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ABSTRACT: Photoinduced metal-free atom transfer radical
polymerization (ATRP) of methyl methacrylate was inves-
tigated using several phenothiazine derivatives and other
related compounds as photoredox catalysts. The experiments
show that all selected catalysts can be involved in the activation
step, but not all of them participated efficiently in the
deactivation step. The redox properties and the stability of
radical cations derived from the catalysts were evaluated by
cyclic voltammetry. Laser flash photolysis (LFP) was used to
determine the lifetime and activity of photoexcited catalysts.
Kinetic analysis of the activation reaction according to
dissociative electron-transfer (DET) theory suggests that the
activation occurs only with an excited state of catalyst. Density

Overall Mechanism of
Metal-Free ATRP

functional theory (DFT) calculations revealed the structures and stabilities of the radical cation intermediates as well as the
reaction energy profiles of deactivation pathways with different photoredox catalysts. Both experiments and calculations suggest
that the activation process undergoes a DET mechanism, while an associative electron transfer involving a termolecular
encounter (the exact reverse of DET pathway) is favored in the deactivation process. This detailed study provides a deeper
understanding of the chemical processes of metal-free ATRP that can aid the design of better catalytic systems. Additionally, this
work elucidates several important common pathways involved in synthetically useful organic reactions catalyzed by photoredox

catalysts.

B INTRODUCTION

Reversible deactivation radical polymerization (RDRP) proce-
dures, also termed controlled or living radical polymerization,
(CRP or LRP), provide well-defined polymers with complex
architectures.’” RDRP methods include nitroxide-mediated
polymerization,” atom transfer radical polymerization
(ATRP),’ and reversible addition—fragmentation chain-transfer
(RAFT) polymerization.” ATRP is the most extensively used
and widely investigated method due to the commercial
availability of various initiators and catalysts.

Control over the polymer structure and suppression of
radical termination in an ATRP are due to a concurrent growth
of all chains and fast activation/deactivation equilibrium in
which a transition-metal complex (usually [Cu'L]*, L = ligand)
activates reversibly an alkyl halide (P,—X, X = Br or Cl),
providing an alkyl radical and the metal complex in a higher
oxidation state [X—CuL]* (Scheme 1a).” The alkyl radical
could add up to a few monomer units before it abstracts the
halogen back from a deactivator [X—Cu"L]* to reform the
dormant alkyl halide and the activator [Cu'L]*. Originally,
ATRP required relatively large concentrations (1000—10,000
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Scheme 1. ATRP Equilibria in (a) Normal ATRP with Cu-
Based Catalyst and (b) Low ppm Cu System*
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ppm) of Cu-based catalysts to compensate for radical
termination reactions and due to relatively low activities of
the catalyst complexes. Significant progress has been recently
achieved allowing use of low ppm levels of Cu catalysts in
ATRP (Scheme 1b).° These systems employ reducing agents

Received: December 24, 2015
Published: January 28, 2016

DOI: 10.1021/jacs.5b13455
J. Am. Chem. Soc. 2016, 138, 2411-2425


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b13455

Journal of the American Chemical Society

for actlvators regenerated by electron transfer (ARGET)
ATRP,” conventional radical initiators as in initiators for
continuous activator regeneration (ICAR) ATRP,® or zerova-
lent metals as supplemental activators and reducing agents
(SARA) ATRP,” also termed SET-LRP.' Additionally, non-
chemical methods such as electrochemically mediated ATRP""
and photochemically-mediated ATRP (photoATRP)"* were
developed to regulate the polymerization by controlling the
external stimuli. In the last two cases, the regeneration of Cu!
activator is controlled by external stimulation, but the rate
constant of radical formation (activation) is not affected.'*
Therefore, the polymerization stops after the activator is
consumed by oxidation or termination but not immediately
after removing the external stimuli.

Actlvatlon rate constants for some catalysts can be enhanced
by light,"” especially for photoredox catalysts.'* Photoredox
catalysts have been extensively 1nvest1gated for water splitting,"*
solar cells,"® and photodynamic therapy'” in inorganic and
materials chemistry. Recently, photoredox catalysts were also
used in organic synthesis'® and polymerlzatlon, “19 especially
photoinduced electron transfer (PET)-RAFT.”” Generally,
photoredox catalysts behave as strong oxidants and/or
reductants upon irradiation, but they are poor oxidants and
reductants in the ground state. Therefore, reactions with
photoredox catalysts could be precisely controlled by light.

A photoinduced ATRP was successfully catalyzed by 4fac-

[Ir(ppy);] (1, ppy = 2-pyridylphenyl, in Figure 1)."
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Figure 1. Structures of photoredox catalysts 1 and 2 and a traditional
copper-based ATRP catalyst 3.

simplified proposed mechanism for this process is shown in
Scheme 2. Upon irradiation with visible hght excited fac-
[Ir(ppy);]* (1*), a very strong reductant, E s = —173 Vs
SCE, can reduce an alkyl bromide to generate an Ir'"" complex
and an organic radical which initiates polymerization. The Ir"”

Scheme 2. Simplified Activation/Deactivation Mechanism
for Photoredox-Mediated ATRP Reactions”
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complex is a strong oxidant (ES, = 0.77 V vs SCE), which
could react with the propagating radical to provide the ground-
state catalyst 1 and polymer chain with a bromine at a chain
end. The radical could be either oxidized to RX by a concerted
atom-transfer step or oxidized to the carbocation which then
recombines with bromide anion in a stepwise manner. Well-
defined poly(methyl methacrylate) (PMMA, M, = 22,900, M,/
M, = 1.25) was obtained using low ppm amounts of 1 under
visible light irradiation. This system was then extended to
polymerize several acrylates' as well as provide three-
dimensionally controlled nanostructures in a single step.””

A metal-free ATRP process was subsequently developed by
using 10-phenylphenothiazine (2, Ph-PTZ, in Figure 1) as the
organic-based photoredox catalyst to synthesize well-defined
polymethacrylates™ and polyacrylonitrile.”* Analogous to 1,
Ph-PTZ 2 is also excited to form a very strong reductant Ph-
PTZ* (E2 +px = —2.10 V vs SCE in MeCN). The oxidized
radical cation Ph-PTZ**, formed upon reaction of Ph-PTZ*
with the alkyl halide, is a strong oxidant (ES. /2 =0.68 Vvs SCE
in MeCN) able to deactivate the propagating alkyl radicals and
regenerate the ground-state catalyst 2.

The most active Cu-based ATRP catalyst reported so far is
[Cu'(TPMA*)]* (3, TPMA*® = tris((4-methoxy-3,5-dime-
thylpyridin-2-yl)methyl)-amine) which has E® = —0.18 V vs
SCE.” Compared to these values, both 1 and 2 have much
more negative potential values (Figure 1), indicating much
greater reactivity in the activation of alkyl halides. They are so
active that they can participate in both outer- and inner-sphere
electron-transfer (OSET and ISET) processes, while activation
in Cu-based ATRP occurs via ISET only.*®

The ISET vs OSET dichotomy for Cu-based ATRP was
previously analyzed using modified Marcus theory.”” It was
concluded that OSET should be ~10° times slower than
experimentally measured ISET.*® This is due to very high
activation energy of ET to alkyl halides that are typically used in
Cu-based ATRP systems. ET to these alkyl halides proceeds via
the dissociative process with a high contribution of the breaking
bond to the activation free energy of the reaction.”® fac-
[Ir(ppy);] 1 is a coordinatively saturated metal complex,
therefore it cannot form any additional bond involving the
metal center, and thus the ET most likely takes place via an
OSET.” In photoinduced Ph-PTZ-catalyzed metal-free ATRP
system, the ET (activation step) from excited Ph-PTZ* to alkyl
halide most likely proceeds via OSET due to the tremendously
negative redox potentials of the excited species (ES. 3ot jpx = —2.10
V vs SCE for 2, Ph-PTZ vs E® = —0.18 V vs SCE for 3,

[Cu'(TPMA*3)]*). It should be noted that 59 mV corresponds
to 1 order of magnitude difference in equilibrium constants for
ET reactions.

