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A novel methodology for photoinduced metal-free Atom Transfer Radical Polymerization (ATRP) by using
conventional Type Il photoinitiators such as benzophenone, thioxanthone, isopropyl thioxanthone and
camphorquinone as sensitizers is presented. These sensitizers efficiently activate the ATRP of vinyl mono-
mers when used in conjunction with co-initiators and alkyl halides under light irradiation. DFT calculations
were performed to reveal mechanistic aspects and showed that the initiation of the controlled ATRP reac-
tion pathway from the triplet state is energetically favoured for all sensitizers. In the case of benzo-
phenone, however, the hydrogen abstraction pathway, which leads to free radical polymerization, is a
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possible side reaction. The strategy applied was proved to yield polymers with narrow molecular
distribution. The chain-end fidelity of the polymer obtained was approved by chain extension and block
copolymerization experiments, whereas the irradiation dependency of polymerization was confirmed by
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Introduction

Photoinitiators are the most important elements of photo-
polymerization processes as they are responsible for the trans-
formation of light energy to chemical energy." Among the
various modes of photopolymerization,>™® free radical polymer-
ization is in a more advanced state due to the wavelength flexi-
bility and broad availability of monomer formulations. Free
radical photoinitiators are divided into two classes depending
on their decomposition mechanism. Type I or o-cleavage
photoinitiators undergo decomposition directly after
irradiation to yield radicals that can initiate polymerization.
Type II photoinitiators generate radicals in the presence of co-
initiators in a multi-step reaction mechanism. If an amine is
used as a co-initiator, generally an electron is transferred to
the triplet state of the Type II initiator, followed by a proton
release to generate radicals.” Typical examples of commercially
available Type II initiators include benzophenone (BP), thio-
xanthone (TX) and their derivatives, and camphorquinone
(CQ), which have a broad wavelength absorption in the UV-vis
range of the electromagnetic spectrum. Among them, TXs are
the most widely used photoinitiators due to their absorption
characteristics and high quantum efficiency.” These photo-
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initiators are often employed for free radical®'® and cationic

polymerization'” and as catalysts for photoinduced click reac-
tions™®'® and also as anticancer agents.>* Scheme 1 shows the
initiation of the radical polymerization process with TX as an
example. Notably, ketyl radicals formed on the photoinitiator
skeleton do not initiate polymerization due to resonance stabi-
lity and steric effects, whereas radicals from the co-initiator are
responsible for the initiation.

Besides such applications, these photoinitiators were also
applied in atom transfer radical polymerization (ATRP), start-
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Scheme 1 Photoinitiated radical formation in a thioxanthone/amine
system.
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ing from high oxidation state copper halides.”" In conventional
ATRP, Cu(1) halides together with a suitable ligand system and
an alkyl halide are used as redox active species.”” The air sensi-
tivity of these metal catalysts and limitations concerning the
bio-applications of the obtained polymers led to the develop-
ment of approaches to generate Cu(1) in situ and where ppm
levels of Cu catalysts are sufficient to initiate the polymeriz-
ation. Reported strategies include chemical,>*?* electro-
chemical,® and photochemical reduction of Cu(i) species®®>®
in the polymerization system. Recent work concentrated on
the in situ generation of Cu(i) catalyst by direct*® and indirect
photoinduced electron transfer processes utilizing photoinitia-
tors,*®3! sensitizers,>® nanoparticles®® and fullerene deriva-
tives.*® More recently, certain photosensitizers (PS) such as
phenothiazine derivatives,*® perylene,*” pyrene® and diaryl-
dihydrophenazines®® were found to realize photoinduced
ATRP even in the absence of copper catalysts through an oxi-
dative quenching pathway. In the proposed mechanism, an
alkyl halide is reduced by photoinduced electron transfer from
the excited state to generate radicals capable of initiating
polymerization and the control over polymerization is achieved
by the reversibility of activation/deactivation steps as depicted
in Scheme 2.

Similar photo-redox reactions were also proposed for redu-
cible dyes.*>*" It seemed, therefore, appropriate to investigate
whether Type II photoinitiators would act as activators for
metal-free photo ATRP. Theoretical studies were performed to
confirm the validity of the proposed mechanism.

