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ABSTRACT: We studied, with a kinetic approach, the liv-
ing nature and degree of branching (DB) of the formation of
hyperbranched polystyrene by the free-radical photopoly-
merization of 2-(N,N-diethyldithiocarbamyl)methylstyrene
in benzene. The free-radical polymerization proceeded with
a living radical mechanism. Subsequently, we treated the
kinetics of the initiation and propagation steps of the active
A* and B* (side-group) sites with model compounds. The
degradation rates of two types of dithiocarbamate groups at
the A and B sites agreed well with theoretical trends for
COS bond dissociation energies predicted by the density
functional theory for model compounds. The reactivity of

the initiating B* groups was greater than that of the propa-
gating A* groups. DB of the hyperbranched polymers was
estimated to be 0.31 with both reaction rates in terms of
Müller’s equation. This result supported the DB value (0.39)
estimated from NMR data. The hyperbranched molecules
obtained in this work were not perfectly dendritic but had
somewhat defective structures. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 96: 1810–1815, 2005
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INTRODUCTION

The properties of hyperbranched polymers and den-
drimers are very different from those of linear poly-
mers. For example, a lack of entanglements results in
a lower viscosity. The large number of end-functional
groups causes higher solubility in various solvents for
hyperbranched polymers and dendrimers in compar-
ison with linear structures at a given molecular
weight.1–3 Unlike dendrimers prepared by stepwise
synthesis, hyperbranched polymers have diverse mo-
lecular weights and geometrical shapes. To under-
stand the inner density profile, we must determine the
degree of branching (DB) of hyperbranched polymers.
For example, a fully branched polymer of AB2 would
have a branching factor of 0.5, but an AB3 monomer
would have a branching factor of 0.33. Recent ad-
vances in living polymerization have allowed the fac-
ile preparation of hyperbranched polymers. Recently,
we presented novel routes for hyperbranched polymers
from 2-(N,N-diethyldithiocarbamyl)methylstyrene
(DTCS or 1)4 and 2-(N,N-diethyldithiocarbamyl)ethyl
methacrylate (DTEM)5 as inimers by a one-pot photopo-

lymerization. DTCS and DTEM played an important
role in these homopolymerization systems as inimers
capable of initiating the living radical polymerization of
the vinyl group. These radical mechanisms were very
similar to those of the alkoxyamine-initiated living rad-
ical polymerization system established by Moad and
Rizzardo.6 To understand the reaction process of such
self-addition vinyl polymerization, we must analyze the
kinetics of these reactions.

Müller et al.7 calculated the molecular parameters of
hyperbranched polystyrene (PS) formed by the self-
condensing vinyl polymerization of the p-chlorometh-
ylstyrene (CMS) inimer with the general structure
AB*, where A is a vinyl group and B* is an initiating
group. Our radical photopolymerization systems pro-
ceeded with a self-condensing mechanism similar to
that described previously. More recently, we estab-
lished a new determination method for DB of hyper-
branched poly(ethyl methacrylate) by a kinetic ap-
proach.8 We analyzed the initiation and propagation
steps with model compounds and determined each
rate constant. DB was calculated with Müller’s theo-
retical equation for reactivity ratios. In a previous
article,9 we reported the kinetics of hyperbranched PS
by the free-radical polymerization of the photofunc-
tional inimer DTCS. We concluded that the free-radi-
cal polymerization of DTCS proceeded with a con-
trolled radical mechanism. DB was determined from
the NMR data of the polymerization products. It is
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important to compare this result with the DB value
estimated with the kinetic approach.

The photolysis of 1 produces an initiating benzyl
radical with a less reactive dithiocarbamate (DC) rad-
ical10–12 (see Scheme 1). Dimer 2 has two DC active
sites and one double bond. Both the initiating B*
group and the newly created propagating center A*
can react with the vinyl group of any other molecule
(monomer or polymer) in the same way with the
propagation rate constants kp

A and kp
B, respectively. The

initial steps up to the formation of trimer 3 are shown
in Scheme 1. The addition of a vinyl group to a termi-
nal A* or B* center leads to a linear linkage, whereas
the addition of a double bond to a B* side group (3b)
or an A* center within the polymer (the center of 3a)
leads to a branch point.

