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ABSTRACT: External regulation of controlled polymerizations
allows for controlling the kinetics of the polymerization and
gaining spatial or temporal control over polymer growth. In
photoinduced atom transfer radical polymerization (ATRP), light
irradiation (re)generates the copper catalyst to switch the
polymerization on. However, removing the light does not
immediately inactivate the catalyst, nor does the rate of
polymerization become zero as chains may grow in the dark
because of continued activation by the residual activator catalyst or
regeneration of the Cu catalyst in the dark. In this paper, the effect
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of polymerization components on photoinduced ATRP was investigated to understand the interplay of temporal control and light
switching. Kinetics of polymerization were monitored using in situ NMR as well as under conventional batch conditions. The extent
of the polymerization in the dark depended on the activity of the Cu catalyst, which was regulated by the nature of the ligand and
reaction medium. For highly active catalysts, the equilibrium concentration of the L/Cu' activator is very low, and it was rapidly
depleted by radical termination reactions, yielding temporal control which closely matched the switching of light to on or off.
Decreasing the activity of the Cu catalyst increased the equilibrium concentration of the activator, leading to significant chain growth

in the dark.

B INTRODUCTION

Stimuli-responsive catalytic systems can be modulated by
external factors such as heat, light, or electrochemical potential
to alter their properties and function in catalyzing and
controlling the rate and selectivity of chemical reactions.' In
controlled polymerization techniques, external regulation has
provided new opportunities to synthesize advanced polymers
and expand understanding of underlying mechanisms.””"

Tied to these catalytic systems, photochemistry has been
extensively used for chemical transformations.” Application of
photochemistry in controlled polymerization techniques®™*
such as atom transfer radical polymerization (ATRP),”~"’
photoinduced electron/energy transfer in reversible addition—
fragmentation chain transfer,zo_24 cationic,zs’26 ring—opening,27
and ring-opening metathesis polymerizations™ has led to
significant advancements in polymer synthesis and enabled
spatial and temporal control over polymerization.

ATRP>® can be efficiently carried out with minute
amounts of Cu catalysts using various activator (re)generation
techniques.”’ >’ For example, ATRP has been performed
using zerovalent metals,”*™*® radical initiators,” reducing
agents,‘m’41 and photo-,8’17’18’42745 electro-,**™* and
mechano-chemical stimuli.’’~>® A common feature of these
ATREP initiating systems is the (re)generation of the activator
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L/Cu species via reduction of the deactivator, L/ Cu'-Br,
which is used initially and is accumulated throughout
polymerization because of unavoidable radical terminations.
The use of external stimuli provides temporal control over
ATRP through modulating the oxidation state of the Cu
catalyst.***** In the case of photoinduced ATRP, light is used
to promote the reaction of the L/ Cu"—Br deactivator in the
excited state with electron donors such as amines.**> However,
upon removal of the external stimulus, the remaining L/Cu'
activator in solution can often lead to further chain
growth.””**~" In photocontrolled polymerizations, the growth
of polymer chains depends on continuous light irradiation,
during which chain growth is enabled by photochemical
electron- or energy-transfer reactions by photo-excited-state
catalysts. Consequently, temporal control can be efficiently
achieved upon applying or removing light while maintaining
control over polymerization. In Cu-catalyzed photoinduced
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ATRP, chain ends are activated by the L/Cu' activator in the
ground state, and switching light off stops the regeneration of
the activator catalyst. However, polymer chains may continue
to grow further in the dark as a result of the presence of the
residual L/Cu' activator in solution, which is regulated by the
ATRP equilibrium between the L/Cu' and L/Cu"—Br species.
The extent of polymerization in the absence of external stimuli
depends on the relative concentration of L/Cu' and L/Cu"—
Br, which is determined by the nature of the catalyst/ligand,
reaction medium, and (re)generation mechanism.**~%° Highly
active catalysts shift the ATRP equilibrium toward a low
concentration of L/Cu', whereas with less active catalysts, a
higher concentration of L/Cu' in solution may continue
polymerization without stimuli. Accordingly, temporal control
in ATRP using Cu catalysts depends, among other factors, on
the activity and concentration of the catalyst.>>~>"°">

