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Abstract: An extensive study has been undertaken of the radical affinity of a number of

thioketones (SdC(X)(Y)) with the aim of selecting combinations of X and Y that render the

substrate suitable for the mediation of free radical polymerizations. Using high level ab initio

molecular orbital calculations, enthalpies at 0 K were determined for the reactions R• + Sd

C(X)(Y) f R-S-C•(X)(Y) for R• ) CH3, CH2OH, CH2CN, and benzyl, in reactions with a variety

of thioketones, including various combinations of X and Y taken from H, CH3, Ph, CN, OCH3,

C(CH3)3 and para-CN-Ph as well as several compounds in which the X and Y are bonded,

namely xanthene-9-thione, fluorine-9-thione, and cyclopenta[def]phenanthrene-4-thione. The

radical affinities of the various thioketones has been discussed in terms of the radical stabilization

energies (RSEs) of the adduct radicals and stabilities of the SdC bonds. From these studies,

the two thioketones SdC(CN)(Ph) and fluorene-9-thione were selected as being potentially

suitable candidates for use in controlling free radical polymerizations due to their high radical

affinities. However, based on transition state theory calculations of the rate coefficients for homo/

copolymerization of SdC(CN)(Ph) with itself and styrene at 333.15 K, this substrate was deemed

to be unsuitable, as it was likely to undergo side reactions. Instead, the more-hindered fluorine-

9-thione was identified as the ideal thioketone, and the equilibrium constants at 333.15 K for

the reactions of the styryl and vinyl acetate dimer radicals with fluorine-9-thione were made.

These two reactions, at 333.15 K, displayed equilibrium constants in the vicinity of 1014 L mol-1

and 1016 L mol-1, respectively, indicating that there is significant scope within the thioketone

class of compounds to mediate free radical polymerizations via radical stability alone.

Introduction
During the past two decades there has been much interest in
the use of free radicals as a reactive center for the polym-
erization of a variety of monomers. Conventionally, this

process has resulted in average molecular weights that are
approximately constant with conversion. More recently, a
number of methods have been devised to control free-radical
polymerization processes such that (in the ideal case) the
average molecular weight grows linearly with conversion.
An additional benefit of these controlled radical polymeriza-
tions (CRP) is the ability to tailor the chemical structure of
chain ends and to reduce the polydispersity index (PDI) from
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values of 1.5-2.0 (for conventional radical polymerization)
down to values approaching 1.05 (for CRP).

Three of the most successful techniques which have
emerged are nitroxide mediated polymerization (NMP),1

atom transfer radical polymerization (ATRP),2,3 and revers-
ible addition-fragmentation chain-transfer polymerization
(RAFT).4,5 All of these techniques afford living behavior by
maintaining a population of dormant chains that is high in
concentration relative to the number of radicals and hence
the number of terminated chains that accumulate. The first
two methods, NMP and ATRP, achieve this by reduction of
the radical concentration. RAFT, however, can operate
successfully with a radical concentration that is the same as
a conventional radical polymerizationscontrol is instead
achieved through the creation of a population of dormant
chains that is superimposed on that of its radical counterparts.
The technique can, however, benefit from a reduction in
radical concentration, and this is brought about with the use
of RAFT agents that form an intermediate that is relatively
stable toward fragmentation. More specifically, and with
reference to Scheme 1, this stability is reflected by a high
equilibrium constantK ) k-â/kâ in reaction VII. It should
be pointed out that this stability has been the subject of
considerable scientific debate;6,7,10however, there is a body
of consistent experimental and theoretical evidence that

suggests that high radical stability is a physical reality when
the RAFT agent is substituted with radical-stabilizing Z-
groups, such as phenyl.8-11

In a recent communication,12 it was shown that molecules
with radical stabilizing (but not chain transfer) features in
their substrate can lead to controlled behavior in the
polymerization of styrene and that a reversible radical
trapping process is a possible mechanism for the origin of
the characteristic increase of average molecular weight with
conversion. The experiments featured a large initial increase
in molecular weight followed by a highly linear subsequent
increase in molecular weight with conversion. This was akin
to what is termed hybrid behavior in the RAFT process and,
in the reversible trapping mechanism, would be expected to
occur if the equilibrium constant (K ) kadd/kfrag) for the
reversible trapping reaction (Scheme 1.VIII) fell into the
approximate range of 105-106 L mol-1. High level ab initio
calculations for the addition of model polystyryl radicals to
the di-tert-butyl thioketone agent (Scheme 1.VIII) indicated
that the equilibrium constant (7.0‚104 L mol-1) did indeed
fall into this approximate range, providing some support for
the proposed mechanism.12

Although controlled radical polymerization has been
achieved using thioketone spin traps, for a practical polym-
erization process it would be desirable to eliminate the hybrid

Scheme 1. Reactions of a Generic Radical Polymerization as Well as Those of the RAFT and Thioketone Addition
Processes
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behavior and in this way improve the molecular weight
control. To this end, it is necessary to identify thioketone
spin traps for which the equilibrium constants are signifi-
cantly higher. However, the equilibrium constant should not
be too large, since this can lead to severe retardation/
inhibition phenomena. Kinetic studies of the related nitroxide
mediated free-radical polymerizations (NMP, which is based
on the same key idea as the present process but uses a radical
spin trap) indicate thatK should be around 109 L mol-1 in
order to effect an efficient living process.6 There are various
other characteristics that are desirable if thioketones are to
be used in controlling polymerizations. As well as a high
equilibrium constant for the reversible radical trapping
process, chain transfer to and copolymerization of the
thioketone compounds must be absent. For this reason it is
likely that substrates with bulky substituents (such as phenyl
or tert-butyl) might be practically suitable. Additionally, since
the dormant species bears a radical, it is essential that
termination of two dormant species does not occur to a
significant extent. This is another reason bulky substituents
are likely to be advantageous. Finally, we note that it is
important that the rate coefficient for addition of the
propagating radical to the thioketone is substantially higher
than that of the monomer. As in the case of RAFT
polymerization, thioketones are suitable control agents in this
respect because CdS π bonds are considerably weaker than
CdC bonds, due to the poorer overlap between the p-orbitals
on first row carbon and second row sulfur atoms, and
consequently their singlet-triplet excitation energies are
considerably smaller.13,14

