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The absolute rate constants for reactions of the model radicals of the growing chain ends of styrene and
methacrylonitrile with tetrahalomethanes and thiophenols were determined by spin-trapping methods using
ESR spectroscopy. The model radicals were produced by the photodecomposition of 1,1’-diphenylazoethane
and 2,2’-azobisisobutyronitrile. In the case of the styrene model radical, the rate constants for the halogen
abstraction reaction from CBrs, CBrCls, and CCls were 1.1X107, 2.0X108, and 1.1X105 M-1s-1, respectively, and
increased with increasing electron affinity of tetrahalomethanes. The rate constants for the hydrogen abstrac-
tion reaction from thiophenols were of the order 108 M-1s-1, independent of the electron-donating and
-accepting properties of the para substituents. In the case of the methacrylonitrile model radical, the rate
constants for the halogen abstraction reaction from CBrs and CBrCls were 1.1X10% and 4.5X103 M-1s-1,
respectively. The rate constants for the hydrogen abstraction reaction from thiophenols with -CHs, -H, and
-Cl substituent in the para position were 4.5X104, 2.7X104, and 1.7X104 M-1s-1, respectively. The rate
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constants decreased with increasing the electron-withdrawing power of the substituent.

It has been well-known that tetrahalomethanes and
thiol derivatives are strong chain-transfer reagents for
the radical polymerization of styrene.l? Although
the chain-transfer constants (C;) have been determined
by the Mayo equation,!) the values of Cs reported for
strong chain-transfer reagents, such as CBrs and
CBrCls, have varied over two orders of magnitude.3-6)
From a study of the dependence of C, on the extent of
polymerization, Thomson and Walter® pointed out
the fact that this deviation is mainly due to the effect
of a rapid removal of the transfer reagents on the
degree of polymerization, since most of the strong
transfer reagents are considered to be consumed at
0.5—0.7% conversion and the subsequent reaction
probably similar to bulk polymerization. Since it is
difficult to accurately estimate Cs for strong chain-
transfer reagents by the Mayo equation, the value of C;
should be evaluated under the conditions where it is
not influenced by the extent of polymerization.

Recently, we reported on a method for determining
the absolute rate constants of model radicals of the
propagating chain ends with tetrahalomethane using
a spin-trapping ESR method.1? In the present work,
we applied this method to the halogen- and hydrogen-
abstraction of the a-methylbenzyl radical (CHs-
CHCsHs), which is a model radical for the polystyrene
end, from tetrahalomethanes and thiophenols.

The absolute rate constant, ks, provides more direct -

information concerning the mechanism of the chain-
transfer reaction than C,. An understanding of the
mechanism of the chain-transfer reaction to strong
transfer reagents possibly provides important infor-
mation concerning the chemical properties of the
propagating radical and the radical reaction control,
such as the transformation of a radical reaction to an
ionic reaction through the complex formation or elec-
tron transfer of the propagating radical to additives.

In this paper, therefore, we determined the absolute
rate constants for hydrogen abstraction of the 1-cyano-
I-methylethyl radical (an electropositive radical) from
thiophenols and reevaluated k. for halogen-abstrac-
tion reactions of this radical from halomethanes.
Additionally, these rate constants were compared with
the corresponding ones of the ¢-methylbenzyl radical.

Experimental

Materials. 1,1’-Diphenylazoethane was prepared accord-
ing to the oxidation of the corresponding hydrazine deriva-
tives. 2-(t-Butylthio)acrylonitrile was prepared by Viehe’s
method.’¥ Thiophenols, commercially available, were
purified by distillation or recrystallization. Azobisisobutyro-
nitrile (AIBN) and tetrahalomethanes were purified as
described previously.12

The ESR spectra were recorded on a Japan Electron
Optics Laboratory Model JES-FE 1X ESR spectrometer
under irradiation with a 500-W high-pressure mercury lamp
(Ushio 500) at 80°C. The temperature in the cavity of the
ESR spectrometer was controlled with a variable temperature
accessory (ES-VT-3A). The simulation for the overlap of
two adducts was carried out using a JEOL ESR simulation
program (0398) operating on a EC 6 computer.