ATRP is subject to the persistent radical effect, where
unavoidable radical termination processes consume the
activator and lead to a buildup of the deactivator.’® As a
consequence, the rate of polymerization decreases over time,
and the consumption of the L/Cu' activator causes the
polymerization to pause. However, use of oxidizing external
stimuli offers a more efficient way to pause the polymerization
while preserving high chain-end functionality for subsequent
restarting of the polymerization under reducing stimuli.
Indeed, switching the oxidation state of the Cu catalyst with
external stimuli offers switching polymerization on demand
between on and off states.*"*

This paper investigates temporal control in photoinduced
ATRP and examines how the nature and activity of the Cu
catalyst with different ligands or the reaction medium impacts
the response of the polymerization to switching the light on/
off. Significantly, highly active catalytic systems were shown to
enable excellent temporal control through multiple on/off light
switches with minimal polymerization observed in the dark
periods. In the absence of light, radical termination reactions
consume the low concentration of the activator present,
stopping the polymerization. However, when using catalysts
with lower activity, the polymerization continued in the dark
because of the presence of a relatively high concentration of
the ATRP activator when the light was switched off.
Significantly improved temporal control was attained with
less active catalytic systems by using oxygen to oxidize the
residual L/Cu' activator.

B RESULTS AND DISCUSSION

Temporal control in photoinduced ATRP was investigated in
the polymerization of methyl acrylate (MA) using
N,N,N’,N”,N"-pentamethyldiethylenetriamine (PMDETA),
tris(2-pyridylmethyl)amine (TPMA), and tris[2-
(dimethylamino)ethyl]Jamine (Me,TREN) ligands (Scheme
1). The choice of the ligand and reaction medium allows for
tuning the activity of the Cu catalyst and hence the kinetics of
the polymerization.”” The activity of the Cu catalyst in ATRP
increases when the ligand is changed from PMDETA to
TPMA and to Me,TREN.®* Therefore, temporal control in
photoinduced ATRP was studied using different ligands and
solvents to examine their effect on the polymerization behavior
in response to photochemical switching. To minimize potential
experimental errors, real-time optical fiber-coupled 'H NMR
monitoring® was applied in addition to conventional batch
conditions. Specifically, polymerization of MA was performed
in an NMR tube equipped with the optical fiber on top of the
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Scheme 1. Photoinduced ATRP in the Presence of Different
Ligands Promoting Different Catalytic Activity; Ligands:
PMDETA, TPMA, and Me,TREN
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sample, and the reaction was monitored with intermittent on/
off cycles (cf. Supporting Information).

To begin temporal control studies, a series of in situ
experiments using Me,TREN were carried out under fixed
conditions. Polymerization of MA (50 equiv) was performed
with 0.02 equiv of copper(II) bromide (CuBr,), 0.12 equiv of
Me,TREN, and 1 equiv of ethyl a-bromoisobutyrate (EBiB) as
the initiator in deuterated dimethyl sulfoxide (DMSO-dj)
under irradiation with 405 nm light-emitting diodes (LEDs).
Kinetic analysis revealed rapid polymerization, reaching 63%
conversion after 30 min. Then, the light was turned off, and the
reaction was monitored in the dark for an extended time
period. Without light exposure, the rate of polymerization was
lower and gradually decreased with time. However, the
polymerization never ceased, ultimately reaching 93% mono-
mer conversion after 12 h (Figure 1A). This result strongly
suggests that the activator complex, L/Cu', continuously drove
the polymerization through the dark period. Importantly,
similar behavior was observed for the attempted temporal
control of MA polymerization under conventional batch
conditions. Significant chain growth occurs over an extended
period after removal of the light (Figures 1B and S1). As a

In situ NMR monitoring Batch conditions

[—on| off

O.I.I.I.I.I. PR U U R — |

0 2 4 6 8 10 12 0 2 4 6 8
Time (h) Time (h)

Figure 1. Temporal control in photoinduced ATRP demonstrating
continued chain growth in the dark monitored (A) via in situ NMR or
(B) under conventional batch conditions. Reaction conditions:
[MA]/[EBiB]/[CuBr,]/[Me,TREN] = 50/1/0.02/0.12 in DMSO
([MA] = 5.5 M).
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result, it is necessary to identify the contribution of
polymerization components, such as the reaction medium
and the concentration of the Cu catalyst and ligand, on the
chain growth in the dark. The ultimate goal is to identify
conditions for improving temporal control in photoinduced
ATRP.