The fact that the dormant species in thioketone-mediated
polymerizations bear radicals also brings about the complica-
tion that at the conclusion of the polymerization, these species
may still be “active”. It might be possible in the future to
devise some chemical means to terminate these active
species, analogous to the quenching of anionic polymeriza-
tion mediums with a carboxylic acid to give all chains a
hydrogen end group. In this regard there is a greater degree
of complication as compared to RAFT. Another complicating
factor in the radical spin trapping process is that all
polymerizing chains originate from initiator fragments. This
is in contrast to the RAFT process, one of whose crucial
features is the fragmenting and reinitiating R-group. As a
result, rather than most chains having nearly the same length,
molecular weights will be more evenly distributed between
the maximum and minimum values present in the system,
meaning that with a slowly decomposing initiator, very low
polydispersities (<1.3) cannot be achieved.

Despite these challenges, there are several reasons for
interest in this polymerization system. First it may in the
future be possible to provide some degree of control over
previously difficult to control monomers since the presence
of only a single thiyl group provides greater flexibility for
fine-tuning the reactivity of the molecular substrate. Second,
there is academic interest in that it offers an experimental
scenario in which it should be possible to elucidate relative
radical stabilities of propagating and trapped radicals. Third,
with a greater understanding of the effect of the above two
variables, it might be possible to adjust the RAFT process,

extending its control to a wider variety of systems, such as
those involving monomers with very high or very low
reactivities.

To facilitate the further experimental study of this new
process, the purpose of the current paper is to use high-level
ab initio molecular orbital calculations to design improved
thioketone spin traps for controlling free-radical polymeri-
zation. We initially survey the effects of substituents on the
enthalpies for the trapping of various radicals by a range of
thioketone molecules, so as to identify combinations of
substituents that are likely to maximize the equilibrium
constant of the trapping reaction. This complements and
extends our earlier studies of substituent effects in the RAFT
process, for which the presence of the additional thiyl
substituent was found to dominate the structure-reactivity
trends.11-17 In the present work it is possible to vary both
thiocarbonyl substituents and in this way target a wider range
of stabilities and reactivities. Having identified potential
combinations of substituents, we then select the thioketone
spin traps most likely to resist copolymerization and radical-
radical termination on the basis of steric factors. We then
evaluate their likely performance in a polymerizing system
through direct calculation of their equilibrium constants for
trapping of model propagating radicals and also their
copolymerization propagation rate coefficients.

Theoretical Procedures
Definitions. In the present work we study the effects of
substituents on the stabilities of the adduct-radicals using
the standard radical stabilization energies (RSEs).18,19 For a
radical R•, it is defined as the enthalpy of the hydrogen
abstraction reaction

As discussed previously,15,20,21in using the RSE to measure
the stability of the radical we make the implicit assumption
that the effect of the substituent on the stability of the closed
shell compound is negligible and therefore cancels. While
this assumption can be invalid in some situations (such as
the study of phosphoranyl radicals20), it has been found to
provide a reasonable qualitative guide to the stability of
carbon-centered radicals.15,21Within this framework, a posi-
tive value indicates that R• is more stable than CH3• and vice
versa.

The thiocarbonyl bond stability in a compound SdCXY
can be estimated relative to that of thioformaldehyde (Sd
CH2) as the enthalpy of the following isodesmic reaction,
analogous to that defined previously for RAFT agents.15

Once again, a positive value of the enthalpy for the isodesmic
reaction indicates that the X/Y substituents stabilize the
thiocarbonyl bond relative to that in thioformaldehyde. As
in the case of the RSEs, in using the enthalpy to study the
stability of the thiocarbonyl compound it is assumed that
the X,Y substituents do not destabilize the reference com-
pound CH2XY. As a result, this measure will at best offer
only a qualitative guide to relative stabilities but has

R• + CH3-H f R-H + CH3
• (1)

SdCXY + CH4 f SdCH2 + CH2XY (2)
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nonetheless proven useful in predicting the behavior of RAFT
agents toward radical addition.15

Computational Methods. Ab initio molecular orbital
theory and DFT calculations were carried out using GAUSS-
IAN 98,22 GAUSSIAN 03,23 GAMESS-US,24 and MOLPRO
2000.6.25 Unless noted otherwise, calculations on radicals
were performed with an unrestricted wave function. In cases
where a restricted-open-shell wave function was used, it is
designated with an R prefix. All enthalpies, RSEs, and agent
stabilities were calculated at 0 K; all equilibrium constants
and kinetic parameters were evaluated at 333.15 K.

Calculations were performed at a high level of theory,
selected on the basis of previous assessment studies for
radical addition to CdS double bonds.26,27 Geometries and
vibrational frequencies were obtained at the B3-LYP/6-31G-
(d) level of theory, and conformational searches for the global
minimum energy structure were also performed at this level
of theory. Improved energies were then calculated, using an
ONIOM method27 to approximate the W128,29level of theory.
This operated by calculating only the core reaction CH3

• +
SdCH2 f CH3-S-CH2

• at the W1 level of theory and then
correcting the effect of the substituents using a less compu-
tationally intensive procedure, G3(MP2)-RAD.30 When even
this method proved too computationally expensive, a three-
layer ONIOM method was used in which the energies of
the final layer of substituents were calculated at the RMP2/
6-311+G(3df,2p) level of theory. We have previously shown
that, provided all forming and breaking bonds and all
R-substituents on the attacking radical are included in the
core (as in Figure 1), this approach provides excellent
approximations to high-level calculations on the full system.27

To assist in the qualitative rationalization of the results,
charge and (where relevant) spin density distributions within
selected thioketones and their adduct radicals were calculated
on the basis of a natural bond orbital (NBO) population

analysis, carried out in GAUSSIAN at the B3-LYP/6-
311+G(3df,2p) level of theory using the density) current
keyword.