A solution of an azocompound (2.0X10-2—1.0X10-! M;
IM=1 moldm-=3), a trapping reagent (6.4X10-1—6.4X10-3
M), and a transfer reagent (0.9—7.8X10-2M) in toluene was
put into a sample tube equipped with an ESR cell (spec-
trocil 3 mm) in the side arm, degassed by repeated melting
and freezing under vacuum, and then sealed. The UV
spectra were measured on a Hitachi 124 UV-visible spec-
trometer. Ionization potentials were measured by photo-
electron spectroscopy with calibration by xenon as an inter-
nal standard (IP 12.130 eV).

An estimation of the kinetic parameter was carried out by
a computer calculation using a nonlinear least-square
method, whose program was Sals II written by Nakagawa et
al. (Tokyo University).
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Results

Addition Reaction of a-Methylbenzyl Radical to 2-
(t-Butylthio)acrylonitrile. Figure 1 shows the ESR
spectrum observed under irradiation of a mixture of
1,1’-diphenylazoethane and 2-(¢-butylthio)acrylonitrile,
a spin-trapping reagent (T). The ESR spectrum of a
triplet of triplets of doublets with hyperfine splitting
constants of 1.1, 0.28, and 0.08 mT, respectively, was
reasonably assigned to the adduct of the model radical
of the polystyrene propagating end to T.1214 The
change in the ESR spectrum with the reaction time
showed that the concentration of the adduct became
stationary within several minutes after irradiation.
The signal due to the a-methylbenzyl radicals (M-)
could not be detected, indicating that the stationary
concentration of M- was negligibly small, as com-
pared with that of the adduct (MT:). Therefore, the
bimolecular self-termination of M- was not taken into
account in the kinetic treatment. Thus, the reactions
are shown in Egs. 1 to 4:

M-N=N-M —— M- I: Rate (1)
MAT  —2 5 MT- @)
MT+M. — product 3)
MT-+MT- —2— product (4)

The assumption of the steady state for the concen-
trations of M- and MT- leads to

ke [MT-](1+ks/I[MT-J)

M= kMt ®)

The relation between the stationary concentration of
MT- and T is shown in Fig 2. Ratios k2/k; and ks/I
were determined from Eq. 5 by a computation using
the data shown in Fig. 2: results are shown in Table 1,

H GN H N
CH3-C' + CHyp=C  —— CH3-C-CH,-C-

$-t-Bu ©  StBu
ey LEY e

Fig. 1. ESR spectrum observed on irradiation of a
mixture of 1,1’-diphenylazoethane and 2-(t-
butylthio)acrylonitrile (T) in toluene at 80°C.
[1,1’-diphenylazoethane]=5X10-2 M and [T]=0.64
M.
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Fig. 2. Relation between MT - and T concentrations

at80°C. [1,1’-diphenylazoethane]=5.0X10-2 M.
Table 1. Kinetic Data in Addition Reaction of Model
Radicals to 2-(t-Butylthio)acrylonitrile®”

ka/ k1 ks/I

10-¢ 1010M -2
(CHs)2:CCN 0.10+0.014 39
CHsCHGsHs 0.5440.21 58

a) 80°C in toluene. [M-N=N-M]=5X10-2M. b) Run
number 3.

along with data for AIBN. The value of k3/I for the
reaction of 1,1’-diphenylazoethane is larger than that
of AIBN. The difference is probably due to the dif-
ference in I.

Halogen- and Hydrogen-Abstraction Reaction of the
Model Radical from Tetrahalomethanes and Thio-
phenols. The intensity of the ESR spectra of the
adducts (MT- and RT*) was much lower in the absence
of UV light irradiation at 80 °C than that under UV
irradiation. Accordingly, the adducts obtained ther-
mally were neglected in the kinetic study under UV
light irradiation. Figure 3 shows a typical example