The mechanism of the deactivation process also plays an
important role in controlling an ATRP reaction. In atom-
transfer radical addition reactions by photoredox catalysts such
as 1, it was proposed that R® is first oxidized to a carbocation, ™
which subsequently traps a nucleophilic halide anion to yield
the product. However, in the polymerization of methyl
methacrylate (MMA) and acrylonitrile (AN), the derived
carbocations should be unstable and would be involved in side
reactions with residual water or elimination to form short
oligomers rather than polymers. No such products were
observed in photoinduced metal-free ATRP, indicating that
the deactivation step might not involve a carbocation as a key
intermediate.
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We performed a detailed mechanistic study on photoinduced
metal-free ATRP to identify structure—reactivity relationships,
using cyclic voltammetry (CV) and laser flash photolysis (LFP)
experiments. Kinetic analysis of both activation and deactiva-
tion steps, according to Marcus theory and further develop-
ments”” and density functional theory (DFT) calculations,
elucidated the following questions: (1) Does the activation step
follow ISET or OSET mechanism? (2) What is the mechanism
of the deactivation process during the controlled polymer-
ization? (3) What are the key intermediates in these reactions?
(4) What side reactions are involved? (5) How does this
photoinduced metal-free ATRP system compare to classic Cu-
catalyzed ATRP?

B RESULTS AND DISCUSSION

Polymerization Reactions. Polymerization of MMA with
Ph-PTZ 2. The results of photoinduced metal-free ATRP of
MMA with Ph-PTZ 2 under different conditions, in various
solvents, under different light intensities, and in the presence of
different ATRP initiators, are summarized in Table 1. The

Table 1. Selected Results of Metal-Free ATRP of MMA
under Different Conditions”

time conv. ) )

entry conditions (h)  (%)° M,w" M,gpc” M,/M,*

1 [MMA]:[EBPA]:[2] 4 16 1800 2070 1.50
= 100:1:0.1

2 [MMAJ:[EBPAL:[2] 445 4700 5440 144
= 100:1:0.1°

3 [MMAJ:[EBPAL:[2] 6 12 1400 2500 198
= 100:1:0.1

4 [MMAJ[EBPAL[2] 20 9 1100 1120 178
= 100:1:0.1%

s [MMAL[EBiBl:[2]= 4 20 2200 3840 179
100:1:0.1

6 [MMA][ECIPAL[2] 4 55 5700 16000 344
= 100:1:0.1°

7 [MMAJ:[EBPA]:[2] 4 27 2900 28700 225
= 100:1:0

8  [MMAJ:[ECIPA]:[2] 4 15 1700 17,900  2.02
= 100:1:0°
[MMA]:[ECIPA]: 4 79 8100 10,800 247
[2]:[TBABr] =
100:1:0.1:1°¢

“Reaction conditions: MMA/DMA 1/1 (v/v), under room
temperature irradiation by 2.1 mW/cm?, 365 nm. “Determined by
"H NMR. “Calculated based on conversion obtained by '"H NMR (i.e.,
M, 4, = Mggpa + 100 X conversion X Mypya)- “Determined by GPC in

THEF, based on linear PMMA as calibration standards. “With 4.9 mW/
cm?, 365 nm irradiation. /In DMSO. $In MeCN.

standard polymerization under conditions: [MMA],:[EBPA],:
[2], = 100:1:0.1, MMA/DMA = 1/1 (v/v), (EBPA: ethyl a-
bromophenylacetate, DMA: dimethylacetamide), at room
temperature with irradiation at 365 nm (2.1 mW/cm?) reached
16% conversion of MMA after 4 h, yielding PMMA with M, =
2070, and M, /M, = 1.50 (entry 1, Table 1), which is close to
the theoretical value M, 4, (predicted for a transferless process
with a quantitative initiation). A polymerization with stronger
light intensity source (4.9 mW/cm® at 365 nm) was faster,
reaching 45% conversion after 4 h (entry 2). The polymer-
ization carried out in DMSO resulted in a polymer with M,
higher than M, and with a broader molecular weight
distribution (M,,/M, = 1.98, entry 3) than the reaction in
DMA, indicating limited initiation efficiency. The reaction in
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MeCN reached only 9% conversion after 20 h (entry 4),
showing a much slower polymerization than in DMA and
DMSO. With ethyl a-bromoisobutyrate (EBiB) as ATRP
initiator instead of EBPA, the M, = 3840 of PMMA was higher
than M, 4, with broader distribution (M, /M, = 1.79, entry S).
Indeed, activation of EBiB in ATRP is slower than activation of
PMMA-Br, due to the penultimate unit effect.”’ The polymer-
ization using ethyl a-chlorophenylacetate (ECIPA) was not
controlled at all, resulting in 55% conversion after 4 h with the
formation of a polymer with bimodal distribution M,, = 16000,
M,/M, = 344, (entry 6), indicating that a chloride-based
initiator was not suitable in this photoinduced metal-free
system.

Background Reactions. The activation step should involve
the reaction between excited state of metal-free photoredox
catalyst and alkyl bromide, but under strong irradiation, the
radical could also be potentially formed by homolytic cleavage
of the C—Br bond in a conventional ATRP initiator or the
polymer-Br chain end.’” Polymerizations of MMA were
conducted with EBPA both in the absence and presence of
Ph-PTZ 2 under the following conditions: [MMA]y:[EBPA],:
[2]o = 100:1:0 or 100:1:0.1, MMA/DMA = 1/1 (v/v), and
irradiation with 365 nm by 2.1 or 49 mW/cm? Polymerization
of MMA without 2 provided PMMA with much higher M, than
the theoretical value and M,,/M,, values as high as 2.2 (Table 1,
entry 7 and Figure 2b), suggesting an uncontrolled free radical
polymerization. These reactions also provide a clear indication
that a radical could be formed from EBPA under irradiation
conditions. The radical generated from EBPA could initiate the
polymerization before it terminates or abstracts the bromine
atom from a dormant species, P,-Br. Therefore, EBPA could act
as both polymerization initiator and transfer agent in this
photomediated process.

The rates of polymerization with 2 under both irradiation
conditions were slightly slower than the one without 2 (Figure
2a), indicating that the concentration of radicals was decreased
and a radical deactivation process was involved in the presence
of 2. The metal-free ATRP of MMA with 2 gave PMMA with
predictable M,, growing with conversion and low dispersity,
suggesting that the process is well controlled (Table 1, entries 1
and 2).

Similarly, the background reaction for polymerization of
MMA with ECIPA in the absence of 2 reached only 15%
conversion after 4 h of irradiation with 365 nm by 4.9 mW/
cm?, providing PMMA with M, = 17,900, and M,,/M, = 2.02
(entry 8, Table 1). However, the same reaction with 2 was
much faster (entry 8 vs 6, Table 1, 15% vs 55% conversion at 4
h), though with the same poor control, indicating that Ph-PTZ
catalyzed system is efficient to activate alkyl chloride but
inefficient to deactivate the propagating radicals.

