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ABSTRACT: We report on a fundamental feature of photo-
iniferter polymerizations mediated with trithiocarbonates and
xanthates.  he polymerizations were found to be highly dependent
on the activated electronic excitation of the iniferter. Enhanced
rates of polymerization and greater control over molecular weights
were observed for trithiocarbonate- and xanthate-mediated photo-
iniferter polymerizations when the n → π* transition of the
iniferter was targeted compared to the polymerizations activating
the π → π* transition.  he disparities in rates of polymerization
were attributed to the increased rate of C−S photolysis which was
confirmed using model trapping studies.  his study provides
valuable insight into the role of electronic excitations in
photoiniferter polymerization and provides guidance when
selecting irradiation conditions for applications where light sensitivity is important.

M any polymerization methods utilize heat as a stimulus to
enable polymer synthesis, and reversible-deactivation

radical polymerizations (RDRP) are no exception.1,2 Rever-
sible addition−fragmentation chain transfer (RAF ) polymer-
ization offers controlled and tunable molecular weights as well
as good functional group tolerance, allowing for the capability
of polymerizing a wide array of monomers under relatively
nonstringent conditions.3−5 RAF polymerization proceeds via
radical generation by an exogenous radical initiator, usually
driven by heat, in the presence of a thiocarbonylthio chain
transfer agent that allows for the uniform growth of polymer
chains by a degenerative chain transfer process.
 he attractive nature of harnessing light to facilitate

chemical synthesis has resulted in an increased exploration
into photochemical reactions.6 In particular, the spatiotempo-
ral control offered by light is appealing in contrast to more
conventional reactions initiated by heat.7,8 As of late, there has
been an increasing drive to expand the scope of RDRP
techniques to afford well-controlled polymers under light-
mediated conditions. Photoinduced atom transfer radical
polymerization (A RP) has emerged as a promising technique
to achieve polymers with predictable molecular weights and
low dispersities over a variety of radically polymerizable
monomers (as well as bio-derived monomers) with low ppm
catalyst loadings.9−13 Photoinduced electron/energy transfer
RAF (PE -RAF ) polymerization employs a photoredox
catalyst capable of transferring an electron/energy to a RAF 
chain transfer agent, allowing for a controlled radical
polymerization in the absence of conventional thermal
initiators.14−18 Surging interest in PE -RAF polymerization
has resulted in the resurfacing of chemistry first reported by

Otsu, namely iniferter polymerization.19  he light-mediated
version of this chemistry (i.e., photoiniferter polymerization)
utilizes the energy harnessed from light and employs a
thiocarbonylthio molecule capable of initiation, chain transfer,
and reversible termination (iniferter) to facilitate a well-
controlled polymerization.  he control afforded during a
photoiniferter process relies on both degenerative chain
transfer and reversible termination (Figure 1) to effect the
activation−deactivation equilibrium which is the hallmark of all
RDRP processes. While both RAF and photoiniferter
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Figure 1. Proposed photoiniferter polymerization mechanism.
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polymerizations typically rely on thiocarbonylthio compounds,
the latter approach is notable because of the absence of an
external initiator, instead relying on C−S bond photolysis to
generate the radicals needed for propagation.  he absence of
exogenous initiator and the low molecular weight tailing that
sometimes results make photoiniferter polymerizations partic-
ularly useful for a wide variety of applications, including for the
synthesis of ultrahigh molecular weight polymers.20−23 Photo-
iniferter polymerization not only has demonstrated the ability
to afford well-controlled polymerizations under mild irradi-
ation conditions and open to air but also has been used with
orthogonal polymerization pathways, displaying the highly
versatile nature of this approach.23−27