For the agents selected as being potentially good radical
trapping agents in an experimental scenario, the equilibrium
constants were calculated for their reaction with model
propagating species at the experimentally realistic temper-
ature of 333 K. Rate coefficients for propagation of the
thioketone adduct radicals (via addition to monomer and
addition to thioketone agents) were also calculated to assess
whether such side reactions were likely to be operative.
Equilibrium constants (K) and rate coefficients (k) were
calculated using the optimized geometries, frequencies, and
W1-corrected energies in conjunction with the following
standard textbook formulas.31

In these formulas,κ(T) is the tunneling correction factor,T
is the absolute temperature,kB is Boltzmann’s constant,h is
Planck’s,c° is the standard unit of concentration (mol L-1),
R is the universal gas constant,m is the molecularity of the
reaction, and∆n the change in moles upon reaction,Qq, Qi,
andQj are the molecular partition functions of the transition
structure, reactanti and productj, respectively,∆Gq is the
Gibb’s free energy of activation,∆G is the Gibb’s free energy
of reaction,∆Eq is the 0 K, zero-point energy corrected
energy barrier for the reaction, and∆E is the 0 K, zero-
point energy corrected energy change for the reaction. The
value of c° depends on the standard-state concentration
assumed in calculating the thermodynamic quantities (and
translational partition function). The tunneling coefficient
κ(T) corrects for quantum effects in motion along the reaction
path and is close to unity in the systems of interest.14

Molecular partition functions (Qi) were calculated using the
B3-LYP/6-31G(d) geometries and frequencies in conjunction
with the standard textbook formulas, based on the statistical
thermodynamics of an ideal gas.31

As outlined previously,11,14for these types of reactions (and
indeed other radical addition reactions32), the harmonic
oscillator model is not an adequate approximation for many
modes of vibration that correspond to rotations (typically
those less than 300 cm-1). Therefore, for the calculations of
the equilibrium constants, all low frequency torsional modes
were treated separately as hindered internal rotations, using
the standard procedure described elsewhere.11,14 In the case
of the propagation rate calculations, the errors in the
harmonic oscillator approximation would be expected to

Figure 1. Example of the use of the ONIOM method to
approximate a high level of theory energy calculations. In this
method, only the core is calculated at the highest level of
theory, which the effect of the substituents being accounted
for at lower levels of theory. This allows approximations of
higher levels of theory for which computations of the full
system would render the problems intractable.

K(T) ) (c°)∆ne(-∆G/RT) ) (c°)∆n( ∏
products

Qj

∏
reactants

Qi)e(-∆E/RT) (3)

k(T) ) κ(T)
kBT

h
(c°)1-me(-∆Gq/RT) )

κ(T)
kBT

h
(c°)1-m

Qq

∏
reactions

Qi

e(-∆Eq/RT) (4)
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cancel to some extent (due to the early transition structures).14

Moreover, for the propagation calculations we required only
order-of-magnitude accuracy, to assess the likely interference
of copolymerization side reactions. For these reasons, for
the propagation rate calculations, we adopted the less
computationally intensive harmonic oscillator model. How-
ever, the more accurate hindered rotor model was used for
the calculation of the equilibrium constants.

We have recently shown that the above methodology
(when using the hindered rotor model) is capable of achieving
chemical accuracy for radical addition to thioketones. For
example, Scaiano and Ingold have reported an experimental
equilibrium constant (based on photolysis studies) of 1.2×
106 L mol-1 for the addition oftert-butyl radicals to di-tert-
butyl thioketone at 25°C. The theoretical equilibrium
constant of 7.9× 105 L mol-1 obtained using the theoretical
procedure outlined above is in good agreement with experi-
ment, the theoretical number being slightly lower possibly
due to the neglect of solvent effects.12

Results and Discussion
Enthalpies for•CH3 radical addition to a wide range of
thioketones (SdCXY; X,Y ) H,H; CH3,CH3; C(CH3)3,H;
CN,H; OCH3,H; OCH3,OCH3; Ph,H; C(CH3)3,C(CH3)3; CN,-
CN; CN,Ph, OCH3,Ph; Ph-O-Ph; Ph-Ph;para-CN-Ph,para-
CN-Ph; phenanthrene; see also Table 1) have been calcu-
lated at 0 K and placed in Table 1. Corresponding enthalpies
for the addition of substituted radicals (CN-CH2

•, HO-CH2
•,

Bz•) are shown in Table 2. To assist in the qualitative
rationalization of the results, radical stabilization energies
(RSEs) of the adduct radicals and CdS bond stabilities of
thioketones are also included in Table 1. Geometries of the

adduct radicals for each series of reaction are shown in
Figures 2 and 3, respectively; complete geometries of all
species in the form of Gaussian archive entries are provided
in the Supporting Information.

The exothermicities for•CH3 addition to thioketones,
together with stabilities of the thioketones and their adduct
radicals, are plotted in order of increasing exothermicity in
Figure 4. Inspection of Figure 4 shows that the exothermicity
for the methyl trapping reaction depends on the stabilities
of both the adduct radical and the thioketone agent, with
the most effective agents combining high adduct stabilities
with low agent stabilities. In what follows we first explore
how to optimize each of these properties in turn for the case
of •CH3 radical addition, and we then consider the additional
effect on the enthalpy when the electronic properties of the
attacking radical are varied. Finally, we use the results of
Tables 1 and 2 to design improved thioketone agents for
controlling the polymerization and then test them computa-
tionally for the polymerization of styrene and also vinyl
acetate.