Control experiments performed in the dark showed that
polymerization of MA could be initiated without light
irradiation. For example, under typical conditions with a target
degree of polymerization (DP) of SO using 0.12 equiv of
MesTREN in DMSO, polymerization of MA reached 92%
monomer conversion in 24 h in the dark (no exposure to
ambient light). These results suggest that the L/Cu' activator is
generated in the dark in the presence of Me,TREN, which
could then act as a reducing agent for L/ Cu""—Br and/or as an
activator of the alkyl halide initiator to generate initiating
radicals in the dark. Similar observations were reported when
using alkyl amine-containing compounds such as PMDETA or
2-(dimethylamino )ethyl methacrylate as reducing agents.®>®”

Effect of Concentration of the Ligand and Cu
Catalyst on Temporal Control in Photoinduced ATRP.
To investigate the effect of excess of the ligand relative to Cu
loading, the concentration of Me,TREN was systematically
decreased to reduce the rate of regeneration of the L/ Cud!
activator, thus suppressing polymerization during the dark
period. In the presence of 0.02 equiv of CuBr,, the amount of
MesTREN was gradually reduced from 0.12 to 0.06 and to
0.04 equiv (relative to the initiator, which corresponds to 6, 3,
and 2 times, respectively, vs CuBr,) and was tested through
three on/off cycles (each on/off period is 30 min; Table 1,

Table 1. Reactivity and On/Off Control of Polymerizations
Depending on the Concentrations of CuBr, and Me,TREN“

Kot/ Kon
CuBr, Me,TREN  conv.
entry (equiv) (equiv) (%) M, k2] 1stl2ndI3rd

1 0.02 0.12 94 5300 1.08 0.1810.2310.26
2 0.02 0.06 93 4400 1.10 0.0810.0910.08
3 0.02 0.04 91 4200 1.11 0.0710.0710.03
4 0.01 0.12 95 4100 1.15 0.1110.1910.23
S 0.00S 0.12 93 3400 1.27 0.1010.1810.22
6 0.005 0.015 87 4100 1.16 0.05lol0

7 0.005 0.010 75 3000 1.26 0.0510.0210.12

“Reactions were performed under in situ NMR monitoring. Molecular
weight properties were obtained using size exclusion chromatography
(SEC) in chloroform with polystyrene standards.

entries 1—3). Upon decreasing the amount of Me,TREN from
0.12 to 0.06 and to 0.04 equiv, the ratio of the apparent
propagation rate constants in the light-off and light-on periods
(ko/kop) for the first cycle gradually decreased from 0.18 to
0.08 and to 0.07, respectively (Table 1, entries 1-3),
indicating enhanced temporal control in the presence of a
low concentration of Me,TREN. Importantly, polymerizations
reached a high monomer conversion (>90%) with number-
average molecular weights (M,) of 4200—5300 and low
dispersity values (D ~ 1.08—1.11), suggesting well-controlled
polymerizations under all conditions (Table 1, entries 1—3).
The effect of catalyst loading was then investigated by
systematically reducing the concentration of CuBr, from 0.02
to 0.005 equiv (with respect to the initiator) while keeping the
amount of Me,TREN constant at 0.12 equiv (Table 1, entries