In the photoiniferter process, light excites an electron in the
C�S bond of the iniferter into a higher energy state.  he
excited electron then either proceeds back to the ground state
or results in C−S homolytic bond cleavage by β-scission.
Photolysis of the C−S bond generates a carbon-centered
radical capable of initiating polymerization and a less reactive
thiocarbonylthiyl radical that can reversibly terminate growing
polymer chains (Figure 1).28,29

 he most commonly used photoiniferters are trithiocar-
bonates and xanthates.30  rithiocarbonates offer good control
over monomers such as methacrylates, acrylates, and
acrylamides, while xanthates offer good control over
monomers such as vinyl esters and acrylamides.31 Both
trithiocarbonates and xanthates facilitate photoiniferter poly-
merization across the ultraviolet (UV) and visible regions of
the light spectrum.32−34  he rate and control of polymer-
ization can be tuned by regulating the number of radicals
generated by C−S photolysis, by tuning the wavelength or
intensity of light, or by the stability of the carbon-centered
radical formed upon photolysis.35−39

 he targeted electronic excitations that can effect C−S
homolysis in the UV and visible light range for iniferters are
the π → π* and the n → π* electronic transitions.  he energy
gap for the n → π* transition is smaller than that of the π →

π* transition. Consequently, the n → π* transition is observed
at longer wavelengths, while the π → π* excitation is present at
higher energy within the UV region.32,40 On a valence electron
examination, the π → π* (S0 → S2) involves the excitation of
an electron from the C�S π orbital into the analogous
antibonding orbital, whereas the n → π* (S0 → S1 →  1)
involves the excitation of an electron from one of the lone pair
electrons on the thiocarbonyl sulfur atom into the π*

antibonding orbital.41 Due to the change in spin associated
with the n → π* transition, this forbids the spin selection rule
and results in a much smaller extinction coefficient than for the
π → π* transition.42

As mentioned previously, photoiniferter polymerization has
been conducted and compared at various wavelengths of light;
however, few reports have offered insight into the potential
differences in photoiniferter polymerization as a result of
targeting specific electronic transitions. Moreover, most
previous reports employing different wavelengths of irradiation
have involved light sources with varying intensities, making
direct comparisons somewhat difficult to interpret.38,43,44 Due
to the ubiquity of trithiocarbonates and xanthates used in
photoiniferter polymerization, we sought to investigate the
implications of targeting distinct electronic excitations on the
rate and control during photoiniferter polymerization.
Our initial investigations began with 2-(dodecylthiocarbono-

thioylthio)-2-methylpropionic acid (DDMA ) as the iniferter
for polymerization of methyl acrylate (MA) in dimethyl
sulfoxide (DMSO) (Figure 2A).  he π → π* transition for
DDMA occurs at 310 nm, while the n → π* occurs at 445

Figure 2. (A) Scheme for the photoiniferter polymerization of methyl acrylate (MA) with 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid (DDMA ) under different wavelengths of light. (B) UV−vis spectrum of DDMA in dimethyl sulfoxide annotated with the location of the
electronic excitations and the overlap of the absorbance with the wavelengths of light used as can be seen by the shaded regions. (C) Gel
permeation chromatography (GPC) elugrams for the photoiniferter polymerization under 365 nm light. (D) GPC elugrams for the photoiniferter
polymerization under 453 nm light. (E) Linear pseudo-first-order kinetic plot of the two trithiocarbonate-mediated photoiniferter polymerizations
of MA under different wavelengths of light.
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nm (Figure 2B).  o access these transitions, light-emitting
diodes (LEDs) of either 365 nm (UV) or 453 nm (blue) were
used with identical and constant intensities of 0.6 mW/cm2.
Despite poorer overlap of the π → π* transition with the 365
nm light source, the extinction coefficient at this wavelength is
much greater than that of the n → π* transition (ε = 151 M−1

cm−1 at 365 nm, ε = 35.4 M−1 cm−1 at 453 nm). Photoiniferter
polymerizations performed at both wavelengths resulted in
well-controlled, unimodal polymers with low dispersities and
number-average molecular weights in close agreement with
theoretical values (Figure 2C, D). However, substantial
differences in the rates of polymerization were observed
(Figure 2E).  he polymerization under blue light, accessing
the n → π* excitation, afforded a polymerization with 96%
conversion after 8 h, while the corresponding polymerization
under UV light required 21 h to reach a similar conversion
( able S1, entries 1, 2)).  he apparent rate constant of
propagation (kp,app) for the polymerization under blue light
was 1.51 × 10−4 s−1, while the polymerization under UV light
was more than 3 times slower, with a kp,app of 4.39 × 10−5 s−1.
 his difference in rate as a function of irradiation wavelength