As part of our continuous interest in developing photo-
chemical systems for both conventional and controlled/living
polymerization processes, we now report the application of
commercially available Type II photoinitiators having
different absorption characteristics and excited state pro-
perties for photoinduced metal-free ATRP. For this purpose,
TX, BP, isopropyl thioxanthone (ITX) and CQ were used as
PSs together  with  N,N,N’,N",N"-pentamethyldiethyl-
enetriamine (PMDETA) and alkyl halides as the electron
donor source and initiator, respectively, for the polymeriz-
ation of various monomers.

PS*
+o M
Pn-Br hv PS" Br PO
PS

PS: Photosensitizer

Scheme 2 Mechanism of photoinduced metal-free ATRP using PSs.
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Experimental part
Materials

Thioxanthone (TX, 98%, Sigma Aldrich) was crystallized from
ethanol prior to use. 2-Isopropylthioxanthone (ITX, Ward
Blenkinsop and Co. Ltd), benzophenone (BP, 98%, Sigma
Aldrich), and camphorquinone (CQ, 97%, Sigma Aldrich) were
used as received. N,N-Dimethylformamide (DMF, EMPARTA,
HPLC grade) was stored over activated molecular sieves (4 A).
N,N,N',N",N"-Pentamethyldiethylenetriamine (PMDETA; Aldrich,
99%) was distilled before use. Ethyl a-bromoisobutyrate (EBI,
98%, Sigma Aldrich), ethyl 2-bromopropionate (EBP, 99%,
Sigma Aldrich), and (1-bromoethyl)benzene (BEB, 97%, Sigma
Aldrich) were used as received. Methyl methacrylate (MMA,
99%, Sigma Aldrich) and butyl acrylate (BA, 99.9%, Sigma
Aldrich) were passed through basic alumina and stored under a
nitrogen atmosphere in cold before use.

Instrumentation

"H NMR spectra of the intermediates and final polymers were
recorded at room temperature at 500 MHz on an Agilent
VNMRS 500 spectrometer. UV spectra were recorded on a
Shimadzu UV-1601 spectrometer. The resolution was 4 cm ™"
and 24 scans were performed with a 0.2 cm s~ scan speed.
Gel permeation chromatography (GPC) measurements were
performed from a Viscotek GPCmax autosampler system con-
sisting of a pump, a Viscotek UV detector, and a Viscotek
differential refractive index (RI) detector. Three ViscoGEL GPC
columns (G2000H HR, G3000H HR, and G4000H HR, 7.8 mm
internal diameter, 300 mm length) were used in series. THF
was used as an eluent at a flow rate of 1.0 mL min~" at 30 °C.
Both detectors were calibrated with polystyrene standards
having narrow-molecular-weight distribution. Data were ana-
lyzed using Viscotek OmniSEC Omni-01 software.

Calculations

All calculations were performed with the Gaussian09 program
package.’> Geometries were optimized with the B3LYP
functional*®™** in combination with the 6-31G(d) basis set.
Dimer structures were optimized with the long range corrected
CAM-B3LYP functional*® in combination with the 6-31G(d)
basis set. All geometries were confirmed as minimum struc-
tures displaying all frequencies real. Single point calculations
were performed with the M06-2X functional and the 6-311++G
(3df,2p) basis set. The combination of the M06-2X functional®’
and 6-311++G(3df,2p) basis set showed good performance for
calculations of reaction enthalpies and reaction rates for elec-
tron transfer processes before.*® The optimized structures, as
well as single point energies were calculated with the Solvation
Model based on Density (SMD) in DMF. Gibbs free energies
and enthalpies include thermal corrections at 298 K.

General procedure for visible light induced metal-free ATRP of
MMA

In a typical experiment, MMA (1 mL, 200 eq.), alkyl halide
(1 eq.), DMF (1 mL), PMDETA (5 eq.) and photosensitizer
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(TX, BP, ITX or CQ, 1 eq.) were put into a Schlenk tube and the
reaction mixture was degassed by freeze-pump-thaw cycles
and left in a vacuum (~107° bar). The stirring solution was
irradiated with a light source emitting light nominally at
350 nm with a light intensity of 3.0 mW cm™ for 4 h (in the
case of CQ, the reaction mixture was irradiated at 400-500 nm
with a light intensity of 45 mW cm™>). At the end of the
irradiation, the resulted polymers were precipitated in
methanol and then dried under reduced pressure. Conversions
were determined gravimetrically.