—_t
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Fig. 3. ESR spectrum observed on the UV irradia-

tion of a mixture of azo compound, thiophenol,

and T in toluene at 80°C. [1,1’-diphenyl-

azoethane]=8.0X10-2 M, [thiophenol]=8.0X10-2 M,
and [T]=0.32 M.
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of the ESR spectra observed upon irradiating a mix-
ture of thiophenol, 1,1’-diphenylazoethane, and T.
The spectrum (Fig. 3) showed an overlap of a triplet
of triplets of doublets and a triplet of triplets, which
were reasonably assigned to the adducts of the a-
methylbenzyl radical and the sulfur-centered radical
produced from thiophenol,12:14 respectively. An
overlap of two kinds of a triplet of triplets was
observed in a mixture of thiophenol, AIBN, and T,
which was assigned to the adducts of the 1-cyano-1-
methylethyl radical and the sulfur-centered radical.
Similar spectra were observed in mixtures of azo com-
pounds, tetrahalomethane and T.12 The hyperfine
splitting constants of the adducts are shown in Table
2. The reactions are shown in the following

schemes:
M-N=N-M —— M- (1)
MAT —— —— MT- @)
MARX  ——> MX+R- (6)
R-+T 2 RT- (7)
RT-+RT- ——— RTTR (8)
RT+MT- —— RTTM 9)
MT+MT- —— MTTM (10)

Since M- and R. were not observed in the ESR
spectra, the self-coupling reactions of these radicals
were not taken into account. The stationary state
treatment on R-, RT:, and MT: yields

[RT]
[MT ]

kxR ] [T]
ki [M-][T]

_ k[RX]

11
ki [T] (11)

A typical example of a plot of [RT:]/[MT:] vs. the
concentrations of transfer reagents is shown in Fig. 4.
A linear relation was observed, the ratio, kx/ki1, being
calculated from the slope. Results are shown in
Tables 3 and 4. Since the kinetic parameters
obtained so far were kx/k1, ke/ki1, and ks/I, the abso-

Table 2. Hyperfine Splitting Constants for Adducts
Obtained by Reaction of Carbon Radicals
with 2-(¢-Butylthio)acrylonitrile”

radical au(mT) acn(mT) aup(mT)
CHS.%@ 11.0 2.8 0.8
(CH3):C-CN 8.8 2.8 —
-CBr3 7.7 2.6 —
-CCl3 8.0 2.6 —
R©S~ 9.6 2.6 —

a) 80 °C in toluene.

Yoko Kuwat and Mikiharu Kamacai

[Vol. 62, No. 8

[RTI/IMT]

0 1 2 3
[RSH]x10/M
Fig. 4. Plot of [RT-]}/[MT-] vs. [RSH] in the sta-

tionary concentration of RT: and MT. [1,1’-
diphenylazoethane]=5.0X10-2 M and T=0.32 M.

Table 3. Relative Rate Constants for Radicals CHsCR:R,
in Halogen Abstraction®”
kx/k
R, Rz 1
CBr4 CBrCls CCly
-CH3 -CN 5.0+0.4  0.20£0.019 —_
-H -Ph 37 £0.15 6.6 £0.64 0.38£0.029

a) 80°C in toluene, [M-N=N-M]=5X10-2 M. b) Run
number 3.

Table 4. Relative Rate Constants for Radicals CHaCR1R2
in Hydrogen Abstraction from Thiophenol
(HS-CsH-Z(p))™”

kx/ k1
R: Re
7= -Cl -H -CHs
-CHs -CN 0.761+0.020 1.21+0.14 2.1%0.12
-H -Ph 23  *1.5 25 #+1.1 23 *1.5

a) 80°C in toluene, [M-N=N-M]=5X10-2 M. b) Run
number 3.

lute rate constants of each elementary process could
not be directly estimated. If k2 can be evaluated, k;
could be estimated from ks2/k1, and then &y from ky/k:
using the obtained k1. However, it is hard to directly
measure the cross-coupling rate constant (kz). If self-
coupling reactions of M- and MT- are determined, the
rate constants of a cross-coupling reaction can gener-
ally be estimated as the geometrical mean of the self
coupling constants:

ke=(kskm)'% (12)

where kM and k3 are the rate constants for the self-
coupling reactions of M- and MT -, respectively.