Salt Effects. As in metal-catalyzed ATRP, one possible
deactivation mechanism is the transfer of a halogen atom from
the radical cation—anion ion pair Cat**X~ (X = Br or Cl)
formed in the activation step to the propagating radical (eq 1).
In a polar solvent such as DMA, the ion pair would dissociate
to the free radical cation (Cat®*) and a halide anion (Br~ or
Cl7) and could reach an equilibrium state. Therefore, if
deactivation occurs according to eq 1, the overall rate of
polymerization and control over molecular weight distribution
would be strongly influenced by the dissociation equilibrium
Cat*"X™ = Cat®" + X7, which can be shifted to the left if a large
excess of halide ions is added. Additionally, it must be noted
that halide anions, whether linked to Cat®** or free in solution,
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Figure 2. (a) Semilogarithmic kinetic plots of polymerization of MMA with or without 2. (b) Number-average molecular weight (M,, filled symbols)

and dispersity (M,,/M,, open symbols) versus conversion.

are a fundamental reagent of the deactivation step. Therefore,
excess tetra-n-butylammonium bromide (TBABr) was added to
improve deactivation in the polymerization of MMA when
using Ph-PTZ 2 as a catalyst. However, the polymerization of
MMA with added TBABr under reaction conditions [MMA],:
[EBPA]y:[2]o:[TBABr], = 100:1:0.1:x, x = 0.2, 1, or 2, 50%
DMA, irradiation at 365 nm, did not give any observable
difference in polymerization rates and dispersities (see Figure
SS).

Cat®*X™ + R* — Cat + RX (1)

On the other hand, when an excess TBABr was added to the
reaction using ECIPA, the M, (10,800) of obtained PMMA was
close to the theoretical value (M,g4 = 8100), although the
dispersity was still high (M,,/M, = 2.47, entry 9, Table 1). The
polymerization with ECIPA and TBABr showed better
deactivation of the growing chains, indicating that deactivation
was more efficient in the presence of bromide ions.

Polymerization with Different Catalysts. The set of
compounds shown in Figure 3 was chosen to study the effect

B
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Figure 3. Structures of catalysts studied in metal-free ATRP.

of key structural features on their properties and reactivity.
Compounds 2 and 4—7 are N-aryl phenothiazine derivatives;
they were synthesized from phenothiazine 9 and corresponding
aryl halides using Buchwald amination.” 10-Methylphenothia-
zine 8 and 9 are commercially available. The reaction of 2,3-
dihydroxynaphthalene and 2-aminothiophenol provided benzo-
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[b]phenothiazine,™ which subsequently reacted with chlor-
obenzene under Buchwald amination, yielding phenyl benzo-
[b]phenothiazine 10. 9-Phenylcarbazole 11 and thianthrene 12
were selected due to the structural similarity to phenothiazine,
and compounds 13 and 14 were selected due to photo-
sensitivities.”

All the catalysts shown in Figure 3 were investigated for
photoinduced metal-free ATRP of MMA with EBPA as initiator
under standard conditions. The results are summarized in
Table 2 and Figures 4 and S10. The reaction conditions were

Table 2. Selected Results of Metal-Free ATRP of MMA with
Different Catalysts”

time conv.
entry catalyst (h) (%)° M,0" M,cpc” M,/M,?
1 - 4 27 2900 28,700 2.25
2 2, Ph-PTZ 4 16 1800 2070 1.50
3 S, CI-Ph-PTZ 4 11 1300 1580 1.48
4 7, Nap-PTZ 4 10 1200 1600 1.40
S 8, Me-PTZ 4 20 2200 4520 224
8 42 4400 58,400 1.79
6 10, Ph-benzoPTZ 4 9 1100 1670 1.47
7 11, Ph-CBZ 4 39 4100 18,500 1.89
8 13, TIPS-AN 4 29 3100 51,550 2.56
“Reaction conditions: [MMA],:[EBPA],:[Cat], = 100:1:0.1, in

MMA/DMA = 1/1 (v/v), at room temperature with irradiation at
365 nm (2.1 mW/cm?). *Determined by 'H NMR. “Calculated based
on conversion obtained by 'H NMR (ie., M, 4 = Mgppy + 100 X
conversion X Myga). “Determined by GPC in THF, based on linear
PMMA as calibration standards.

[MMA],:[EBPA],:[Cat], = 100:1:0.1, in MMA/DMA = 1/1
(v/v), at room temperature with irradiation of 365 nm by 2.1
mW/cm?. The reactions with all phenothiazine-based com-
pounds, 2 and 4—10, were all slower than the background
reaction, indicating that some deactivation was involved. All N-
aryl phenothiazines 2, 4—7, and benzo[b]phenothiazine 10
under photoinduced metal-free conditions provided well-
defined PMMA with predetermined M, and dispersities D =
1.4—1.5 (entries 2—4 and 6, Table 2). The metal-free ATRP
with catalysts 8 (Me-PTZ) and 9 (H-PTZ) only provided
limited control. The obtained M, were close to the theoretical
values at low conversion of MMA (<30%), but they became
significantly higher at higher conversion (entry S, Table 2 and
Figure S10). This observation indicates that both 8 and 9
decomposed during the later stage of the reaction and could
not deactivate the radicals, as previously suggested.”

DOI: 10.1021/jacs.5b13455
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Figure 4. (a) Semilogarithmic kinetic plots of polymerization of MMA
with catalysts 2, 8, and 11, conditions: [MMA]y:[EBPA]y:[Cat], =
100:1:0.1, in MMA/DMA = 1/1 (v/v), at room temperature with
irradiation at 365 nm (2.1 mW/cm?). (b) Number-average molecular
weight (M, filled symbols) and dispersity (M,,/M,, open symbols)
versus conversion; black dot line: linear fit for theoretical molecular
weight.

The polymerizations with 11 (Ph-CBZ), 12 (TH), 13
(TIPS-AN), and 14 ((CBZ-Ph),) provided faster reactions
than the background reaction (entries 7 and 8 vs entry 1, Table
2), indicating that these catalysts efficiently activated the C—Br
bond but could not deactivate the propagating radical
efficiently. This is further supported by the evidence that the
M, of synthesized PMMA using these catalysts was always
much higher than theoretical M, (Figures 4b and S10b).

Since the background reaction using EBPA as initiator was a
fast process, it was not possible to determine whether all
catalysts were involved in the activation step. Therefore, EBiB
was used as the initiator rather than EBPA under metal-free
ATRP conditions. All the polymerizations with any of the
catalysts shown in Figure 3 were faster than the background
reaction using only EBiB, strongly indicating that all the
catalysts efficiently photoactivated alkyl halides (Figures S and
S11).

Characterizations and Properties of Catalysts. Redox
Potentials. Various catalyst properties were determined to
better understand their different reactivities. The results are
summarized in Table 3. Cyclic voltammetry (CV) was used to
measure the oxidation potentials of the catalysts and to assess
the stability of their radical cations (Cat®*). All CVs were
recorded in DMA in the presence of 0.1 M Et,NCIO,, and
some examples are reported in Figure 6. Within the
electrochemical potential window of the solvent, all com-
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Figure S. Semilogarithmic kinetic plots of polymerization of MMA
with catalysts 2, 8, and 11, conditions: [MMA]y:[EBiB],:[Cat], =
100:1:0.1, in MMA/DMA = 1/1 (v/v), at room temperature with
irradiation at 365 nm (2.1 mW/ cm?); black dot line: linear fit for
background polymerization.

pounds, except 13, could be oxidized to form a radical cation
(Cat = Cat® + e7). The reversibility of the voltammetric
pattern is a direct indication of the stability of the radical
cations. All substituted phenothiazines (2, 4—8, 10) showed a
reversible oxidation wave (Figure 6a), indicating that the
electrogenerated radical cation was a stable species (lifetime >1
min). The CV of unsubstituted phenothiazine 9 had limited
chemical reversibility: the radical cation quickly decomposed to
form a product that was reduced at a lower potential (Figure
6b). From CV conducted at different scan rates, a lifetime of
the order of 10 s was estimated for the radical cation 9°* (see
Figure S9). Also 12 showed a similar behavior with a faster
decay rate, with a lifetime <S5 ms. Other tested carbazole
derivatives (11 and 14) exhibited an irreversible oxidation peak,
indicating that their specific radical cations were not stable in
DMA.