Results and discussion

TXs, BP and CQ as typical Type II photoinitiators appeared to
be suitable candidates for UV-vis induced electron transfer
processes because of their broad absorption spectra, covering
the UV and visible spectral region and high molar absorptiv-
ities (Fig. 1). Initially, we examined the use of TX and BP as
PSs for the polymerization of methyl methacrylate (MMA) in
the presence of PMDETA and various alkyl halide sources,
namely ethyl a-bromoisobutyrate (EBI), ethyl 2-bromopropio-
nate (EBP) and (1-bromoethyl)benzene (BEB) as initiators at
ca. 350 nm. As can be seen in Table 1 all yield polymers with
low dispersities (<1.5), although at different conversions.

Apparently, with both sensitizers, longer polymerization
times lead to higher conversions. With TX, an increase in
polymerization time yields polymers with lower PDI values,
whereas in the case of BP, a similar trend was not observed.
This can be explained by the participation of two different
polymerization mechanisms as discussed below (vide infra)
(Table 2).

We then extended our experiments to other long wavelength
absorbing PSs, namely ITX and CQ. Notably, higher conver-
sions in the case of ITX indicate that this PS activates the
polymerization more efficiently than the others do. In accord-
ance with the absorption characteristics, the polymerization

2007
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Fig. 1 UV-vis spectra of thioxanthone, benzophenone, isopropyl thio-
xanthone and camphorquinone in DMF.
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Table 1 Photo-induced metal-free ATRP? of MMA using TX and BP
with different alkyl halides

Sensitizer Initiator Conv.? (%) M, ° (g mol™) M,/M, ¢
TX EBI 14.3 8900 1.38
BP EBI 21.2 4750 1.42
TX BEB 7.6 14 500 1.43
BP BEB 8.1 11700 1.34
TX EBP 13.4 15000 1.45
BP EBP 1.7 12 300 1.50

“Varma = 1 ML, Vpyr = 1 mL, [MMA]/[RX])/[PMDETA]/[S]: 200/1/5/1, 2 =
350 nm, time = 4 h. ? Determined gravimetrically. ° Determined by gel
permeation chromatography using polystyrene standards.

Table 2 Effects of time on photo-induced metal-free ATRP? of MMA
using EBI

Sensitizer ~ Time (h)  Conv.” (%)  M,“(gmol™")  M,/M,*
TX 4 14.3 8900 1.38
X 8 24.5 15100 1.33
TX 12 32.5 17 000 1.28
BP 4 21.2 4750 1.42
BP 8 47.0 6500 1.55
BP 12 57.3 9200 1.53

“Vyma = 1 ML, Vpyp = 1 mL, [MMA]/[RX]/[PMDETA]/[S]: 200/1/5/1, 4 =
350 nm, time = 4 h. ? Determined gravimetrically. ° Determined by gel
permeation chromatography using polystyrene standards.

can be applied under visible light irradiation when CQ is used
as a sensitizer (Table 3).

In addition, we were interested in the effect of the solvent
on the polymerization and the results are depicted in Table 4.
Expectedly, polymerizations in more polar solvents give higher

Table 3 Effects of sensitizer on photo-induced metal-free ATRP? of
MMA using EBI

Irradiation M, €
Sensitizer ~ wavelength (nm)  Conv.” (%)  (gmol™)  M/M,°
ITX 350 59.0 11 200 1.74
cQ 400-500 17.0 8700 1.56

“Vmma = 1 mL, Vpye = 1 mL, [MMA]/[RX]/[PMDETA]/[S]: 200/1/5/1,
time = 4 h. ?Determined gravimetrically. ° Determined by gel per-
meation chromatography using polystyrene standards.