In this article, we present the kinetics of the initia-
tion and propagation steps of the active A* and B*
sites for the formation of hyperbranched PS with
model compounds. DB is discussed with both propa-
gation rates.

EXPERIMENTAL

Materials

CMS (Seimi Chemical Industry, Kanagawa-Ken, Ja-
pan) and styrene (Tokyo Kasei Organic Chemicals,
Tokyo, Japan) were distilled in a high vacuum. N,N-
Diethyldithiocarbamate sodium, benzyl chloride,
1-phenyl-1-chloroethane, benzene, acetone (Tokyo Ka-
sei Organic Chemicals), and free radical 2,2,6,6-tetra-
methylpiperidinyloxy (TEMPO; Aldrich, Milwaukee,
WI) were used as received.

Synthesis of the inimer and model compounds

Inimer DTCS was synthesized through the reaction of
CMS with N,N-diethyldithiocarbamate sodium salt in

acetone. Details concerning the synthesis and purifi-
cation of DTCS are reported elsewhere.9 Two model
compounds, benzyl N,N-diethyldithiocarbamate (BDC)
and 1-(N,N-diethyldithiocarbamyl)ethylbenzene (DEB),
were also synthesized by a similar reaction with ben-
zyl chloride and 1-phenyl-1-chloroethane, respectively
(see the chemical structures in Fig. 1) to assign the
chemical shifts of the proton signals in NMR.

1H-NMR (CDCl3, �, ppm) for BDC: 7.30–7.51 (aro-
matic protons), 4.61 (OCH2O), 3.73, 4.02 (OCH2O of
DC group), 1.30 (OCH3 of DC group). 1H-NMR
(CDCl3, �, ppm) for DEB: 7.30–7.51 (aromatic pro-
tons), 5.23 (OCHO), 3.73, 4.02 (OCH2O of DC
group), 1.30 (OCH3 of DC group), 1.83 (OCH3).

Photopolymerization

Photopolymerizations of 1 (50 wt % benzene solution)
were carried out with various irradiation times at 25°C
in a sealed glass ampule under a high vacuum (SXUI
250 HAMQ 250-W high-pressure mercury lamp,
Ushio Denki, Tokyo, Japan; UV intensity � 42 mW/
cm2, irradiation distance � 15 cm). After the polymer-
izations, the polymer was recovered by precipitation
with methanol. The conversion was estimated by
gravimetric measurements. We also carried out the

Scheme 1 Reaction of hyperbranched PS.

Figure 1 Chemical structures of model compounds BDC
and DEB.
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photopolymerizations of styrene with model com-
pound DEB as the initiator under the same polymer-
ization conditions (50 wt % benzene solution).

Kinetics of the initiation and propagation steps

The values of the initiation rate (Ri) were measured
with the TEMPO free radical as follows. The free-
radical polymerization of styrene was carried out in
benzene at 25°C and was initiated by model com-
pound DEB or BDC under UV irradiation with the
addition of TEMPO. The initial time of consumption
of the vinyl groups of styrene was measured by
dilatometry. That is, the amount of volume shrinkage
of the polymer produced was measured by the height
change of the solution through a capillary (diameter
[�] � 2 mm). The densities of styrene and PS were
0.909 and 1.04 g/cm3, respectively, at 20°C.13

kp
A was estimated as follows. We made a first-order

time–conversion plot for the photopolymerization of
styrene initiated by model compound DEB. This plot
(a straight line in the semilogarithmic coordinates)
indicated that the polymerization proceeded by a liv-
ing radical mechanism. Then, when the concentration
of the propagating PS radical ([PA*]) was known, we
could estimate the value of kp

A from the slope of the
first-order plot.