A stable radical cation is necessary for the efficient
deactivation of the growing radicals, thus only the compounds
with a reversible redox behavior should efliciently control the
polymerization. The experimental results confirmed this
conclusion as effective deactivation was observed only for
compounds with reversible redox properties. Moreover, CV
analysis confirmed the limited stability of 9°* (H-PTZ®*, Figure
6b), which indeed could efficiently deactivate the growing
radicals only at the beginning of the experiment, since a fraction
of 9°" decomposed by side reactions leading to the progressive
consumption of the catalyst. Therefore, CV was a reliable
technique that allowed rapid screening of the analyzed
photoactive molecules as candidates for radical deactivation
and control of photoATRP experiments. CV experiments also
demonstrated that stable radical cations Cat®* should be
involved in the deactivation reaction mechanism.

For the compounds exhibiting a reversible redox behavior,
the oxidation potential of the catalyst in the excited state
(E® ) could be estimated from the excitation energy of

Cat""/Cat*
the photocatalysts (Ej,), according to the following equation:16
hc
S) —_ S _ — E©S —
ECat”/Cat* - ECat'+/Cat Eh” - ECat”/Cat l

where h is the Planck constant, ¢ is the speed of light, 4., is the
wavelength of maximum emission intensity of excited state, and
ES .. Jcae I8 the standard reduction potential of Cat®* in the
ground state. E?at.+ Jca Was obtained from CV as the half sum of
anodic (Epa) and cathodic (EPC) peak potentials, E?atu e ® E1p

= (E,, + E,0)/2.
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Table 3. Characterizations and Reactivities of Catalysts Studied in Metal-Free ATRP in DMA

catalyst ES e /cae (Vs SCB) Ay (nm)  ES../c (Vvs SCE)*  lifetime 7, (ns)®  CV reversibility ~ activation®  deactivation
2, Ph-PTZ 0.815° 445 -1.97 4.5 + + +
4, MeOPh-PTZ 0.797 445 -1.99 6.0 + + +
S, CIPh-PTZ 0.830 445 -1.96 3.0 + + +
6, Py-PTZ 0.903 510 —-1.53 74 + + +
7, Nap-PTZ 0.833 405 —-2.23 7.6 + + +
8, Me-PTZ 0.826 445 -1.97 2.3 + + +
9, H-PTZ 0.606 450 -2.15 2.1 + + +
10, Ph-benzoPTZ 0.902 440 -1.92 129 + + +
11, Ph-CBZ 1423 375 ~191 47 - + -
12, TH 1.393¢ 445 -1.36 4.9 - + -
13, TIPS-AN >1.5" 445 - 2.1 - + -
14, (CBZ-Ph-), 1392/ 410 - 34 - + -

“From eq 2. "Lifetime of the excited catalyst, Cat*. “Activation based on whether polymerization was faster than the background reaction with EBiB
as ATRP initiator (cf. Figures S and S11). “Deactivation evaluation based on whether M, cpc was close to M, y, (cf. Figures 4b and S10b). “For

comparison, values in MeCN are ES, = 0.68 V vs SCE and ES. =

—2.10 V vs SCE.**/Potential of the anodic peak at v = 0.2 V s\, ¢E

S
Cat**/Cat was

estimated at high scan rates (v > 10 V s™"), where partial reversibility in CV could be achieved (Figure S9). "No oxidation wave was observed inside

the potential range of DMA.

20

1 (nA)

b)

10 02 04 06
Evs SCE (V)

L L L

0.4 0.6 0.8

Figure 6. Selected cyclic voltammograms for compounds characterized
by (a) reversible and (b) partially reversible or irreversible oxidation, C
=2 % 107 M, in DMA + 0.1 M Et,NCIO, at 25 °C; v = (a) 0.2 and
(b) 0.05 Vs

LFP Measurements. Laser flash photolysis (LFP) experi-
ments were used to measure the lifetime of the excited states of
the catalysts 2 and 4—14. All of them are near or below 10 ns
(Table 3) ;20 they are much short-lived, at least hundreds of ns,
than the excited states of transition-metal-based photoredox
catalysts. For example, the lifetime of the excited state of 1 is
1900 ns.”’

The rate constant for the reaction between an excited catalyst
and EBPA, a conventional ATRP initiator, was then measured.
Ph-PTZ 2 was excited upon irradiation and allowed to react
with increasing concentrations of EBPA. Figure 7 summarizes
the results of these experiments. The rate constant for the
reaction of the excited state of 2 with EBPA was determined
according to the Stern—Volmer equation (eq 3):'*

(b Stern-Volmer Fit: 2 with EBPA Quencher
1.6

10x EBPA
——20x EBPA
30x EBPA

Normalized Counts

= Stern-Volmer Data
Fitted Equation: y = 25.81x + 1.02

1ok (R*=0.993)
0.000 0005 0010 0015 0020 0.025
[EBPA] (mM)

40

80 100

60
t (ns)

Figure 7. (a) Decay of the excited state of 2 with increasing
concentrations of EBPA. (b) Results of Stern—Volmer treatment.
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1

%o

T

+ kact[Q]

©)

where k, is the rate constant, [Q] is the concentration of the
quencher, and 7, is the lifetime of the excited state of 2 in the
absence of a quencher. A plot of the reciprocal of the lifetime of
the excited state against the concentration of EBPA provided
the rate constant k,, = 5.7 X 10° M~ s7". The quenching
experiment strongly supports the fact that the excited state of 2
is a strong reductant and efficiently reduces the ATRP initiator.
Kinetic Evaluation of the Activation Mechanism by
Modified Marcus Theory. The strongly negative values for
ES .. Jca+ Suggested the viability of an OSET (eq 4). This
reaction involves a concerted dissociative electron transfer
(DET) to RX, as consolidated in the literature for the reductive
cleavage of alkyl halides.”®” Therefore, assessment of ET
kinetics cannot be made by a straightforward apzplication of the
well-known Marcus theory for ET processes.”* A modified
model of Marcus theory, developed by Savéant,””" ™ is available
and is currentlgr used to analyze the dynamics of DET

37b—e3
processes.” "%

act

k o+ ° -
Cat + RX =3 Caf "+ R+ X 4)

According to the DET theory,”” a quadratic activation-
driving force relationship similar to that of Marcus theory of
OSET exists also for DET processes (eq 5):

A.GP

AGT = AGJ|1 +
4AGH

©)

where AG(T is the intrinsic barrier of the reaction, i.e., the
activation free energy when A,G® = 0. The intrinsic barrier is
given by AGf = (A, + Dgx)/4, where 1, is the solvent
reorganization energy and Dgy is the R—X bond dissociation
energy. The principal difference between OSET and DET is
that the intrinsic barrier of the latter mainly comes from the
energy of the breaking bond. When the two fragments of DET,
R* and X7, are able to give rise to ion—dipole interactions in
the solvent cage, the dynamics of ET is significantly affected,
and eq 5 does not correctly predict the activation free energy.
The “sticky” model of DET takes into account formation of the
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Table 4. Activation Rate Constants and Relevant Thermodynamic Parameters for Eq 4 in DMA

B B2 rose AG®

at®™" /Cat¥* RX/R*+X T

donor RX % e SCtE) (Vvs SéE)" (kcal mol™")

1%, MBiB —-1.73¢ —-0.52 —28.9
Ir(ppy)s*

2%, MBiB -1.97 —-0.52 —-34.6
Ph-PTZ*

2%, EBPA —-1.97 —0.22¢ —41.5
Ph-PTZ*

2%, MCiB -1.97 —0.76 -29.1
Ph-PTZ*

2, Ph-PTZ MBiB 0.82° —0.52 29.6

8%, MBiB —-1.96 —-0.52 —34.4
Me-PTZ*

11%, MBiB —-1.91 —-0.52 -33.3
Ph-CBZ*

AGE AGF Z x 1071
(kcal mol™!)  (kcal mol™) M1 s ke M7 s7Y) 0o’