Table 4 Effects of solvent on photo-induced metal-free ATRP? of MMA
using ITX and EBI

Solvent  Polarity index ~ Conv.” (%) M, (gmol™)  M/M,*
ACN 5.8 35.2 10700 1.97
DMF 6.4 59.0 11 200 1.74
DMSO 7.2 65.8 12 500 1.56

“Varma = 1 ML, Veoene = 1 mL, [MMA]/[RX]/[PMDETA]/[ITX]: 200/1/5/1,
2 =350 nm, time = 4 h. ? Determined gravimetrically. ¢ Determined by
gel permeation chromatography using polystyrene standards.

This journal is © The Royal Society of Chemistry 2017
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conversions and polymers with narrower dispersities further
confirming involvement of electron transfer reactions and the
ionic nature of the process. The ionic intermediates formed in
the course of metal-free photo ATRP can be more easily stabil-
ized in polar solvents.

In order to examine the chain-end fidelity of the polymers
obtained, chain extension and block copolymerization experi-
ments were performed. For this purpose, bromide chain-end
functional PMMAs, which were obtained by the afore-
mentioned process, were used as the halide source and identi-
cal polymerization conditions were applied as described in
Table 1. In the chain extension process, MMA was used as a
monomer, whereas for block copolymer synthesis, styrene was
applied as a monomer. GPC analyses showed that there are
clear shifts to lower retention volumes, which indicates the
success of the polymerizations from the chain ends of the pre-
cursor PMMA in either case (Fig. 2).

Light on/off experiments were performed under identical
experimental conditions as indicated in Table 3 at multiple
quantities to test the dark reaction behavior. The polymeriz-
ation mixture was placed in a Schlenk tube under a nitrogen
atmosphere and subjected to repeated cycles of light exposure

—— PMMA {precursor)

—— PMMA(precursor) PMMA {chain exlended)
a) —— PMMA-b-PBA b)
xﬂ M;s.Z?(:A / My : 8900 M, : 12000 “ M, : 8300
/ MudMy :1.38 My/M,: 1500 MM, :1.58

l

1‘0 1‘2 1’4 1'6 1'3 Z‘D 10 12 14 16 18
Retention Volume (mL) Retention time (min)

Fig. 2 Comparison of the GPC traces of precursor PMMA with (a)
PMMA-b-PBA and (b) chain extended PMMA.
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Fig. 3 Monomer conversion (%) vs. time using ITX to determine the
dependency of propagation on irradiation: light on (yellow regions) light
off (white regions).
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(4 = 350 nm, 1 h illumination followed by a dark time of
30 min respectively). At the end of each step, equivalent
volumes of the solution were precipitated into excess methanol
to gravimetrically determine the conversion. The results
demonstrate that the polymerization is irradiation dependent,
and almost no polymerization occurred when the solutions
were kept in the dark (Fig. 3). The minor increase in the con-
version during the “dark” periods may be attributed to the
slow deactivation rates of the propagating chains.

In the light of these studies and the general photoexcited
state behavior of these sensitizers, the following mechanism
can be proposed for the polymerizations on the example of TX
(Scheme 3). The excited state of TX undergoes an electron
transfer with electron donor amines. The formed radical anion
form of TX reduces the initiator alkyl halide to yield radicals
responsible for the initiation. A back electron transfer from the
halide anion to the amine radical cation concludes the for-
mation of the dormant macroalkyl halides that return to the
polymerization cycle.

Mechanism

DFT calculations were performed to support the proposed
mechanism. Reaction of the PSs under light irradiation and in
the absence of the amine component PMDETA as well as the
reaction without light irradiation did not occur. Thus, a direct
electron transfer reaction between the sensitizer and the alkyl
bromide, or an electron transfer reaction between the singlet
ground state of the sensitizer (S,) with either alkyl bromide or
PMDETA can be disregarded. From this, it follows that in the
reaction mechanism PMDETA must be first oxidized by an
excited state of the PS. Upon excitation, the first excited singlet
(Sy) or the triplet state (T) can theoretically be reduced to give
the PS radical anion (PS°”) and PMDETA radical cation
(PMDETA™). Half reaction potentials of Sy, S; and T for the
reduction of the PS were calculated and are summarized in
Table 5. The oxidizing ability of the PS increases in the order
S1 < So < T which clearly indicates that the triplet state is the
active species in the redox reaction with PMDETA.