Characterization

The number-average molecular weight (Mn) and mo-
lecular weight distribution [weight-average molecular
weight/number-average molecular weight (Mw/Mn)]
of PS samples were determined by gel permeation
chromatography (GPC). GPC measurements were car-

ried out with a Tosoh HLC-8120 high-speed liquid
chromatograph (Tokyo, Japan) equipped with a re-
fractive-index detector (RI), which was operated with
two TSK gel columns, GMHXL [excluded-limit molec-
ular weight (MEL) � 4 � 108] and G2000HXL (MEL � 1
� 104), in series with tetrahydrofuran as the eluent
(flow rate � 1.0 mL/min) at 38°C. 1H-NMR spectra
were recorded on a JEOL GSX-500 500-MHz NMR
spectrometer (Tokyo, Japan) in CDCl3.

RESULTS AND DISCUSSION

Photopolymerizations of 1 were carried out with var-
ious irradiation times. As mentioned in a previous
article,9 no crosslinked or insoluble materials were
observed. The GPC profiles for this system showed a
unimodal distribution. We quoted from ref. 9 the first-
order time–conversion plots of the photopolymeriza-
tions (see line H in Fig. 2; [M]0 is the initial concentra-
tion of inimer 1). The straight lines in the semiloga-
rithmic coordinates indicated a constant concentration
of the active species, and this indicated that the poly-
merization of inimer 1 was first-order in the monomer.
The slope of the semilogarithmic plot, SH � Rp

H/[M]
(where Rp

H, the propagation rate, is equal to �d[M]/dt;
[M], the monomer concentration), was set equal to 1.07
� 10�4 s�1. We discuss Rp

H later.
To understand the formation mechanism of the hy-

perbranched polymer, we analyzed the reaction steps
of initiation and propagation with model compounds.
First, the values of Ri were measured with model
compounds BDC and DEB as initiators under the fol-
lowing conditions. Styrene (5.88 mol/L) was polymer-
ized in benzene initiated by BDC (0.105 mol/L) under
UV irradiation, with the additional amounts of
TEMPO varied (0.076, 0.081, and 0.098 mol/L). Figure

Figure 2 First-order time–conversion plots. Line H is the
polymerization system of inimer DTCS (50% benzene solu-
tion) at 25°C under UV irradiation; line A is the polymer-
ization system of styrene (5.88 mol/L) in benzene initiated
by DEB (0.105 mol/L) at 25°C under UV irradiation.

Figure 3 Relationship between the volume shrinkage of
polymer solutions and the induction period. Styrene (5.88
mol/L) was polymerized in benzene at 25°C, and the poly-
merization was initiated by BDC (0.105 mol/L) under UV
irradiation with a capillary (� � 2 mm); the amounts of
TEMPO were varied (0.076, 0.081, and 0.098 mol/L).
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3 shows the relationship between the induction period
and height changes of the solution through a capillary.
The relationship of these induction periods and the
feed of TEMPO is shown in Figure 4 (see line B). Ri is
given by eq. (1):

Ri � � d[TEMPO]/dt � [TEMPO]0/Induction period

(1)

Ri
B was 1.0 � 10�5 mol/(L s) from the slope for the

initiator BDC system. Similar experiments were also
carried out with model compound DEB as the initia-
tor. The relationship of the induction periods and feed
of TEMPO for the initiator DEB system is also shown
in Figure 4 (line A; the feed conditions were [styrene]
� 5.88 mol/L, [DEB] � 0.105 mol/L, and [TEMPO] �
0.074, 0.085, or 0.094 mol/L). Ri

A was determined to be
1.3 � 10�5 mol/(L s) from the slope for the initiator
DEB system.

On the other hand, Ri was obtained as follows from
the initiation kinetics:

Ri � kdf[I] (2)

where kd, f, and [I] are the degradation rate constant,
initiator efficiency, and initiator concentration, respec-
tively. The values of kd

AfA and kd
BfB were determined to

be 1.19 � 10�4 and 0.95 � 10�4 s�1, respectively. fA
and fB were the initiator efficiencies of DEB and BDC,
respectively. Therefore, the reciprocals of these first-
order rate constants meant the lifetimes of the model
DEB and BDC radicals induced by UV irradiation.