Radical Stability. As expected, the radical stabilization
energy of an adduct-radical is particularly sensitive to the
type of substituents, with RSEs ranging from 10.1 kJ mol-1

(adduct of thioacetone) to well over 100 kJ mol-1 (in the
case of many of the phenyl and/or cyano-substituted species).
It can be further noted that the substrates with at least one
substituent capable of delocalizing the unpaired electron all
have an RSE in excess of 80 kJ mol-1, while in most cases
those without such a substituent have an RSE falling below
40 kJ mol-1. In the four simplest compounds (i.e. those in
which one of the substituents is a hydrogen), the largest
stabilization is afforded by the cyano-substituent, and cyano-

Table 1. Radical Stabilization Energies (RSEs) for Thioketone Adduct Radicals, Enthalpies for the Methyl Trapping
Reaction (CH3

• + SdCXY f CH3S•CXY),a and Thioketone Bond Stability

SdCXYb

no. X Y
RSEc

(kJ mol-1)
∆H

(kJ mol-1)
SdC stability

(kJ mol-1)

1 H H 40.8 -123.7 0.0
2 Me Me 10.1 -94.7 60.3
3 tert-butyl H 44.2 -106.7 38.1
4 CN H 88.1 -168.1 -1.7
5 OMe H 56.6 -53.4 103.3
6 OMe OMe 42.3 -12.1 140.4
7 phenyl H 82.7 -137.0 49.9
8 tert-butyl tert-butyl 39.9 -91.3 37.3
9 CN CN 107.3 -193.3 7.7
10 CN phenyl 115.0 -169.7 47.8
11 OMe phenyl 82.3 -75.9 127.4
12 phenyl phenyl 102.7e -139.8e 71.7
13 (xanthene-9-thione) 125.2e -138.3e 101.7f

14 phenyl Me 81.3 -124.5 64.5
15 (fluorene-9-thione) 108.5e -151.3e 76.0
16 p-CN-phenyl p-CN-phenyl 112.0e -149.0e 65.9f

17 (phenanthrene-4-thione) 110.0e -156.0e 69.0f

a Enthalpies were calculated at an approximate W1 level obtained using an ONIOM approach in conjunction with the G3(MP2)-RAD level of
theory and (where necessary) RMP2/6-311+G(3df,2p). The W1 core used for all structures was CH3

• + SdCH2, and unless noted otherwise
G3(MP2)-RAD was used for the full system. b Optimized geometries were obtained using B3-LYP/6-31G(d), and energies include scaled B3-
LYP/6-31G(d) zero-point energy corrections. See Figures 2 and 3 for structures. c Defined as the enthalpy change of the reaction given in eq
1. d Defined as the enthalpy change of the reaction given in eq 2. e Substrate used as the G3(MP2)-RAD outer core when applying the ONIOM
method was SdC(Ph)(CH3). f Substrate used as the G3(MP2)-RAD outer core was SdC(Ph)2.
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substituted substrates prove in general to have the highest
stabilities. This is due to theπ-accepting ability of the cyano
group, which affords a captodative interaction with the lone
pair donor thiyl group.

In contrast to theπ-accepting groups, the lone pair donor
methoxy substituents are less stabilizing, despite the fact that
they show similar radical stabilizing properties in isolation.
This feature was noted previously in our study of RAFT-
adduct radicals15 and arises because the lone pair donor thiyl
group, though stabilizing, results in the unpaired electron
occupying a higher energy orbital than 2p(C•).33 As a result,
the stabilizing interaction with subsequent lone pair donor
groups is progressively weakened due to the increasing the
energy gap between the lone pair and the unpaired electron.
In the present work, we note that the first lone pair donor
group (the thiyl substituent in the adduct of CH3SCH2

•)
affords a stabilization of 40.8 kJ mol-1, the second (the
methoxy group in CH3SCH(OCH3)•) affords an additional
stabilization of only 15.8 kJ mol-1, and the third (the
additional methoxy group in CH3SC(OCH3)2

•) affords no
additional stabilization and actually destabilizes the radical,
relative to CH3SCH(OCH3)•, due to the increasing sigma
withdrawal.

Comparing the•CH3 adducts of SdCH(Ph) with Sd
C(Ph)2, a somewhat surprising effect of the second phenyl
group is a reduction in the RSE. First, it might be possible
that there is a reducedπ-accepting stabilizing effect due to
steric factors causing a reduction in the planarity of the
phenyl groups at the radical center. Second, close inspection
of the optimized geometry of CH3-S•(Ph)2 reveals that in
contrast to that for CH3-S•H(Ph), the methyl group, rather
than adopting a well spaced trans conformation, is angled
considerably out of the plane formed at the radical center.
As a result, there is less efficient overlap of the p-type lone
pair on the sulfur with the 2p(C•) and hence reduced
stabilization from this substituent. In support of this we note
that when we compare the RSE of the SdC(CN)2 adduct
with that of its monosubstituted analogue SdCH(CN), it can
be seen that the second substituent does now increase the
stability of the adduct radical though it still does not afford
the same increase in stabilization as was provided by the
first. In this case the CN substituent is much smaller than

the phenyl group and therefore much less affected by steric
interactions.

We also note that this steric interaction may also help to
explain why the thioacetone adduct has a lower radical
stability than the thioformaldehyde adduct, despite the
presence of additional radical-stabilizing methyl groups in
the former case, and why the adduct of the di-tert-butyl
thioketone has a lower radical stability than the corresponding
monosubstituted thioketone. For example, we consider the
geometries of the adduct radicals of both di-tert-butyl thione
andtert-butyl thione. In the former, the newly formed C-S
bond is nearly at right angles to the plane at the radical center,
whereas for the latter it is essentially planar. It can be said,
therefore, that the radical on the methyl adduct oftert-butyl
thione is experiencing stabilization from lone pair donation
of the adjacent sulfur atom and that this is absent in the
radical adduct of di-tert-butyl thione. This is clearly seen in
a reduction in the spin density at sulfur, which decreases
from -0.23 in the CH3SCH2

• radical and-0.19 in the CH3-
SCH(C(CH3)3)• radical to only -0.01 in the CH3SC-
(C(CH3)3)2

• radical. This loss of the lone pair donation effect
is partially (but not wholly) compensated for by the increased
hyperconjugative stabilization from the additionaltert-butyl
group, resulting in a small net destabilization of the adduct
radical. This is evident in the fact that the spin density at
the formal radical center increases only marginally from
-0.79 for CH3SCH2