16.4 5.1 3.0 5.8 X 107 0.4

16.5 3.7 2.9 5.8 x 10 1.3 x 1073
15.3 1.6 2.8 2.0 X 10%° 4.6 x 1072
19.2 72 32 1.5 x 10° 3.5 % 107¢
16.5 34.5 2.7 1.0 x 107 -

16.6 3.8 2.6 43 x 10% 5.0x 107*
15.5 4.0 2.8 33 x 10 7.7 x 1074

“In DMF.* YCalculated from eq 8 or 9. Cpx = 5 X 1072 M; 7, from Table 3; ®p was determined to be roughly constant and on average 0.01 for a
q RX 0 y &
large set of phenothiazine derivatives,* therefore ®; = 0.01 was used for 2*, 8%, and 11*; @y, = 0.40 for 1*.*' “In MeCN.>*¢ 9in DMF, calculated as

in ref 39, using thermodynamic data from ref 26a. “ES .. ICat *

ion—dipole adduct by introducing the interaction energy, D,,
into eq S:

2

AG® -D

AGF = AG;F 1+ r—¢P
4AG, (6)
Although D, is of electrostatic nature and is often very
small,370l it decreases significantly the intrinsic barrier, now

given by AGE = [+ (DI - D;,/ *)?]/4), resulting in enhanced
rate of ET.

Eq 6 was used to calculate AG¥ of eq 4 for a series of
catalysts and two ATRP initiators. The activation free energy
was then used to calculate the activation rate constant, k,,

according to eq 7:
] 7)

where Z is the pre-exponential factor. The results are presented
in Table 4, whereas details of the calculations as well as all
parameters used in eqs 6 and 7 are reported in the Supporting
Information. In the examined cases, Cat can be an organic
molecule in the excited state (e.g, 2*), the same organic
molecule in the ground state (2) or the excited-state metal
complex 1*. RX is methyl 2-bromoisobutyrate (MBiB), which
mimics the PMMA growing chain end. The driving force for
the photoinduced electron transfer (A,G®) is estimated from
the standard potentials of the redox couples of the donor
(Cat**/Cat) and acceptor (RX/R® + X7), ES..., and

AGF

ker = ko =Z exp( RT

EI?X JR®/X and the energy to excite the catalyst, E;,, by using
the Weller equation:*
N,e*
A.G® = F(E®.., —ES wix- —E,) — —
r ( Cat"*/Cat RX/R'+X hv) 471'806‘7‘ (8)

where N, is the Avogadro constant, e is the elementary charge,
& is the permittivity of vacuum, and ¢ the relative permittivity
of the solvent at 25 °C. The last term is the Columbic energy
experienced by the radical ion pair at distance r.
Unfortunately, not all the data required for estimating the
frequency factor Z, AG] and D, in DMA are available;
therefore, it was assumed that the thermodynamic data for RX
reduction and bond dissociation were similar in DMF and in
DMA. Also, the “sticky” interaction energy between methyl
isobutyrate radical (MiB*) and Br~ is unknown in DMA, but
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this interaction, for activated alkyl bromides, like MBiB, is
always small in polar solvents like DMF and CH;CN (0.24—
0.50 keal mol™!).”® Radical—anion interactions depend on the
dielectric constant, which are very similar for CH;CN, DMF,
and DMA. Therefore, we considered that this contribution to
the activation energy should be similar to the one reported for
the methyl propionate radical (MP*) and Br~ in CH;CN (0.24
kcal mol™).

All excited catalysts show high reactivity with RX with k.
values in the 10°~10'° M~ s™! range. For the DET reaction
between EBPA and 2%, k,, = 5.7 X 10° M~ s™! was obtained
from FLP measurements in DMA, whereas the calculated value
is 2.0 x 10" M™' s7'. Considering that a series of
approximations had been forcefully introduced into the
calculation, the agreement between experiment and theory
can be considered to be satisfactory. Therefore, unlike
transition-metal-catalyzed ATRP which involves activation via
an atom transfer (or ISET) mechanism, activation in
photoinduced ATRP follows a concerted DET mechanism
(an OSET mechanism).

All the analyzed phenothiazine derivatives have redox
properties that are relatively similar to each other. Table 4
shows that 2* (Ph-PTZ*) and 8* (Me-PTZ*) should react
with MBiB with similar high rate constants (5.8 X 10° and 4.3
X 10 M~ s7', respectively). Such values are higher than k,
reported for extremely active Cu-based ATRP systems
(activation of tertiary RBr initiators by [Cu'Me,TREN]* in
water”® or DMSO™*) and are typical of fast polymerizations
that are often difficult to control.” Nevertheless, these values
cannot be directly compared to the k., of a traditional ATRP,
because reactions that occur from an excited state are usually
<100% efficient. ATRP activation by Cat* must compete with
all decay pathways (radiative and nonradiative) that can bring
the molecules back to their ground state. The quantum yield for
a first-order reaction from a given excited state is*’
= K k—(IDF = k't @y

k' + k, ko

>~

@ F

)
where k' is the rate constant of the first-order reaction that
occurs from the excited state, @y, is the quantum efficiency for
the formation of the excited state, k, is the rate constant of
radiative decay, and 7, = 1/k is the lifetime of the excited state.
ATRP activation can be considered a pseudo-first-order
reaction, with rate constant k', if we take into account that
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the polymerization is living and that therefore RX concen-
tration is roughly constant during the reaction (k' = k,[RX]).
Therefore, eq 9 can be written as

By = ke[ RX] 7, D (10)

Quantum yields for metal-free ATRP activation are reported
in Table 4. For example, with ¢, = 1.3 X 1073, only 1 out of
ca. 10° molecules of 2* survives for a sufficiently long time in
the excited state to be able to activate MBiB. In other words,
even if 2* is able to react with MBiB with a rate constant of 5.8
X 10° M s7', the actual rate of activation is significantly
decreased by the low lifetime 7, of the excited state and the
fluorescence quantum efficiency ®;. Since the rate of activation
is also the rate of formation of the deactivator, these parameters
affect also the deactivation steps. In particular, deactivation can
occur only if the rate of activation by Cat* is higher than the
background reaction, which is the case for all analyzed
compounds, as shown in Figures 5 and S11.

A further insight into the efficiency of activation (eqs 9 and
10) can indicate why the photoinduced ATRP of MMA
required only 50—100 ppm of 1, but 1000 ppm of 2. When
comparing 1* and 2%, the former has both longer lifetime
(1900 vs 4.5 ns) and higher quantum efficiency (0.40 vs 0.01).
As shown in Table 4, 1* can activate the RX bond much more
efficiently than 2*. Therefore, a much higher portion of the Ir
complex will take part of the activation/deactivation process,
while under the same conditions most of 2* will quickly decay
back to the ground state, thereby being unable to participate in
any activation/deactivation process.

The standard reduction potential of PMMA?® is expected to
be similar to (or only slightly more negative than) that of MiB®,
—0.70 V vs SCE."” Moreover, the activation energy of this
reaction is low, because the reduction of the radicals does not
require the scission of any bond. As a result, radicals can be
quickly reduced to carbanions by Cat*, with a diffusion-
controlled rate constant. However, in a controlled ATRP
process, like that under investigation, the concentration of R® is
very small and hardly ever exceeds 107 M. Therefore, the rate
of radical reduction, which is proportional to both Cat* and R*
concentrations, is essentially too slow to compete with other
radical reactions such as propagation and deactivation back to
the dormant state. The preserved chain end functionality is
high, as confirmed by several successful chain extension
tests.” >

From Table 4, it is clear that the standard potential of the
2°%/2 couple in the ground state is too positive to effectively
reduce RX and generate radicals. Therefore, the reaction cannot
proceed in the absence of light. When the light source is
switched off, activation stops almost instantly because of the
very fast decay of Cat™* to its ground state.