5282

1, 4, and S). On decreasing the amount of CuBr, from 0.02 to
0.005 equiv, kg decreased by a factor of ~2 from 18 to 10% of
the respective k,, values (Table 1, entries 1, 4, and $),
indicating improved temporal control. Polymerizations were
well-controlled with high monomer conversions (93—95%)
and low D values (1.08—1.27). Accordingly, the polymer-
ization of MA was carried out with reduced concentrations of
both CuBr, and Me,TREN to synergistically achieve low kg/
ko, values. Polymerization with 0.005 equiv of CuBr, and 0.015
equiv of Me,TREN (4 and 8 times less than the corresponding
amounts used under standard conditions) showed excellent
temporal control (k.g/k,, = 0.0S for the first cycle) while
maintaining a high monomer conversion (87%) and resulting
in polymers with a low D of 1.16 (Table 1, entry 6). Further
decreasing the concentration of Me,TREN to 0.01 equiv
resulted in a similar enhancement of temporal control (k.g/ko,
= 0.0S for the first cycle). However, the rate of polymerization
decreased (75% conversion after three cycles), and the third
cycle showed an inferior response when the light was switched
off. Additionally, the resulting polymer showed a higher D than
the case of 0.01S equiv of Me,TREN (1.26 vs 1.16; Table 1,
entries 6 and 7, and Figure 2). These results indicated that

CuBr,/Me,TREN (equiv ) =

0.02/0.12
—— 0.005/0.015
—— 0.005/0.010
3 On Off On Off On Off
S 2p -
=
k=4
S
0 1 1
0 1 2 3
Time (h)

Figure 2. Effect of decreasing concentration of CuBr, and Me,TREN
on kinetics of temporal control in photoinduced ATRP of MA.
Reaction conditions: [CuBr,]/[Me,TREN] = 0.02/0.12, 0.005/0.015,
or 0.005/0.010 corresponding to entries 1, 6, and 7, respectively, in
Table 1, kinetics monitored by in situ NMR.

polymerization can be efficiently controlled even with
diminished concentrations of the catalyst. Decreasing the
concentration of CuBr, and the ligand decreased the
equilibrium concentration of L/Cu!, thereby resulting in an
enhanced temporal response.

Effect of Solvents on Temporal Control in Photo-
induced ATRP. Based on the optimized reaction conditions in
DMSO, two additional deuterated solvents including acetoni-
trile (CD,CN) and methanol (MeOD), which show different
reactivities in ATRP,’® were chosen to study the effect of
solvents using in situ NMR monitoring. Polymerizations were
performed using CuBr, (0.01 equiv) and Me,TREN (0.06
equiv). The k.g/k,, values for the first cycle were 0.04 and 0.11
in MeOD and CD;CN, respectively, demonstrating good
temporal control (Figure S2).

Reducing the concentration of CuBr, to 0.005 equiv in the
presence of 0.015 equiv of MesTREN resulted in enhanced

https://dx.doi.org/10.1021/acs.macromol.0c00888
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temporal control (k.g/k,, values down to 0.02 and 0.09 in
MeOD and CD;CN, respectively), without compromising
control over the polymerization process (Figure 3). Thus, the
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3F — bwmso
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L |
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Figure 3. Temporal control of photoinduced ATRP in different
solvents, followed by in situ NMR monitoring using CuBr, (0.00S
equiv) and Me,TREN (0.01S equiv). k.g/k,, values of the first/
second/third cycles are 0.02/0.03/0.02 in methanol or 0.09/0.04/
0.04 in acetonitrile, respectively.

stoichiometric adjustment of the catalytic system resulted in
enhanced temporal regulation in both solvents, proving a
general strategy to improve temporal control in photoinduced
ATRP.

Similarly, under batch conditions, changing the solvent from
DMSO to MeCN or DMF resulted in limited chain growth in
the dark with the rate of the polymerization decreasing over
time and eventually stopping (Figure 4). Re-exposing the

25
Off
2.0y Solvent:
= —&— MeCN
2 15F —m— DMF
o
210}
<
05F
0.0 1 1 1 1 1
0 4 8 12 16 20 24
Time (h)

Figure 4. Temporal control in photoinduced ATRP of MA using
MeCN and DMF as solvents. Reaction conditions: [MA]/[EBiB]/
[CuBr,]/[Me,TREN] = 50/1/0.02/0.12 in S0 vol% solvent (MeCN
or DMF, [MA] = 5.5 M), irradiated with violet LEDs (A,,,, = 394 nm,
2.6 mW/cm?) under batch conditions.