Pn-X Pn +X o
PMDETA O

Benzophenone

( PMDETA 0
| 3R

S

,v |

éip% ) hy Thioxanthone

X: Cl, Br

Scheme 3 Proposed mechanism of photoinduced metal-free ATRP
using the TX/amine initiating system.
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Table 5 Half reaction potential (E°) of the photoinitiators calculated at
the M06-2X|6-311++G(3df,2p) level of theory in DMF (SMD). Values are
referenced to the standard hydrogen electrode (SHE)

Sensitizer State E°vs. SHE [V]
ITX So -1.71
ITX Sy -1.86
ITX T 1.22
BP So —1.64
BP S, -1.85
BP T 1.46
cQ So -1.51
cQ S, -1.31
cQ T 0.76

The reduced sensitizer can react either with EIB or with
PMDETA to form an alkyl radical or a PMDETA radical which
will eventually start the polymerization reaction (Scheme 4,
reaction pathways II and III).

In the first case, PS°” undergoes hydrogen abstraction from
PMDETA®" to give the protonated PS radical (PS-OH°) and a
PMDETA radical (PMDETA®). In this pathway the PMDETA®
radical will initiate the polymerization and control over the
polymerization reaction will be lost (see Scheme 4, pathway II).
In the second case (Scheme 4, pathway I1I) PS°™ reduces EIB to
give the PS in its S, ground state, an alkyl radical and a
bromine anion. Considering this reaction pathway, a con-
trolled polymerization reaction according to ATRP is expected.

To gain more insight into the kinetics and thermodynamics
of the possible pathways, Gibbs free energies and reaction
enthalpies were calculated and are compared in Table 6.

|. Reduction of the P! triplet state

3 0 | o | -
b OSSNy R {\N/\/N\/\N/
I | | |
S S

-+ Il. H-abstraction from PMDETA®+

Ill. Electron transfer to EIB

o o o
~l T N e
S

Scheme 4 Possible pathways for the reaction mechanisms.

Table 6 Reaction enthalpies and Gibbs free energies of the different
reaction pathways calculated at the M06-2X|6-311++G(3df,2p) level of
theory in DMF (SMD)

AH [keal mol™] AG [keal mol™]

Pathway ITX BP CQ ITX BP CcQ

1 -11.82  -16.31 0.52  —-11.15 —16.58 —0.68
I —=5.42  —13.03 —6.05 —6.56  —12.87 -5.97
III -15.79 -15.77 -12.21 -15.02  -13.6 —10.42
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The first step of the reaction, which is the reduction of the
T state of the PS to give PS°” and PMDETA™, is thermo-
dynamically favored for all three photoinitiators, with BP being
the most favored followed by ITX and CQ. BP and CQ show
negative reaction enthalpies, but not so CQ, which shows a
slightly positive reaction enthalpy.

For all PS both possible consecutive reactions, the gene-
ration of the PMDETA radical (pathway II in Scheme 4) and
the formation of the alkyl radical (pathway III in Scheme 4) are
thermodynamically favored. Thus, free radical polymerization
(reaction path II) as well as controlled ATRP (reaction path III)
can potentially occur in a competing manner. However, the
free energy and reaction enthalpy data suggest that reduction
of the EIB compound will occur more likely than the proton
transfer from PMDETA. In the case of BP the values are close
to each other, which might make a potential contribution of
the H-abstraction pathway possible with the consequence of
loss over control of the polymerization reaction. This is well
reflected in the higher PDI values of BP initiated polymeriz-
ations, when compared to e.g. ITX initiated polymerizations
(see Table 2).

Conclusions

In conclusion, Type II photoinitiators were shown to activate
metal-free ATRP under UV-vis light irradiation. The compu-
tational results give evidence that oxidation of the amine com-
pound occurs from the triplet state of the PSs. In all cases the
reaction kinetics for the controlled polymerization reaction are
energetically favored. However, in the case of benzophenone,
initiation of ATRP and free-radical polymerization pathway lie
close to each other. Therefore, the free radical polymerization
pathway cannot be excluded. Experimentally, this results in
higher PDI values in comparison to TX. Light on/off experi-
ments demonstrate the complete dependency of polymeriz-
ation on irradiation, whereas chain extension and block co-
polymerization experiments approve the chain-end fidelity of
the polymers obtained.
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