DFT Calculations of the Activation and Deactivation
Mechanisms. In order to obtain further insights into the
mechanisms of the activation and the deactivation processes
and to explore factors that affect the efficiency of the metal-free
photoredox catalysts, DFT calculations were carried out for the
reactions with selected catalysts 2 (Ph-PTZ), 8 (Me-PTZ), and
11 (Ph—CBZ).**

Activation Mechanism. The activation processes involving
the reactions of excited 2%, 8*, and 11* with MBiB and 2* with
MCiB (eq 4, Cat = 2%, 8%, or 11*, RX = MBiB or MCiB) were
examined through DFT calculations. Here, MBiB and MCiB
were used as a model of the PMMA growing chain end.
Geometry optimizations of the radical anions of MBiB and
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MCiB led to dissociation to the free MiB radical and Br~ or
CI". The instability of the RX radical anion confirms that ET
from Cat* to RX (eq 4) is a concerted DET process. The
standard free energies obtained from DFT calculations for the
DET to form R® and X~ were used to estimate the activation
free energies and rate constants according to the sticky model
of DET (eqs 6 and 7). Table S reports the computed reaction

Table 5. Computed Reaction Energies and Activation Free
Energies in the Activation Processes with the Excited
Catalysts 2%, 8%, and 11*

Cat +R—X > Cal "+ R + X~ (4)
cat R-X A,G AGH A,GO° AGH
2% Ph-PTZ MBiB —304 47 —34.6 37
2% Ph-PTZ MCiB -309 6.8 —29.1 72
8% Me-PTZ MBiB -320 44 —344 38
11%, Ph-CBZ MBiB -25.1 63 -333 4.0

“Reaction free energies (in kcal mol™") were computed at the M06-
2X/6-311++G(3df;2p)//B3LYP/6-31G(d) level of theory. The SMD
solvation model with DMF solvent was used in geometry
optimizations and single point energy calculations. b Activation barriers
of DET pathway calculated from eq 6 using DFT-calculated reaction
energies (see Supporting Information for details). “Experimental data,
calculated from eqs 6 (AG¥) and 8 (AG®).

free energies and the activation free energies calculated from eq
6. The agreement between the computed activation energies
and those derived from experimental data is not very good in
some cases. This could be due to the uncertainty in the
computed free energy of solvation of ions (see Supporting
Information, Table S2). All reactions are highly exergonic and
have low barrier for the DET. This confirms that DET
activation is highly likely with all three catalysts.

Structures and Stabilities of Intermediates Cat** and
Cat**X". A key factor that determines whether the deactivation
occurs through an ISET or an OSET mechanism is the
structural stability of the resulting radical cation and halide
anion complex Cat**X~ formed after the activation. The
optimized geometries and energies of the radical cation 2°" and
two lowest energy isomers of the 2°*Br~ complex are shown in
Figure 8. The DFT calculations indicate that both isomers of
2**Br~ have similar Gibbs free energies in solution as the
dissociated radical cation 2°" and Br~. Isomer 2°*Br -C (C
stands for covalent) has stronger covalent interactions between
the S atom in the catalyst and the bromide anion, while the
interactions between the catalyst radical cation and the bromide
in isomer 2**Br™-I (I stands for ionic) are mostly ionic. This
difference is supported by the shorter S—Br distance (3.03 and
4.04 A, respectively) and a greater S—Br Wiberg bond index
(0.12 and 0.01, respectively) in 2°*Br™-C than in 2°*Br™-L In
addition, the Br atom in the covalent complex 2°*Br™-C is less
negatively charged and has greater spin density than the Br in
the ionic complex (Figure 8). Due to the ionic character of
2**Br-1, the geometry of the phenothiazine rings in the ionic
complex 2°*Br™-I is almost completely planar, the same as the
dissociated radical cation.”” In contrast, the phenothiazine is
bent in 2°'Br -C, which resembles the geometry of 2 in the
ground state. Nonetheless, the relative Gibbs free energies, the
S—Br distances, and bond orders all indicate that the
interactions between the catalyst radical cation and the bromide
anion in 2**Br~ in solution are relatively weak, and 2**, 2**Br"-
C, and 2**Br™-I may all exist in equilibrium.”"
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Figure 8. Optimized geometries of the radical cation 2°** and the zwitterionic radical complex 2°*Br". The bond lengths are provided in A. NPA
atomic charges of Br, S, and N atoms are shown in red in square brackets. Spin densities are shown in blue in parentheses.

Scheme 3. Possible Deactivation Mechanisms in Photoinduced Metal-Free ATRP
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Similarly, calculations on other Cat**X™ complexes indicate
that their dissociation to the separated radical cation and halide
anion is all facile. The most stable isomers of 2°*CI~, 8**Br~,
and 11°'Br~ complexes are all within +1 kcal/mol of the
separated ionic species in terms of Gibbs free energies. The
optimized geometries, computed spin densities, charges, and
Wiberg bond indices of these ion pair complexes are shown in
Figure S12. One of the lowest energy isomers of 8**Br~ (Me-
PTZ**Br~) shows strong covalent interactions between S and
Br atoms, similar to those in 2**Br™-C. However, no isomers
with clear covalent interactions between Cat®™ and X~ were
located for 11°*Br~ or 2°"Cl".

Deactivation Mechanisms. Since the DFT calculations have
shown that both the catalyst radical cation 2°* and the ion pair
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complex 2°'Br” exist in solution, five possible deactivation
mechanisms of the MiB® with 2** or with 2**Br™-C”> were
evaluated (Scheme 3): (a) ISET mechanism through a
concerted Br atom transfer from 2°*Br™-C to MiB® via
transition state TS1 (Figure 9); (b) DET from MiB* to
2*"Br -C to form the carbocation, 2 and Br~, followed by
recombination of MiB* and Br™ to generate MBiB; (c) OSET-I
from MiB*® to 2**Br -C to form an anionic 2 Br~ complex and
MiB?*, followed by dissociation to the catalyst 2 and Br~, and
recombination of MiB* and Br~; (d) OSET from MiB* to the
dissociated radical cation 2°* (OSET-II); and (e) associative
electron transfer from MiB® and Br™ to 2°* to form the ground-
state catalyst 2 and MBiB, involving a termolecular encounter
(AET-ter). ISET and AET-ter pathways produce RX without
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Figure 9. Computed reaction energy profiles for the reaction of 2°'Br™-C with MiB°®. Magenta: associative electron transfer involving a termolecular
encounter (AET-ter). Black: ISET (i.e., concerted atom transfer); Green: DET from MiB* to 2°*Br-C (DET); Red: stepwise OSET from MiB* to
2*'Br -C to form 2 Br~ (OSET-I); Blue: OSET from MiB* to the dissociated radical cation 2** (OSET-II). Activation free energies in the OSET

pathways were calculated using the Marcus theory.