solutions to light reinitiated the polymerizations with higher
monomer conversions and well-controlled polymerizations
being observed (Figure S3). Furthermore, control experiments
performed in the dark with a target DP of 50 showed no
polymerization in DMF after keeping the reaction mixture in
the dark for 90 h. In MeCN, a slow polymerization of MA was
observed in the dark with ~57% monomer conversion
obtained in 90 h, showing an induction period >24 h. These
results suggest that in the presence of tertiary amines as a
reducing agent, progression of the polymerization is more
pronounced in DMSO than in MeCN or DMF because of the
higher Kyrgp in DMSO.%

Effect of Activity of the Cu Catalyst on Temporal
Control in Photoinduced ATRP. The activity of the Cu
catalyst in ATRP can also be tuned using different ligands,
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enabling a dynamic modulation of the molar ratio of the
activator and deactivator species. Temporal control in the
photoinduced ATRP of MA (target DP = 200) in the presence
of 0.02 equiv of CuBr, using Mes,TREN, TPMA, and
PMDETA ligands (0.12 equiv) in DMSO was then examined
under conventional batch conditions. Excellent temporal
control was achieved in photoinduced ATRP of MA using
Me,TREN as a ligand. As shown in Figure SA, temporal
control was achieved upon intermittent light on/off periods for
20 min with low monomer conversion being observed during
the dark periods. Importantly, no significant chain growth is
apparent when the light was removed for a longer time
period—80 min (Figure SB). Re-exposing the solutions to
light restarted the polymerizations in a controlled manner,
yielding polymers with molecular weights in agreement with
theoretical values and low D < 1.1 (Figure S4).

The higher ATRP activity of the Cu complex with
Me(TREN results in a larger ATRP equilibrium constant,
Kyrrp, and increases the ratio of the concentration of the L/
Cu"—Br deactivator to the concentration of the L/Cu'
activator under equilibrium. This higher value of K,ryp results
in a lower concentration of L/Cu' during the polymerization.>®
Upon removal of the light, the low concentration of residual L/
Cu' was rapidly consumed by radical termination reactions,
converting L/Cu' to L/Cu"—Br and therefore stopping the
polymerization.

In contrast, when using TPMA as the ligand in DMSO, the
polymerization responded slowly to switching the light off,
leading to poor temporal control. Figure SC shows that the
polymerization continued in dark periods with rates similar to
those under light irradiation. However, as shown in Figure 5D,
when the reaction was kept in the dark for 4 h, chain growth
was observed only in the first hour, and subsequently, the
polymerization rate decreased. Re-exposing the solution to
light restarted the polymerization in a controlled way (Figures
S5 and S6). From these studies, it can be concluded that the
Cu catalyst with the TPMA ligand is less active compared to
Me,TREN; therefore, the equilibrium concentration of L/Cu'
with TPMA was higher, resulting in chain growth during dark
periods.

Significant chain growth was observed in dark periods when
PMDETA was used as the ligand. As presented in Figure SE,
polymerization with PMDETA showed essentially no response
to switching the light off, and a linear kinetic behavior was
obtained regardless of the light being on or off. Moreover,
significant monomer conversion was observed even when the
reaction was kept in the dark for longer periods (Figure SF).
The polymerization was started by irradiating the solution with
violet LEDs, yielding 27% monomer conversion within 4 h.
Afterward, the solution was kept in the dark for 16 h.
Interestingly, the polymerization continued during this period,
reaching 82% monomer conversion. A decrease in the
polymerization rate was observed only toward the end of the
dark period (Figure SF). Importantly, these polymerizations
undergoing significant chain growth in the dark were still well-
controlled, giving polymers with molecular weights in
agreement with theoretical values and a low D of 1.10 (Figures
S7 and S8). Analysis of these results shows that PMDETA
forms a Cu complex with a lower catalytic activity compared to
both TPMA and Me,TREN,* resulting in a lower rate of
polymerization and hence lower concentration of radicals. In
addition, the low activity of the catalyst determined a relatively
high concentration of L/Cu', and therefore, the polymerization
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Figure S. Temporal control in photoinduced ATRP of MA using Me,TREN (A, B), TPMA (C, D), and PMDETA (E, F) ligands, demonstrating
dependency on the activity of the Cu catalyst as a result of the nature of the ligand. Reaction conditions: [MA]/[EBiB]/[CuBr,]/[L] = 200/1/
0.02/0.12 (for TPMA, L = 0.02, triethylamine = 0.4 equiv) in 50 vol% DMSO ([MA] = 5.5 M). Irradiated with violet LEDs (4,,,, = 394 nm, 2.6