The observed trends for kd
AfA and kd

BfB can be dis-
cussed with the COS bond dissociation energies for
the model compounds predicted from density func-
tional theory calculations.14 Figure 5 shows the results
of the COS bond dissociation energies and bond

lengths for several model compounds: BDC, DEB, and
inimer 1 (these data are also taken from ref. 9). The
steric factors are important in determining bond dis-
sociation energies. This should be reflected in longer
lengths for the breaking COS bond in the ground
state, for which steric factors are greater. The calcula-
tions predict that the COS bond lengths will increase
in the order DEB � BDC � 1; that is, the formation of
the secondary phenethyl radical should predominate
over that of the primary benzyl radical. Moad and
Rizzardo6 and Kazmaier et al.15 reported the molecu-
lar orbital calculations of alkoxyamine homolysis rates
for alkoxyamine-initiated living radical polymeriza-
tion. The prediction showed a marked dependence on
the structures of both the nitroxide and radical com-
pounds. For the secondary and tertiary alkoxyamines,
steric factors appeared to be the dominant influence.
The bond dissociation tendency obtained in our work
is very similar to their results.

Subsequently, we estimated propagation rate Rp
A

with model compound DEB. The photopolymeriza-
tions of styrene ([styrene]0 � 5.88 mol/L) were carried
out in benzene at 25°C and were initiated by DEB
([DEB]0 � 0.105 mol/L), with the irradiation time
varied. A first-order time–conversion plot of the pho-
topolymerizations is shown in Figure 2 (see line A).
The straight line in the semilogarithmic coordinates
indicates a constant concentration of the active poly-
mer radical PA*. The slope of the semilogarithmic plot,
SA � kp

A[PA*], was set equal to 2.0 � 10�5 s�1. This
value corresponds to a pseudo-first-order rate con-
stant. Then, the lifetime of the model DEB radical (kd

AfA
� 1.19 � 10�4 s�1) was shorter (ca. sixfold) than that of
PA*; that is, the primary radical was more active than
polystyryl radical PA*. These results agreed well with
the general information for the radical reactivities.
Figure 6 shows plots of Mn and Mw/Mn versus the
conversion; the dotted line indicates the theoretical Mn

values. The observed Mn values increased with in-
creasing conversion. However, the experimental
points that did not fit included conversions up to 28%.

Figure 4 Relationship between the feed amount of TEMPO
and the induction period. Line A is the polymerization
system initiated by DEB in benzene at 25°C; line B is the
polymerization system initiated by BDC in benzene at 25°C.

Figure 5 Results for the COS bond dissociation energies
and bond lengths for several model compounds calculated
under the assumption of hemolytic bond cleavage at B3L
YP/6-31G(d) corrected with zero-point energy.
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This deviation indicated that fA was not higher than
0.8. The Mw/Mn values were 1.9–2.1.

We could obtain the absolute rate constant (kp
A)

when the radical concentration ([PA*]) was known. We
could not accurately determine [PA*] by electron spin
resonance (ESR) under UV irradiation because of
weak ESR signals. In this work, the propagation rate
constant (kp) for styrene was calculated as follows:16

kp[L/(mol s)] � 107.63 exp[�32.51(kJ/mol)/RT]

(3)

where R and T are the gas constant and absolute
temperature, respectively. kp was calculated to be 86
L/(mol s) at 25°C. As a result, [PA*] was estimated to
be about 2 � 10�7 mol/L.

As mentioned earlier, the photopolymerization of
inimer 1 proceeded with competitive living radical
mechanisms between the active A* and B* groups.
Therefore, kp

B could be estimated logically from the
slope of line H (Fig. 2) when [PA*] and [PB*] were
known values for the formation system of hyper-
branched polymers. However, the assignment of ac-
tive species PA* and PB* could not be distinguished
even with ESR spectra. In the reaction elements shown
in Scheme 1, we can see that kp

B corresponds to the rate
constant of the initiating B* groups reacting with the
vinyl group of any other molecule. This rate can be
regarded as Ri

B.
Next, we discuss DB of hyperbranched molecules

with the reaction rates (the first-order rate constants
kd

AfA, kd
BfB, and kp

A[PA*]) obtained in this work. Müller et
al.7 calculated the DB of hyperbranched polymers
made by self-condensing vinyl polymerization with
kinetic considerations. They obtained the relationship

between the degree of branching for full conversion
(DB�) and the reactivity ratio (r � kp