Table 6. Computed Activation Energies for Possible Deactivation Pathways in Metal-Free ATRP with Photoredox Catalysts 2, 8,

activation energy for deactivation pathways AG* (AHY) keal/mol

and 11
entry catalyst initiator ISET“
1 2, Ph-PTZ MBiB 105 (=3.3)
2 2, Ph-PTZ MCiB 12.5 (—2.4)
3 8, Me-PTZ MBiB 9.0 (=2.6)
4 11, Ph-CBZ MBiB 8.3 (=3.5)

AET-ter’ DET* OSET-I OSET-II”
39 134 136 92
6.1 16.5 112 92
37 132 115 8.3
1.0 2.5 20 0.8

“Activation energies with respect to the ion pair complex Cat**X". b Activation energies with respect to separated ions Cat®" and X~, which Gibbs

free energies are within 1 kcal/mol of the ion pair complex.

the formation of any intermediate, while all other ET pathways
(DET, OSET-], and OSET-II) generate the R* cation, which
then rapidly recombines with the halide anion to form RX. The
transition state for the concerted Br atom transfer (ISET) was
optimized with DFT calculations. The barriers for the OSET
pathways (OSET-I, OSET-II) were calculated using the Marcus
theory, whereas the activation free energy of the DET pathway
was calculated by eq 6. The AET-ter pathway (eq 11) is the
exact reverse process of DET of the activation step with the
catalyst at the ground state (eq 4).”

- kAET—ter

Caf" + R+ X~ =% Cat + RX (11)

Since the intrinsic barrier is defined as the activation free
energy at zero driving force, eqs 4 and 11 have the same AG§
value. AG} and AG™ were already calculated for Ph-PTZ +
MBiB (Table 4). Nevertheless we recalculated AG* using DFT
data for a better comparison of this reaction route with the
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other reaction pathways for which only DFT data are available.
The activation free energy can then be calculated by eq 6. The
computed reaction energy profiles of the five pathways are
summarized in Figure 9 (detailed calculations in the Supporting
Information).

The ISET pathway requires 10.5 kcal/mol of activation free
energy with respect to the ion pair complex 2°*Br™-C. The
optimized geometry of the ISET transition state (TS1) is
shown in Figure 9. Among the four OSET pathways, AET-ter
pathway of radical cation 2°*, MiB® and Br~ forming 2 and
MBiB has the lowest activation energy, 3.9 kcal/mol (see the
Supporting Information for detailed calculations). The electron
transfer from MiB*® to the dissociated radical cation 2°* (OSET-
II) requires 9.2 kcal/mol of activation free energy, which is
close to the activation energy of ISET pathway (10.5 kcal/mol).
The other two reaction pathways, OSET-I and DET, have
higher barriers of 13.6 and 13.4 kcal/mol, respectively.
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These calculations suggest AET-ter to be the most favored
pathway. Additionally, some experimental observations are in
contrast with OSET-I, OSET-II, and DET. First, the reaction of
2 with ECIPA (alkyl chloride) was not as controlled as the
reaction between 2 and EBPA (alkyl bromide). The effects of
the halide (better control with RBr than RCI) rule out the
possibility of OSET-II, which should not be affected by the
nature of X™. Also, the lack of oligomer formation during the
polymerization provides further evidence against the formation
of MiB”, thus ruling out not only the OSET-II pathway but also
DET and OSET-I pathways.

Computed Barriers for Deactivation Processes with
Different Catalysts. The computed activation energies of
deactivation reactions with different catalysts are summarized in
Table 6. In reactions with MBiB, the computed AG* values are
only minimally affected when switching the catalyst from Ph-
PTZ 2 to Me-PTZ 8 (entries 1 and 3). However, catalyst Me-
PTZ 8 did not perform as well as catalyst 2, probably due to the
slow decomposition of 8°* (vide supra).”* In the reaction with
catalyst Ph-CBZ 11 (entry 4), all five possible pathways have
much lower AG¥ than the corresponding pathways with 2 and
8, due to the greater oxidizing power of 11** compared to 2**
and 8°*. However, 11 is a very inefficient deactivator in the
polymerization of MMA (cf. entry 7, Table 2). The poor
performance of 11 is due to the instability of the radical cation
11°" shown by CV experiments. In fact, CV of 11 has shown an
irreversible response even at high scan rates indicating that 11°*
has a very short lifetime (vide supra). Computational results
indicate that the homolytic cleavage of 11**Br™ to form ground
state 11 and a Br radical is exergonic by —1.5 kcal/mol
(Scheme 4). In contrast, the homolytic dissociation of other

Scheme 4. Homolytic Cleavage of the 11°"Br~ Complex
Indicates the Instability of 11°*

Br

NY-ph N—Ph + B  AG =-1.5 kcal/mol
< <2

11"Br 1

Cat*"X"~ complexes to form free halogen radical is much more
unfavorable and requires 14.0, 13.8, and 30.8 kcal/mol for
2°'Br~, 8"'Br, and 2°"Cl’, respectively.

The effects of halides on the barriers of ISET and all other
four deactivation pathways were then explored. When MCiB is
used in place of MBiB as the initiator in the reaction with

catalyst 2 (entry 2, Table 6), the barriers of the ISET, AET-ter,
and DET pathways increase, whereas that of OSET-I decreases.
As expected, the halide has no effect on the barrier of the
OSET-II pathway. While the most preferred pathway with
MCiB is still AET-ter, the activation free energy is 2.2 kcal/mol
higher than the reaction with MBiB.

In summary, the computed activation energies indicate that
the AET-ter pathway is preferred in the deactivation process. A
combination of more effective catalysts and initiator, such as 2
and 8 with MBiB (entries 1 and 3) leads to low barriers for the
AET-ter pathway. The performance of catalyst 11 is impeded
by the instability of both radical cation 11°" and complex
11°*Br~ that can readily dissociate to form a free bromine
radical. The poor control of polymerization of MMA with alkyl
chloride as ATRP initiator provides a further support for the
AET-ter deactivation mechanism. With 2 as catalyst, AG* of
AET-ter increases by 2.2 kcal/mol when CI” is used in place of
Br™. This will result in a considerable lowering of the
deactivation rate, which might not be able to outrun radical—
radical termination reactions (vide infra).

Comparison of Rates of All Deactivation Pathways. In
a controlled radical polymerization, the deactivation reaction
should be faster than radical—radical termination to maintain
the living character. Therefore, the rate constants and reaction
rates for different deactivation pathways were calculated for
catalyst 2, and the results are summarized in Table 7. The rate
of radical termination could be obtained from R, = k[R*]%
where k, is the rate constant of radical—radical termination and
[R*] is the concentration of the propagating radical. [R*] ~ 4.6
X 107 M could be estimated from kPP = k,[R®], where k,*?,
the apparent rate constant of propagation, was obtained from
the polymerization of MMA with 2 under 4.9 mW/cm?
irradiation (Figure 2).

For a termolecular reaction pathway AET-ter, the frequency
factor Z,, is calculated following Tolman’s approach:>®

RTNY (e + my )
z, = NAzgﬂz( ) N
T mymg

mgc

N 1/2

m m

+ (73 < ] dy oyl O
(12)

where A, B, and C are the three species involved in the reaction,

d is the distance between the centers of the spheres equivalent
to the subscript particles, and 0 is the distance between the two

Table 7. Rate Constants and Rates of Proposed Deactivation Pathways

reaction rate law kM s™) R(Ms™) R/R,

termination 2R* —» RR R, = kt[R']z 1 x 107 2.1 %1078 1

. . — o — o 7a —6 2
AET-ter 2 + R® + Br™ — RBr + 2 Ruproes = kapro[2 B[R] 34X 10 3.9 % 10 19 X 10

3 . - o — e Sa —8b b

27+ R7+ C7 = RCL+ 2 Rpprter = kaprea[ 277 1[CTI[R] 78 X 10 <90 x10 <43

oip — . oty — . 3 -10 -2
ISET 2*Br™-C + R® — RBr + 2 Rger = kyggr[2°Br-C][R) 6.1 X 10 5.0 X 10 2.4 % 10

o, e + o1 pe 3 -8
OSET-II 2"+ R* >R " +2 Rosern = kosgr-nl2 +] [R’] 3.5 % 10 7.7 X 10 3.7
DET 2°*Br-C + R® - 2 + Br_ + R* Rpgr = kpgr[2 "Br-C][K’] 45 3.7 x 10712 1.8 x 107