• and-0.78 for CH3SCH(C(CH3)3)• to
-0.87 for CH3SC(C(CH3)3)2

•.
Given these steric effects, it is interesting therefore to look

at the conformation of CH3-S•(Ph-O-Ph). Here, the phenyl
groups are held in plane by a linking oxygen atom. The
attacking methyl radical is almost perpendicular to the plane
of the phenyls, meaning that the p-type lone pair on the sulfur
has very little overlap with and stabilization of the radical.
This represents a compromise between the energetic cost of
steric repulsion of the methyl by the phenyl group and that
of the reduced stabilization of the radical by the p-type sulfur
lone pair, it now being perpendicular to the 2p(C•) orbital.
In forming this linked compound, we have strengthened the
electron accepting ability of the phenyls at the expense of
the electron donating ability of the sulfur lone pair. Nonethe-
less, the former effect dominates and leads to an increase of

Table 2. Enthalpies at 0 K for the Methyl Trapping Reaction (R•+ SdCXY f RS•CXY)a and Radical Stabilization Energies
(RSEs) for the Adduct Radicals of R• and SdC(CN)2

no. structureb

Me
∆H

(kJ mol-1)

CN-CH2

∆H
(kJ mol-1)

HO-CH2

∆H
(kJ mol-1)

Bz
∆H

(kJ mol-1)

3 SdC(C(CH3)3)2 -91.3 -65.9 -91.0 -43.6c

10 SdC(CN)(Ph) -169.7 -111.5 -166.3 -128.3c

11 SdC(OMe)(Ph) -75.9 -48.2 -76.2 -41.8c

12 SdC(Ph)(Ph) -139.8e -114.1d -137.6d -95.0c

9 SdC(CN)2 -193.3 -136.7 -186.0 -153.1
9 (RSE) R-SC•(CN)2 107.3 109.4 108.1 114.0

a Enthalpies were calculated at an approximate W1 level obtained using an ONIOM approach in conjunction with the G3(MP2)-RAD level of
theory and (where necessary) RMP2/6-311+G(3df,2p). The W1 core used for all structures was CH3

• + SdCH2, and unless noted otherwise
G3(MP2)-RAD was used for the full system. b Optimized geometries were obtained using B3-LYP/6-31G(d), and energies include scaled B3-
LYP/6-31G(d) zero-point energy corrections. See Figures 2 and 3 for structures. c The G3(MP2)-RAD outer core used was Bz• + SdCH2, with
the effect of the outer layer of substituents calculated at RMP2/6-311+G(3df,2p). d The G3(MP2)-RAD outer core used was R• + SdC(CH3)2,
with the effect of the outer layer of substituents calculated at RMP2/6-311+G(3df,2p). e The G3(MP2)-RAD outer core used was CH3

• +
SdC(ph)(CH3), with the effect of the outer layer of substituents calculated at RMP2/6-311+G(3df,2p).
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approximately 22 kJ mol-1 in the RSE of the adduct radical
of xanthene-9-thione, compared with the other twin-phenyl
bearing compound, thiobenzophenone. However, the enthal-
pies for methyl trapping of these two compounds are similar
in both cases because the increased stability of the adduct
radical is countered by a concurrent increase in the stability
of the thiocarbonyl compound due to the presence of the
lone pair donor oxygen atoms (see below). To probe this
further, calculations were also made for fluorene-9-thione
and cyclopenta[def]phenanthrene-4-thione, for which the lone
pair donor oxygen atoms were absent. These also showed
an increase in the RSE of the adduct radicals (as in the case
of the xanthene-9-thione) but without the significant increase
in the stability of the thiocarbonyl compounds. As a result,
they showed significant improvements in their methyl radical

trapping capabilities, with cyclopenta[def]phenanthrene-4-
thione showing the greatest improvement.

In summary, all substrates withπ-accepting groups (such
as cyano, phenyl, and other aromatic ring systems) demon-
strate radical stabilities that are high relative to compounds
without π-accepting features in their substrate. Differences
within this series appear to be due to the degree of
delocalization and how well the sulfur lone pair can be
utilized to stabilize the radical in the adduct. It seems likely
that the best results are attained either when theπ accepting
group is small and compact (as in the cyano substituted
analogues) and/or the radical center is incorporated into an
aromatic ring system that enforces planarity and thereby
improves the ability of theπ-system to accept the unpaired
electron.

Figure 2. Optimized geometries of methyl radical adducts for each substrate. Geometry optimizations and conformation scans
were carried out at the level of theory B3-LYP/6-31G(d).
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Thioketone Stability. As in the case of our earlier study
of RAFT agents,15 we find that the CdS bond of the
thioketone agents is strongly stabilized by lone pair donating
groups (such as OCH3) and weakly stabilized byπ or
pseudo-π donor groups (such as phenyl or alkyl groups).
The stabilizing effect of lone pair donor groups is readily
understood in terms of the possible resonance contributors
to the thiocarbonyl compound as follows.5

Theπ or pseudo-π donor groups are less stabilizing because
they are much weaker electron donors. As in the case of
RAFT agents,15 we also find that the thioketones are
destabilized by steric interactions. Thus for example, the
stabilizing effect of a single (electron donating)tert-butyl
group is 38.1 kJ mol-1; however, the addition of the second
group actually slightly destabilizes the thioketone (by ap-
proximately 1 kJ mol-1). In a similar manner, the stabilizing

Figure 3. Optimized geometries of benzyl (I), cyanomethyl (II), and hydroxymethyl (III) radical adducts for selected substrates.
Geometry optimizations and conformation scans were carried out at the level of theory B3-LYP/6-31G(d).

Figure 4. Exothermicities (i.e., -∆H) for trapping of the
methyl radical at 0 K by all substrates studied (black bars);
radical stabilization energies (RSEs) for the adduct radicals
(CH3-S-C•(X)(Y)) (white bars); and stability of the SdC bond
(hatched bars). The values in this figure directly reflect those
reported in Table 1.
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effect of two phenyl substituents (71.7 kJ mol-1) is much
less than that sum of their isolated effects (99.8 kJ mol-1).