The ku’s for CHsCHCsHs and (CHs)}2CCN have
already been reported to be 4.7X10° M-1s-115 and
8X10° M-1s-116) respectively. We determined ks to be
6.513X108 M-! s~1 as an average of data for 5 radicals
estimated in a previous paper.!2 Accordingly, ko’s
for these reactions were estimated from Eq. 12, being
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Table 5. Rate Constants for Halogen Abstraction
of CH3CRR; from Tetrahalomethanes®

ESR Studies on Chain Transfer Reactions

ks
R, R; 105M-1s-1
CBr; CBrCls CCly
-CH3 -CN 2.1 0.084 —
-H -Ph 110 20 1.1

a) 80 °C in toluene.

Table 6. Rate Constants for Hydrogen Abstraction
of CH3CR;R; from Thiophenols (HS-CsHs-Z(p))”

kx
R, R2 10"M-15-1
7= -Cl -H -CHs
-CHs -CN 3.1X10-2  5.0X10-2 8.8X10-2
-H -Ph 0.68 0.74 0.68

a) 80 °C in toluene.

Table 7. Ionization Potential of Thiophenols (eV)
-Cl -H -CHs
8.54 8.44 8.26
04
(e)
02
E
< 00
Ej
3
- '0.2 le)

82 83 84 85 8.6
IP/eV
Fig. 5. Relation between rate constants and ioniza-

tion potentials of thiophenols in the hydrogen
abstraction reactions of (CH3):CCN from the S-H
bonds.

5.5X10° M-1 s-1 and 4.2X10? M-! s-! for CHsCHGsH5
and (CHs):CCN, respectively. Then, the ki’s were
estimated from ki1/kz and the ky’s from ky/k1 (Table 5).
It can be seen that the k.’s for reactions between
CH3CHCsHs and tetrahalomethanes decreased in the
order CBrg>CBrCls>CCls: kx of CHsCHCesHs with
CBr4 was 6 and 102 times as large as those with CBrCls
and CCly, respectively. A similar trend in k4 for the
halogen-abstraction reaction of (CH3):CCN from
tetrahalomethanes was observed (Table 5). The ky’s
for the reaction of CHsCHCsHjs with CBrs and CBrCls
were about 50 and 200 times as large as those of
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(CH3);CCN  with the tetrahalo-
methanes, respectively.

In the case of thiophenols, k’s of CHsCHGCsHs were
in order of 107, being independent of the nature of
para substituents (Table 6), while k’s of (CH3)2CCN
were in the order of 105 and decreased with electron-
accepting substituents. The value of Ink, for
(CHs)2CCN was linearly correlated with the ioniza-
tion potential of thiophenols (Fig. 5).

corresponding

Discussion

To our knowledge, the absolute rate constants for
the halogen-abstraction reaction of carbon radicals
from tetrahalomethanes have been reported for only a
few radicals, such as the methyl, ¢-butyl,!” and phenyl
radicals.1819  Therefore, we could not check the relia-
bility of our data by comparison with other data.
The k.’s for the halogen-abstraction reaction of the
phenyl radical from CBr4 and CCl4 have been reported
to be 5X10219 and 5.8X108 M~1 5-1,18) respectively, two
orders of magnitude larger than the corresponding k«
of CH3CHGCgHs, (Table 5). This difference can rea-
sonably be explained by the lower reactivity of CHs-
CHGsHs due to resonance stabilization than that of
the phenyl radical. The k«’s for the halogen abstrac-
tion reactions of CHs:, (CHs)sC-:, and (CHs)e-
COCH;CH3; from CCly have been reported to be
3.35X102 (80 °C),” 4.9X104 (30 °C),» and 1.0X108 M-1
s-1,20 respectively. The kx of CHsCHCsHs from CCly
is larger than that of -CHs, and less than that of
(CHa)zCOCHzCHa. The &y of CH3CHCsHs at 80 °C
is twice as large as that for (CH3)sC at 30°C.  When
the ky of the latter radical at 80 °C is calculated on the
assumption that its activation energy is 13.8 kJ
mol-1,17 it is estimated to be 1.06X105> M- s-1, being
of the same order as the ky for the former. The k, for
the halogen abstraction reaction of carbon radicals has
been found to be of the following order:

(CH3)2COCH:CHjs > C(CHs)s = CHsCHCsHs > CHs.