was also observed during the polymerization of an acrylamido
monomer (N,N-dimethylacrylamide (DMA)) mediated with
another trithiocarbonate (Figure S10), namely 2-(((ethylthio)-
carbonothioyl)thio)propanoic acid (PAE C) ( able S1,
entries 3, 4).  argeting the n → π* transitions of the
trithiocarbonates resulted in polymers that agreed slightly
better with theoretical molecular weights, which may be due to
the prolonged exposure required for the trithiocarbonate end-
group during irradiation with UV light when accessing the π →

π* transition.36,45 We believe the increased rate and control
offered by using lower energy light to target the n → π*

transition are consistent with a general trend for trithiocar-
bonate-mediated photoiniferter polymerizations.

 o further explore the dependence of the targeted electronic
transition of the iniferter on the polymerization rate and
molecular weight control, we extended our studies to xanthate-
mediated photoiniferter polymerizations.  he UV−vis spec-
trum of 2-(ethoxycarbonothioyl)sulfanyl propanoate (EXEP)
(Figure 3B) shows a strong absorption for the π → π*

transition at 287 nm and a much weaker absorption for the n
→ π* transition at 357 nm.  o target these transitions, 275
and 365 nm LEDs with identical and constant light intensities
of 0.1 mW/cm2 were used to conduct the polymerization of
DMA (Figure 3A). As expected, the xanthate provided slightly
less molecular weight control than the trithiocarbonate
photoiniferter, resulting in poly(DMA) (PDMA) with
dispersities of 1.39−1.45 in 3 h or less ( able S1, entries 5,
6). We again observed that excitation of the n → π* transition
led to a much faster rate of polymerization than when targeting
the π → π* transition (Figure 3E), as quantified by the kp,app
for the n → π* and π → π* transitions being 6.23 × 10−4 s−1

and 2.57 × 10−4 s−1, respectively. Photoiniferter polymer-
izations using EXEP also afforded polymers of MA ( able S1,
entries 7, 8) and methyl methacrylate (MMA). Interestingly,
while xanthates are poor polymerization mediators for
methacrylates, slightly better molecular weight control was
observed for the polymerization of MMA when activating the n
→ π* transition ( able S1, entries 9, 10).  o expand the scope
of xanthates, a more hydrophilic xanthate was also used,
namely 2-((ethoxycarbonothioyl)thio)propionic acid (EXAP),
for the photoiniferter polymerization of DMA to demonstrate
the ability to transfer these polymerizations to aqueous
systems.  he observed differences in rate of polymerization
as a function of the excited electronic transition of the iniferter
was also present in this system, leading us to propose that this
is a general trend for xanthate-mediated photoiniferter
polymerizations (Figure S13).

Figure 3. (A) Polymerization scheme of N,N-dimethylacrylamide (DMA) with 2-(ethoxycarbonothioyl)sulfanyl propanoate (EXEP). (B) UV−vis
spectrum of EXEP in ethyl acetate annotated with the location of the electronic excitations and the overlap of the absorbance with the wavelengths
of light as can be seen by the shaded regions. (C) Gel permeation chromatography (GPC) elugrams for the photoiniferter polymerization of DMA
under 275 nm light. (D) GPC elugrams for the photoiniferter polymerization of DMA under 365 nm light. (E) Linear pseudo-first-order kinetic
plot of the two xanthate-mediated photoiniferter polymerizations of DMA under different wavelengths of light.
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 o confirm that the disparity in rates for the xanthate-
mediated photoiniferter polymerizations was not due to
decreased light penetration at 275 nm as a result of the glass
reaction vessel, model polymerizations were also performed in
quartz cuvettes. Indeed, polymerizations with light sources
targeting the n → π* transition again proceeded with higher
rates compared to those targeting the π → π* transition ( able
S1, entries 13, 14).
 he rapid rates of polymerization of xanthates in