In our previous study of RAFT agents,15 we found that
σ-withdrawing substituents (such as CN or CF3) destabilize
the CdS bond by inhibiting resonance with the lone pair
donor thiyl group of the dithioester. In the thioketones of
the present work, this resonance is already absent (as there
is no thiyl substituent), and their effect is much smaller (in
some cases negligible). Thus, for example, SdC(CN)H is
only 1.7 kJ mol-1 less stabilized than SdCH2, SdC(CN)Ph
is only 2.1 kJ mol-1 less stabilized than SdC(H)Ph, and the
para-cyano-substituted thioketone, SdC(p-CN-Ph), is only
5.8 kJ mol-1 less stabilized than the corresponding unsub-
stituted analogue, SdC(Ph)2. However, one might expect
stronger destabilizing effects (more in line with those seen
in RAFT agents) if the cyano substituents were included in
the presence of a second lone pair donor group, such as
OCH3.

Interestingly, the di-cyano-substituted thioketone appears
to be weakly stabilized (by 7.7 kJ mol-1) relative to Sd
CH2, despite the fact that the monosubstituted analogue Sd
CH(CN) was not. This apparently unphysical result would
seem to indicate that the isodesmic reaction used to measure
stabilities of the thioketones contains an influence from the
stabilities of the reference compounds (in this case CH4, CH3-
CN, and CH2CN2). Indeed the reaction, 2CH3CN f CH2-
CN2 + CH4, is actually endothermic by 31.1 kJ mol-1,
implying that the observed increase in the stabilization energy
of SdC(CN)2 is probably due to the lower inherent stability
of CH2CN2. This serves to illustrate the cautionary remarks
made in the Theoretical Procedures section concerning the
use of isodesmic reactions to measure stabilization energies.
Such measures always contain an influence from the closed
shell reference species and will at best provide a qualitative
guide to relative stabilities. As was clear from Figure 3, the
isodesmic reaction used in the present work to assess
thiocarbonyl stability is a reasonable qualitative predictor of
reaction exothermicity, provided the differences in stabilities
are large (>15 kJ mol-1). Thus for example the exother-
micities for the lone pair donor substituted thioketones (such
as SdC(OCH3)H) are considerably smaller than those for
SdCH2, despite the fact that the adduct radicals are actually
more stabilized, and this is in accord with their significantly
greater thioketone stabilities. However, it is also clear that
one should be cautious in attributing physical significance
to more minor differences in compound stability.

Based on these trends, the most active thioketone agents
should contain at least one cyano-substituent in preference
to π, pseudo-π, or lone pair donor groups. However, since
this not very bulky, it may not offer sufficient protection
from chain termination and propagation reactions. Of the
more practical possibilities, the di-tert-butyl thioketone shows
the next lowest stability, which helps to explain its recent
success in controlling stryene polymerization.12 Other agents
with relatively low stabilities would include the diphenyl
substituted agents, especially the para-cyano-substituted ones,
and also fluorene-9-thione and phenanthrene-4-thione. The
other cage-like diphenyl substituted system, xanthene-9-

thione, is much more stable than the others, due to the
presence of the lone pair donating oxygen atom.

Effect of Attacking Radical. Figure 5 shows the exo-
thermicities for addition of•CH3, •CH2CN, •CH2OH, and
•CH2Ph to the various substrates. In general, it appears that
the trends in the exothermicities for•CH3 addition to the
various substrates provide a reasonable qualitative guide to
the exothermicity trends for the other radicals. Thus, for
example, of the agents considered, the methoxy-substituted
agent shows the lowest exothermicities for trapping of the
various radicals, the dicyano-substituted agent shows the
highest, and the other substrates show intermediate behavior.
Within these broad trends there are minor variations among
the different attacking radicals. In particular, although the
trapping of all radicals is promoted when the thioketone bears
at least one cyano-substituent, the relative trapping efficien-
cies are reversed for the benzyl and•CH2CN radicals. This
may be related to the fact that the RSE of the adduct of
benzyl and SdC(CN)2 is higher than the adducts of this
substrate and the other radicals (see the bottom row of Table
2). Despite these minor variations, it appears that it may be
possible to select optimal thioketone agents using calculations
of their •CH3 trapping abilities, rather than calculations on
larger polymeric radicals.

Comparing next the exothermicities for addition of the
various radicals to a specific substrate, we note that, if we
were to consider only the stability of the attacking radical,
then the reactions of the least stable radical•CH3 (i.e. RSE
) 0) should be most exothermic, followed by those of
•CH2OH and •CH2CN (RSE ) 31.9 and 31.6 kJ mol-1,
respectively),33 with those of the most stable radical•CH2-
Ph (RSE ) 58.9 kJ mol-1)33 expected to be the least
exothermic. If we examine Table 2, we find that these trends
generally hold but with two important exceptions.

First, we note that•CH2OH additions are more exothermic
than one would have expected on the basis of radical stability
alone. This feature has been noted previously in addition of
the same radicals to alkenes,34 and its generality would seem

Figure 5. Exothermicities (i.e., -∆H) for trapping of several
radicals by several thioketones at 0 K by all substrates studied.
The values in this figure directly reflect those reported in
Table 2.
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to indicate that the•CH2OH attacking radical may actually
be less stabilized than•CH2CN, despite their almost identical
RSEs. As explained in the Theoretical Procedures section,
the RSE reflects not only the relative stabilities of the
attacking radicals but also those of the corresponding closed
shell compounds, and these can sometimes affect results.
However, this is probably only part of the explanation:
although the•CH2OH radical could easily be less stabilized
than •CH2CN, it is unlikely that it could be as destabilized
as •CH3. Instead, it appears that the stability of the product
also plays a role in the greater exothermicity for•CH2OH
addition. This enhanced stability may arise through a number
of factors. For example, the presence of the lone pair donor
OH group may enhance the lone pair donation of the sulfur
atom and its consequent ability to stabilize the unpaired
electron of the adduct radical. To test this idea, we calculated
RSEs of the various adduct radicals for a typical substrate
(see Table 2) but found that those for the•CH3, •CH2OH,
and •CH2CN adducts were all very similar to one another.
Another possible explanation for the increased exothermicity

in •CH2OH addition is the formation of stabilizing H-bonding
interactions in the adduct-radical. These occur either between
the O of the OH group and H on the substrate (in the case
of SdC(C(CH3)3)2) or between the H of the OH group and
the N of the CN-group or O of the methoxy group in the
substrate (in the case of the SdC(CN)2, SdC(CN)(Ph), and
SdC(OCH3)(Ph)). For depictions of all of these hydrogen
bonds, see Figure 3. To establish the importance of these
interactions we took selected adduct radicals and recalculated
the exothermicities for corresponding conformations of the
adduct radicals in which the OH group angled away from
the substrate (and hence the H-bond was inhibited). These
were typically higher in energy by a small but significant
amount (for example, 5.2 kJ mol-1 for the •CH2OH adduct
of SdC(C(CH3)3)2), suggesting that H-bonding does play a
role. Finally, the adduct radicals of•CH2OH with the
thioketones are substituted with two lone pair donor groups
(instead of one, as in the case of the other attacking radicals),
raising the possibility that an anomeric effect on the strength

