number of branches is the reason for the
higher P values of HBPs than linear polymers.

The above discussion also suggests a decrease in Ds with
the decrease in branch efficiency. This view is supported by
the effect of Y on the Ps, as shown in Figure 6a, because the
evolmers that do not act as branch points can be regarded as
conventional monomers. Therefore, low Ds observed in
other works!"* are most likely due to the low branch
efficiency.

Finally, the uniformity of segments in an HBP, defined as
linear units between adjacent branch points or between the
outermost branch point and the chain ends, was investigated
in more detail by this simulation. Thus, the structure of
HBPs with the same theoretical segment length (64 mono-
mer units) but different generations and DPs was simulated
with the initial parameters [M]y/[E]/[PX]y=Z/Y/1 (Z/Y=
960/7, 1984/15, and 4032/31, correspond to 3", 4" and 5™
dendritic generation, respectively).

Surprisingly, the simulation indicated the presence of a
gradient of the average segment length, which decreases as
increasing Ng, the number of branching points from the

Angew. Chem. Int. Ed. 2023, 62, €202305127 (5 of 7) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

initiating point to the segment in question (Figure 9a).
Namely, the segment length is longer than the theoretical
value near the initiating point (~80 monomer units) but
gradually becomes shorter as Ny increases. Furthermore, the
observed dependence is most pronounced for the HBPs of
the lowest generation (the 3™ generation) followed by the 4"
generation, and then, the 5" generation.

Due to the presence of the gradient, the average branch
density defined by the ratio of the branch point in an HBP
(Ngy/DP) is also DP dependent (Figure 9b). The average
branch density is particularly lower than the ideal values (
~7.5x107%) for the HBPs with the DP of less than 1000.
Since the HBP simulated with Z/Y=960/7 has the highest
weight fraction at the DP of ~1000, certain levels of
contribution from HBPs with longer segment lengths than
the ideal length appear to be present. However, the highest
weight fractions of the HBPs simulated with Z/Y =1984/15,
and 4032/31 are sufficiently higher than the DP of ~1000,
the effect of the gradient are virtually negligible and the
HBPs with average branch density close to the ideal values
are predominantly formed.

The results in Figure 9 were tested experimentally by
synthesizing HBPs using new evolmer 2b (Figure 2, R=
(CH,),Ph), which has a phenyl group. Since 2b has a phenyl
group, the amount of evolmer incorporated into the HBPs
can be quantified as a function of molecular weight by SEC-
MALLS analysis equipped with ultraviolet (UV), refractive
index (RI), and MALS detectors. Namely, the intensity of
the signal detected by the RI detector (Ig;) is proportional
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Figure 9. Relationship between a) Ns and average segment length, and
b) DP and average branching density (solid line) along with the weight
distribution of HBPs (broken line), obtained by the simulation. The
dendritic generation of the sample is indicated after the asterisk in the
legend. Horizontal dotted lines indicate the theoretical values.
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to only the concentration of HBPs, but that by the UV
detector (Iyy) is proportional to both the concentration and
the branch number. Therefore, relative change of the branch
density was evaluated by the Iyy/Iy; as the function of the
absolute molecular weight or DP determined by the MALS
detector.

The HBP syntheses were carried out under the same
conditions used for the simulation ( [MA]y/[2b]y/[1],=2Z/Y/1
with Z/Y =960/7, 1984/15, and 4032/31) at 60°C. Copolymer-
ization of 2b and MA took place statistically with a similar
reactivity ratio as in the case of 2a and both monomers
reached nearly quantitative conversion (>99 % for 2b and
>85% for MA). Furthermore, the resulting HBPs showed
the characteristic SEC results, in which M, gc)s were
significantly smaller than theoretical M, (M,ue,)) but
M, (mars)s were very similar to M, .o, The SEC traces were
unimodal in all cases, and Ds were 1.88-2.09 (See Supporting
Information for details).

The SEC-MALS results showed the increase of branch
density with DP (Figure 10), namely, the segment length
gradually decreases as the increase of the number of
segments. Furthermore, the effect of the Iyy/Iz; on DP was
more pronounced for smaller X/Y. These results are
consistent with the trend obtained by the simulation. Further
studies including the optimization of the simulation con-
ditions would be necessary to have more quantitative and
accurate results.

Conclusion

The stochastic simulation of the formation process of HBPs
based on the RDRP using an evolmer was performed. The
simulation results suggested that the higher Ds of HBPs than
linear counterparts arise from the distribution of the number
of branches instead of undesired side reactions, such as the
termination reaction. Furthermore, the majority of HBPs
have structures close to the ideal one, and accordingly, the
structure is successfully controlled. The insights about the
structures of HBPs gained from the simulations are verified
experimentally.
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