By . - otry — o -12 —4
OSET-I 2°Br-C + R® - 2.Br-C + R* Rogers = koggr (2 Br-C][K’] 324 <27 X 10 <13 % 10

“Unit: M~? s~%. YActivation of MCiB is much slower than activation of MBiB, k.comcin/Kacympip = 2.6 X 1072, This implies that [2°*] is much smaller
with MCiB than with MBiB. For the same reason [Cl”] < [Br~], therefore, Rygr ey and Rapr.e/R; are overestimated.
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Scheme 5. Proposed Overall Mechanism for Photoinduced Metal-Free ATRP and Optimized Geometries of Related

Intermediates Based on DFT Calculations
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first spheres when hit by the third. Usually ¢ is taken to be
between 0.3°% and 1 A.**° The smaller value of 0.3 A was used
to avoid overestimating Z,... The hard sphere diameters of the
species involved in the reaction were estimated from their
computed volumes or taken from the literature (see Supporting
Information). Then, using AGEzr 1o = 3.9 keal/mol (Table 6),
the rate constant was calculated from eq 13 as kppp.eer = 4.6 X
10" M™? s7". This deactivation rate constant is as high as or
even higher than kg, in typical Cu-based ATRP.*

_AGE

kAET—ter = Zter AT /KT (13)
The rate of termolecular deactivation is given by

RAET—ter = AET—ter[2.+:| [Bl‘_] [R.] (14)

However, both 2°* and Br~ concentrations need to be
estimated. Considering around 10% of termination, [Br~]
should be ca. 5 mM. Moreover, the CV registered during a
metal-free ATRP confirmed that around 5§ mM of Br~ was
generated after a few hours (Figure S14). The radical cation 2**
could not be directly detected during the electrochemical
measurements, and it slowly decomposed by the reaction with
Br~.>* Therefore, a low value of 5 X 10~ M was chosen for the
concentration of 2°*. Using these concentrations together with
[R°] ~ 4.6 X 107® M gives Rypreee = 3.9 X 10°° M s7%.

A similar approach was used to calculate the rate constants
and rates of all other deactivation pathways (see the Supporting
Information for the detailed calculations). Although the
concentration of 2°° has a high uncertainty, the ratio of
deactivation rates is independent of [2**] and [R*]. To single
out the effective deactivation pathway, the rate of all
deactivation reactions must be first compared to R, and then
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to each other. R/R, values calculated for all deactivation
pathways are reported in Table 7 (last column). ISET, DET,
and OSET-I are to be discarded as possible deactivation
pathways, as they are at least 2 orders of magnitude slower than
termination. The rate of OSET-II is comparable with R,, but
clearly this deactivation pathway cannot provide good control.
This leaves AET-ter, which is more than 2 orders of magnitude
faster than radical—radical termination when RBr is used as
initiator or bromide ions are added, as the only possible
deactivation pathway.

The same conclusion is reached if Ry, is calculated on the
basis of experimental data. In this case, using AG® = 29.6 kcal/
mol (Table 4) gives AGEpr 1o = 5.0 keal/mol. It follows that
knprie = 58 X 10° M™% 571 Ruprie = 6.8 X 1077 M 5™, and
Rugr.er/Re = 32 (see Supporting Information). It is clear that
AET-ter is the fastest deactivation pathway and, in particular, at
least 1 order of magnitude faster than all other deactivation
reactions. When RCl is used as initiator, AET-ter is only four
times faster than termination, which explains why control is lost
with a chloride polymerization initiator (ECIPA).

Overall Mechanism. A proposed overall mechanism can be
constructed by combining all the information from exper-
imental data, LFP measurements, and calculations based on
electron transfer (Marcus and further developments) and DFT
theories and is illustrated in Scheme S. The optimized
geometries of related intermediates based on DFT calculations
are also shown. After Ph-PTZ 2 is excited to the excited state
2%, a DET occurs from 2* to the conventional ATRP initiator
(alkyl bromide, MBiB), forming the alkyl radical required to
initiate the polymerization. In this process, 2 is oxidized to the
radical cation, 2°%, which exists in equilibrium with 2°*Br™. The
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associative electron transfer (AET-ter) from 2°" to the
propagating radical and bromide anion finishes the catalytic
cycle to regenerate ground-state catalyst 2 and polymer chain
with bromine as chain-end fidelity.

It is important to note that although the catalytic cycle shown
in Scheme S is the main pathway for the photoinduced metal-
free ATRP process, several background and side reactions also
need to be taken into account. Photoinduced homolytic
cleavage of the C—Br bond, in the ATRP initiator or polymer
chain end, provides alkyl and bromine radicals, and both
radicals could initiate a polymerization. This background
reaction might result in the formation of some dead chains
from radical-radical termination. However, this type of
termination should be limited. In most cases, the alkyl radicals
formed directly from background reaction would abstract the
bromine atom either from 2*'Br or C—Br in EBPA to
regenerate the dormant chain end. Since the excited catalyst 2*
is a strong reductant, it is also plausible that radicals could be
reduced to carbanions. However, due to the very low
concentration of both radical and catalyst in the excited state,
the radical reduction pathway is very slow. Based on the redox
property of 2*%, it could potentially oxidize Br~ to bromine
(Br,). Upon irradiation Br, could generate Br® to initiate the
polymerization or Br, could add to a double bond to form an
active ATRP initiator. In both cases, the formation of Br,
should not stop the polymerization; however, bromination of
the catalyst might turn off its reactivity, and 8 might be more
easily brominated than 2.

B CONCLUSIONS

The mechanism of photoinduced metal-free ATRP was
investigated via a combination of polymerization, kinetics,
CV, laser flash photolysis, DET, Marcus, and DFT calculations.
A controlled radical polymerization needs to meet two criteria:
fast initiation/activation and efficient deactivation. All selected
catalysts are involved in the activation process and generate
alkyl radicals upon irradiation, but not all are efficient
deactivators. All phenothiazine derivatives participate in the
deactivation process; however, only N-aryl phenothiazine
derivatives are stable enough to survive until the later stages
of the polymerization. Alkyl chlorides could not be successfully
used as ATRP initiators and provide an uncontrolled radical
polymerization.

Photoinduced metal-free ATRP provides a fascinating avenue
to synthesize well-defined polymers in the absence of residual
transition metals. For the analyzed phenothiazine-based
photocatalysts, activation involves a DET to RX. Activation
rate constants are higher than for classic Cu-based ATRP
systems. However, due to a short lifetime of the excited states,
activation of RX is quite slow and relatively large amounts of
catalyst should be used. Comparison of all reasonable
deactivation pathways showed that the most favored reaction
route is the termolecular reaction of 2°*, R®, and Br™. Similar to
activation reaction, deactivation rate constants are at least as
high as that reported for copper complexes, but in this case the
rate is severely reduced by the low likelihood of three-center
encounters. Therefore, precise control over macromolecular
architecture by metal-free ATRP appears to be limited by the
establishment of a fairly slow activation/deactivation process.

In order to obtain a well-controlled metal-free ATRP, the
catalyst should efficiently absorb photons and, therefore, must
be excited at the proper wavelength. In addition, photo-
excitation should produce a strong reducing excited state
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(ES ¢+ /cax ® —2 V vs SCE), with a sufficiently long lifetime (z,
> S ns) and high quantum efficiency (@ > 0.01) to ensure
efficient activation of the R—X bond. The generated radical
cation should also be stable (lifetime 3>10 s) and have a high
reduction potential (E ~ 0.8 V vs SCE) to ensure the

Cat®*/Cat
quick oxidative trapping of R® and Br™.
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