Figure 6. B3LYP/6-31G(d) optimized geometries of the transition states of (1) SdC(CN)(ph) homopolymerizing (Scheme 2.I)
and (2) SdC(CN)(ph) copolymerizing with styrene (Scheme 2.II) as well as those of the adducts of fluorene-9-thione with (3)
styryl dimer radical and (4) VA dimer radical. Structure (5) is the B3LYP/6-31G(d) optimized geometry of the adduct formed
upon cross-propagation of fluorene-9-thione with styrene (Scheme 2.III).
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of the formed R‚‚‚S bond also contributes to their enhanced
stability.

Second, the relative exothermicities for addition of the
•CH2CN and •CH2Ph radicals vary somewhat according to
the substrate. In particular, the exothermicity for the (more
stable)•CH2Ph radical is considerably higher than that for
the (less stable)•CH2CN radical for those substrates bearing
cyano substituents. This may be explained as follows. In the
•CH2CN adducts for which the substrate contained no CN
group (SdC(Ph)2, SdC(C(CH3)2, and SdC(OCH3)(Ph)), the
lone pair on the sulfur was not parallel to the spin unpaired
orbital, implying that it is not contributing to the radical
stabilization significantly. The reasons for this are steric in
the case of SdC(Ph)2 and SdC(C(CH3)3)2 but electronic in
the case of SdC(OCH3)(Ph), where there is competing lone
pair donation from the oxygen. In the case of SdC(CN)2
and SdC(CN)(Ph) however, there exists the possibility for
stabilization of the radical by lone pair donation from the
sulfur, since the steric and competitive donation mentioned
in the previous sentence are absent. Further, we note that in
the geometries of all adducts coming from each possible
adduct of•CH2Ph or•CH2OH with SdC(CN)2 or SdC(CN)-
(Ph), the forming bond is roughly coplanar with the radical
center, meaning that stabilization of the radical by the sulfur
lone pair is occurring. In systems where the attacking radical
is •CH2CN, it seems likely that the CH2CN group is
undergoingπ-acceptance of the p-type lone pair on the sulfur,
thereby reducing the sulfur’s lone pair stabilization of the
radical. This is a phenomenon which cannot exist in adducts
of other attacking radicals and hence explains the reversed
order of reactivity of CN bearing substrates toward•CH2-
CN and•CH2Ph.

Thioketone Design.As discussed above, the requirements
of a thioketone to be able to control a radical polymerization
are that it (a) has a high equilibrium constant for the trapping
processK ) kadd/kfrag (see Scheme 1.VIII) and (b) forms an
adduct radical with a high stability toward copolymerization
or cross-termination. While SdC(CN)2 might appear to be
the best candidate based on the first criterion (see Figure 4),
its nonbulky substituents most likely preclude satisfaction
of the second. The agent cyanophenyl thione, SdC(CN)-
(Ph), also performs well with respect to the first criterion
and is slightly more bulky. However, although more hindered
than SdC(CN)2 it is still unclear whether the substituents
are likely to prevent the adduct radical from undergoing
propagation or termination reactions.

Apart from SdC(CN)2 and SdC(CN)(Ph), the next two
most promising reagents on the basis of methyl radical
trapping exothermicities appear to be fluorene-9-thione and
cyclopenta[def]phenanthrene-4-thione. These also have the
desirable feature of a closed ring structure, meaning that
termination or copolymerization of the thioketones would
be (at least somewhat) hindered. In deciding which of these
two substrates to choose for further investigation, an ad-
ditional criterion has been invokedsthat of synthetic feasibil-
ity. The most common methods of synthesizing thioketones
involves conversion of the ketone precursor.35 Both fluorene-
9-one and cyclopenta[def]phenanthrene-4-one are both avail-
able commercially, however the latter only at a synthetically

infeasible expense.36 For this reason, fluorene-9-thione has
been chosen for further evaluation. However, calculations
on the more thermodynamically optimal agent SdC(CN)-
(Ph) were also undertaken with a view to establishing
whether it is sufficiently hindered to resist propagation
reactions.

Computational Evaluation. Having selected two potential
thioketone agents, SdC(CN)(Ph) and fluorene-9-thione, it
is now necessary to evaluate their potential for controlling
free-radical polymerization. In the first instance, we need to
establish whether the trapped radical is sufficiently hindered
to prevent propagation and termination reactions from
occurring. Accurate calculations of radical-radical termina-
tion reactions (including termination in situations where the
radical can be delocalized into e.g. a phenyl ring), which
would require expensive multireference methods, are not
currently feasible on systems of this size. However, we can
study the propagation behavior. For each substrate, there are
two types of propagation reaction to consider: addition of
the adduct radical to the thioketone (“homopropagation”) and
addition of the adduct radical to the monomer (“cross-
propagation”). Models of these two reactions for each of the
two substrates are illustrated in Scheme 2.