AfA/kp
BfB). Such

calculations assume that the rate constants for the
propagation of both the inimer and monomer do not
change with conversion, and no additional reactions
occur. In this case, the polydispersity index of the
polymer was very high and sharply increased with
conversion. We estimated DB� as a parameter of r
with the first-order rate constants (see Table I). In this
calculation, we assumed fA � fB � 1. The value of DB�

(0.31) estimated with r � SA/kd
BfB was overestimated

because f was not higher than 0.8, as mentioned ear-
lier. DB can be regarded as the ratio of branched units
in the polymer to those in a perfect dendrimer. The
limiting values are DB � 0 for linear polymers and DB
� 1 for a perfect dendrimer. The statistical process of
forming hyperbranched polymers gives DB � 0.5.17,18

1H-NMR data also provide some information about
DB. A typical 1H-NMR spectrum of hyperbranched PS
(after 4 h of irradiation time, conversion � 0.78) is
shown in ref. 9; this spectrum has the expected reso-
nances for aromatic protons of PS (d and e, � 6.3–7.3
ppm), for methyl (h, 1.2 ppm) and methylene protons
(g, 3.7 and 4.0 ppm) of the DC groups, and for meth-
ylene protons adjacent to DC groups (f, 4.5 ppm) and
confirms the presence of the hyperbranched structure.
The ratio of the integration of the signals attributed to
the OCH2ODC protons (f) to that of the methylene
protons of DC groups (g) provided information on
DB. This ratio should be 2:4 for linear poly[2-(N,N-
diethyldithiocarbamyl)methylstyrene] prepared by
conventional radical polymerization and 1.5:4 for a
perfect dendritic structure. The observed ratio of g to
f was 1.44:4. Müller et al.17 also calculated r with the
NMR method as follows:

r � �1 � x � B*�/�1 � ln B* � B*� (4)

where B* is the fraction of the active center B* and x is
the conversion. Because the values of x and B* were
0.78 and 0.44, respectively, r could be estimated to be
0.85. Then, DB� was estimated to be 0.39 from the
NMR data. However, because of the various possible
structures in the macromolecules, the precise determi-
nation of DB has not yet been successful and requires
detailed NMR studies. It was concluded that the hy-
perbranched molecules that formed from the con-
trolled radical process of inimer 1 were not perfectly

Figure 6 Mn and Mw/Mn versus the conversion for the
polymerization of styrene (5.88 mol/L) initiated by DEB
(0.105 mol/L) in benzene at 25°C. The dotted line indicates
the theoretical values of Mn.

TABLE I
Calculated DB� as Parameter of ra

r � SA/kd
BfB r � kd

AfA/kd
BfB

r 0.21 1.25
DB� 0.31 0.50

a With the relation of fA � fB � 1 assumed.
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dendritic but were somewhat defective structures. Ki-
netic analysis may be one of the best methods for
determining DB of hyperbranched molecules.

CONCLUSIONS

We studied the living nature of the formation of hy-
perbranched PS by the free-radical photopolymeriza-
tion of inimer DTCS. According to first-order time–
conversion plots, this polymerization system pro-
ceeded with competitive living radical mechanisms
between initiator radical B* and monomer vinyl radi-
cal A*. We analyzed the initiation step with model
compounds BDC and DEB with the aid of TEMPO as
a radical scavenger. As a result, degradation rates kd

AfA
and kd

BfB were estimated to be 1.19 � 10�4 and 0.95
� 10�4 s�1, respectively. We also analyzed the prop-
agation step from the photopolymerization of styrene
initiated by model compound DEB. The polymeriza-
tion of styrene also proceeded with a controlled radi-
cal mechanism. The pseudo-first-order rate constant
kp

A[PA*] was calculated to be 2.0 � 10�5 s�1. The life-
time of the primary DEB radical became shorter than
that of active polymer radical PA*. DB� was calculated
to be 0.31 with Müller’s theoretical equation for r. The
hyperbranched molecules formed by the controlled
radical process of inimer DTCS were not perfectly
dendritic but were somewhat defective structures.

The authors are grateful to Seimi Chemical Industry for
providing samples of p-chloromethylstyrene.
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