comparison to trithiocarbonates can be explained by the faster
C−S photolysis of xanthates due to the difference in bond
dissociation energies. By density functional theory calculations,
the C−S bond in xanthates has been calculated to be ∼3.4
kcal/mol weaker than in trithiocarbonates.46 As mentioned
previously, regardless of the polymerization conditions
employed, higher dispersities were observed for the xanthate-
mediated polymerizations relative to the trithiocarbonate-
mediated polymerizations. We attribute this to the lower chain
transfer constants of xanthates leading to a reduced rate of
exchange via degenerative transfer.47  he disparity in rates of
polymerization when accessing the different electronic
transitions for both trithiocarbonates and xanthates is most
likely explained by the higher quantum yield associated with
the n → π* transition, meaning that accessing this transition
yields more rapid C−S photolysis and a concomitant increase
in radical concentration.
 o test the hypothesis that the increased rate of polymer-

ization can be attributed to accelerated photolysis when
targeting the n → π* transition, model trapping studies were
undertaken. Low molecular weight PDMA polymers termi-
nated with either trithiocarbonate (PDMA-  C) or xanthate
(PDMA-Xan) moieties were irradiated in the presence of
2,2,6,6-tetramethylpiperidine-1-oxyl ( EMPO) as a model
radical trapping agent (Figure 4A).  o investigate the rate of
photolysis, we used 1H NMR spectroscopy to monitor the
disappearance of the methine proton on the ω-terminus of
PDMA-  C and PDMA-Xan as a function of irradiation time
in the presence of  EMPO. Irradiating PDMA-  C at 453
nm for 4 h resulted in the consumption of 58% of the
trithiocarbonate, while only 32% was consumed during
irradiation at 365 nm (Figure 4B). Similarly, irradiating
PDMA-Xan at 365 nm for 90 min resulted in 87% loss of
xanthate end-groups, while only 60% was lost over the same
period with 275 nm light (Figure 4C).  hese results are
consistent with the hypothesis that the differences in the rate
of photoiniferter polymerization when targeting the n → π*

transition of both trithiocarbonates and xanthates are due to an
increased rate of C−S photolysis.
As mentioned previously for the trithiocarbonate-mediated

polymerizations, activation of both the n → π* transition and
the π → π* transition led to polymers in close agreement with
theoretical molecular weights, although a slight increase in
molecular weight control was achieved when the n → π*

transition of the iniferter was targeted. Interestingly, activating
the n → π* of the iniferter for the xanthate-mediated
polymerizations mostly led to polymers with lower dispersities
than those achieved by activating the π → π* transition.  he
increased molecular weight control is more evident for the
polymerizations of MMA in which closer agreement with
theoretical molecular weights was achieved by activating the n
→ π* transition. Because of the low chain transfer constant of
xanthates during the polymerization of methacrylates, we
attribute the enhanced molecular weight control to faster

photolysis that effectively equates to an increased rate of
initiation which allows for the more uniform growth of chains.
In conclusion, we have elucidated the effects of different

electronic excitations of various iniferters in photoiniferter
polymerization. Perhaps counterintuitively, using lower energy
light to access the n → π* transition allowed for more efficient
activation of iniferters, despite the stronger absorption from
the π → π* transition in the UV region.  hese results have
important implications for selecting conditions during photo-
iniferter polymerizations and even for the photoinduced end-
group removal of polymers bearing trithiocarbonate or
xanthate chain ends. Moreover, by targeting specific electronic
transitions of the end-group moiety in photoiniferter polymer-
ization, it is possible to tune both the rate and extent of
molecular weight control. Additionally, because accelerated
polymerizations can be achieved by careful targeting of specific
electronic transitions, lower light intensities can be employed,
suggesting that photoiniferter polymerization may be more
amenable for applications where light sensitivity is important.

Figure 4. (A) 2,2,6,6- etramethylpiperidine-1-oxyl ( EMPO)
trapping kinetics during irradiation of low molecular weight (B)
poly(N,N-dimethylacrylamide)−trithiocarbonate (PDMA-  C) and
(C) poly(N,N-dimethylacrylamide)−xanthate (PDMA-Xan).  hese
results offer insight into the relative photolysis kinetics when targeting
specific electronic transitions.
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