In the case of the smaller substrate, SdC(CN)Ph thioke-
tone, the calculated rate coefficients for these two reactions
are 1.9‚108 L mol-1 s-1 and 11 L mol-1 s-1 for homopropa-
gation (I) and cross-propagation (II), respectively. Based on
these results, it is clear that homopropagation of the adduct
radical of cyanophenyl thione (SdC(CN)(Ph)) is a significant
reaction. Since the steric bulk at the radical center was
insufficient to prevent this side reaction, it also seems likely
that there will be insufficient steric bulk to prevent biradical
termination and that this particular thioketone is unlikely to
be suitable for the mediation of free radical polymerizations.
For this reason, no further calculations were performed for
cyanophenyl thione. In the case of the larger substrate,
fluorene-9-thione, it seems reasonable to assume that the
closed ring structure could be too hindered to undergo
significant propagation reactions. Indeed, when we calculated
the equilibrium constant for the addition to the smaller of
the two substrates (styrene, reaction III in Scheme 2), we
found that the reaction was not very thermodynamically
favorable (K333 ) 3.3 × 101 L mol-1; ∆H333 ) -63.8 kJ
mol-1; ∆S333 ) -190.0 J mol-1 K-1), having a ceiling
temperature of only 336 K. In other words, propagation, if
it occurred at all, would be reversible and merely contribute
to radical storage. We therefore selected fluorene-9-thione
for further evaluation.

The next step in the evaluation is to investigate the reaction
of fluorene-9-thione with the propagating radicals of common
radical polymerizations and thereby determine whether the
adduct radical is sufficiently stabilized (towardâ-scission)
to provide sufficient control. As noted in the Introduction,
kinetic studies of the related living radical polymerization
process, nitroxide mediated polymerization, indicate that the
equilibrium constant for the addition reactionK should be
around 109 L mol-1 in order to effect an efficient living
process.6 Values lower than this can lead to hybrid behavior
and loss of control; values significantly higher than this can
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lead to rate retardation effects. We therefore evaluated the
equilibrium constant for addition of the propagating radical
to fluorene-9-thione in both styrene and vinyl acetate
polymerization (see reactions V and VI of Scheme 2), the
former being chosen as a prototypical stable monomer, the
latter as a prototypical unstable monomer. In each case, the
propagating radical was modeled as a dimer as we have
previously shown that, for propagation reactions at least, this
model includes the most important substituent effects on
radical reactivity and provides a reasonable guide to the
propagation kinetics of the corresponding long chain radi-
cal.37

Using these model reactions, it is found that the theoretical
predictions for the equilibrium constant of a propagating
poly(styrene) and poly(vinyl acetate) radical adding to
fluorene-9-thione are 4.8‚1014 mol L-1 and 2.9‚1016 mol L-1,
respectively. These equilibrium constants are considerably
higher than those calculated previously for the reaction of a
styryl dimer radical with di-tert-butyl thione (DTBT, 4.6‚
104 mol L-1), under the same conditions.12 Hence the
objective of the present work, to identify a thioketone agent
with radical trapping abilities superior to the existing DTBT,
has indeed been met, and it is clear that the radical-trapping
abilities of thioketones span a very wide range of values.
Nonetheless, it is also clear that the equilibrium constants

for these two systems are so large as to render it likely that
they would induce rate retardation at 60°C. However, it is
important to question the physical realization of this equi-
librium constant as forward and reverse rate coefficients.
Although rate coefficients were not calculated for this system,
it seems likely that in this highly exothermic reaction, the
addition reaction is likely to be barrierless and occur with a
chemically controlled rate coefficient above the diffusion-
controlled limit. Hence in the context of a polymerizing
system, the steady-state equilibrium concentrations of the
propagating and adduct radicals may not be achievable on
the time-scale of the process, and the effective kinetically
limited concentrations (and associated apparent equilibrium
constant) may be quite different. It would therefore be worth
investigating the behavior of fluorene-9-thione as a potential
control agent, despite its highK value. If however, rate
retardation and inhibition effects are observed, hindered
thioketones showing intermediate radical affinities between
di-tert-butyl-thione and fluorine-9-thione, such as xanthene-
9-thione (see Figure 4), could be adopted instead.

Conclusion
The enthalpies at 0 K for radical trapping by a number of
thioketones (SdC(X)(Y)) have been evaluated via high level
ab initio molecular orbital calculations. By altering the X

Scheme 2. (I-IV) Model System Used in Calculations Relating to Copolymerization Reactionsa and (V and VI) Model
System Used in Calculation of an Addition/Fragmentation Equilibrium Constant for Mediation of a Polymerization by
Fluorine-9-thione

a Which must occur to a negligible extent for the thioketone to exert effective control over the polymerization.
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and Y, a degree of control can be exerted over the radical
affinity. In general terms, the adduct radical is favored byπ
accepting substituents, which delocalize and therefore sta-
bilize the unpaired electron, and sigma accepting substituents,
which weaken the CdS bond. In contrast, due to the pre-
existing lone pair on the sulfur, additional lone pair substit-
uents (such as X) OCH3) do not afford as significant a
stabilization as might have been expected, had they been in
isolation. Other features of the thioketone substrates, such
as how phenyl groups are attached to the rest of the molecule,
can also affect the radical affinities of these compounds. In
particular, twin phenyl bearing substrates (such as fluorene-
9-thione), for which the phenyls were linked and held in a
plane, form a radical adduct in which a contiguous region
of spin delocalization is spread over most of the molecule
and are able to strongly stabilize the radical. As well as
radical affinity, additional molecular features were high-
lighted which might enhance or make less suitable a
particular thioketone for use in controlling a radical polym-
erization. Of particular importance is the steric bulk at the
adduct radical center, which provides a barrier toward
biradical termination of two thioketone terminated polymer
chains or co/homopolymerization of the thioketone mol-
ecules.

On the basis of radical affinities, steric demands, and
synthetic feasibility, fluorene-9-thione was selected as being
a potentially suitable candidate for use in controlling free
radical polymerizations. Cyanophenyl thione also displayed
excellent radical trapping abilities but was not sufficiently
hindered to prevent homopropagation side reactions. For the
fluorene-9-thione, equilibrium constants (at 333.15 K) in the
vicinity of 1014 L mol-1 and 1016 L mol-1 were obtained for
trapping of dimeric styryl and vinyl acetate radicals, respec-
tively. Although these may be too high to achieve nonre-
tarded polymerizations at this temperature, they indicate that
there is sufficient scope within the thioketone class of
compounds to mediate free radical polymeriations via radical
stability alone, and other thioketones with intermediate
radical trapping abilities (such as xanthene-9-thione) should
be suitable for controlling free-radical polymerization.
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