This order seems to be correlated with the electron-
donating property of the a-substituents. These
results show that our method for the determination of
the rate constant of the halogen-abstraction reaction
leads to reasonable rate constants. However, when
the ks of (CHs)CHCsHs were compared with the
corresponding ki«s’s which were calculated from k, and
Cy’s for the radical polymerization of styrene, a remark-
able difference between kx and ki« was found (Table
5).

The determination of C; has usually been carried
out using the Mayo equation:2V

1/Py=1/Py +C{S}/[M], (13)

where P, and Pro are the number degree of polymeriza-
tion of the polymer produced in the presence and
absence of transfer reagents[S], respectively; [S]/[M] is
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the molar ratio of the transfer reagent to the monomer.
Thomas et al.®) pointed out the fact that C; in a CBr4-
styrene system was dependent on the extent of poly-
merization: C; was 420 in the extent of polymerization
to 0.5%, and 2.1 when the reaction was performed to
5% conversion. In addition, an accurate determina-
tion of the number average degree of polymerization is
necessary for an accurate determination of Cs. Since
a significant loss of low-molecular-weight polymer
obtained in the low extent of polymerization leads to
an overestimation of Py, the C; obtained by the Mayo
equation seems to be smaller than the true value.

When thiophenols were used as chain-transfer re-
agents, the k,’s for the hydrogen-abstraction reactions
of the styrene model radical from thiophenols was of
the 108 order of magnitude, being consistent regarding
the order of magnitude with the rate constant for the
hydrogen abstraction of benzyl radical from thio-
phenol at 80°C, which was estimated from the rate
constant at 25°C and the activation energy.?223) In
addition, our results show that the ky’s is one order
smaller than its halogen abstraction rate constant
from CBrs.2¢ Since the Cy’s of thiophenol derivatives
have been reported to be one or two orders smaller
than that of CBrs in the radical polymerization of
styrene, the kx for the hydrogen abstraction of a-
methylbenzyl radical from thiophenol seems to be
reasonable. To our knowledge, only a few absolute
rate constants for the hydrogen abstraction of carbon
radicals from thiophenol have been reported: The
ky’s of the hydrogen-abstraction of phenyl, butyl,
octyl, isopropyl, and ¢-butyl radicals from thiophenol
are 1.9X109,18 1.36X108,23 9.2XX107,23) 1.05X108,23 and
8.0X107=1.47X108 23 M-1s-1, respectively. These values
are one or two orders of magnitude larger than the ky«
of CH3CHCsHs. This styrene model radical is consi-
dered to be less reactive than phenyl radical and alkyl
radicals, since the former radical is more stabilized
through a delocalization of unpaired electron than the
latter radicals. Accordingly, the difference in the rate
constants between the model radicals and the others
can be reasonably explained on the basis of the stabili-
zation of the radical.

The ky of (CH3)2CCN with thiophenols were an
order of magnitude of 102 smaller than that of
CHsCHGCgHs, being dependent on the nature of the
substituent binding to the benzene ring of thiophenol:
the larger the electron-donating property of the sub-
stituent, the larger the k.. The values of In k. were
linearly correlated with the ionization potential of
thiophenols. This result suggests the possibility that
the hydrogen abstraction of (CHs):CCN from thio-
phenol takes place through electron transfer or the
charge-transfer complex of the radical. The kx for
the halogen abstraction of the styrene model radical
from thiophenols might be too large for the substitu-

ent effect to be observed.
In conclusion, the rate constants for the halogen-
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abstraction reaction of the model radicals from tetra-
halomethanes decreased in the order

CBr4 > CBrCls > CCls.

The rate constants (kx) obtained by this method
were larger than the corresponding chain-transfer rate
constants (kes) calculated from the largest Cs and prop-
agation rate constants of styrene (kp).120 This differ-
ence between k. and ks can possibly be ascribed to
an underestimation of C; due to the removal of a
fraction of a lower molecular weight polymer in the
determination of the C; values. In benzenethiols, the
hydrogen-abstraction rate constants of the styrene
model radical were an order of magnitude of 107,
being independent of the substituents which were
introduced in the para-positions of the aromatic ring;
however, the rate constants of the methacrylonitrile
model radical were an order of magnitude of 104, and
decreased with increasing the electron-accepting
power of the substituent.
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