mW/cm?) under batch conditions.
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Figure 6. Temporal control in photoinduced ATRP of MA using oxygen as an oxidizing stimulus to stop the polymerization in the dark in the
presence of PMDETA. Reaction conditions: [MA]/[EBiB]/[CuBr,]/[PMDETA] = 200/1/0.02/0.12 in S0 vol% DMSO ([MA] = 5.5 M).
Irradiation with violet LEDs (4., = 394 nm, 2.6 mW/cm?) under batch conditions.

continued to high monomer conversions without the need for
light-induced activator (re)generation.

Consuming the L/Cu' catalyst via external stimuli would
improve temporal control in the presence of the PMDETA
ligand. Oxygen was successfully used as an oxidizer to switch
the Cu catalyst off and achieve temporal control with
PMDETA. The polymerization was started upon light
irradiation, giving 22% monomer conversion in 4 h. The
light was then switched off, and the solution was bubbled with
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air for 1 min. The Cu catalyst was switched off upon oxidation
with oxygen, and no polymerization was observed in the
subsequent dark period. Re-exposing the solution to light
restarted the polymerization with the monomer conversion
reaching 35% within 4 h (Figure 6). The polymerization then
reached a high monomer conversion under continuous light
irradiation (final conversion = 93%) with SEC analysis
revealing narrow, symmetric distribution of molecular weights
and a low P (M, = 15,800, M, 4, = 16,200, P = 1.11), all in
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Table 2. Thermodynamic and Kinetic Parameters of ATRP for Various Cu Catalysts Measured on an RDE“

0
E(L/Cun—Br) /(L/Cub)

ligand (V vs SCE) Krre e (M7 s_l)b
Me,TREN —0.297 6.9 x 107° 3.8 X 10%
TPMA —0.159 1.6 X 107¢ 60
PMDETA —0.113 42 x 1077 1.6

Kgeae (M™"s71) [R*] (M) [L/Cu'] (mM) [L/Cu'] (%)
5.6 X 107 1.70 x 1078 0.0048 0.9
3.8 X 107 481 x 107° 0.0541 9.8
3.8 x 10° 1.71 X 107° 0.0710 13

“Conditions: 0.1 M Et,NBF,, T = 25 °C in MA/DMSO (1/1). For determination of Kyrgp: [L/Cu'] = 0.5 mM, [MBP] = 50 mM (for L =
Me,TREN, [MBP] = 25 mM), and RDE rotation = 2500 rpm. YFor determination of k,: [L/Cul] = 0.5 mM, [MBP] = 0.5 mM (for L =
PMDETA, [MBP] = 10 mM), [TEMPO] = 50 mM, RDE rotation = 4000 rpm, and k, = 1.5 X 10* (M™" s™!).” MBP: methyl 2-bromopropionate.

agreement with theoretical values and a well-controlled
process. This result confirms that excellent temporal control
in ATRP can be achieved even in low-activity catalytic systems
by applying dual stimuli to switch the polymerization off by
oxidation of L/Cu". Importantly, introduction of oxygen as an
oxidizing agent did not result in loss of control over the
polymerization, indicating the tolerance of this system in the
presence of small amounts of oxygen due to a very fast reaction
of oxygen with L/Cu, which is present at a much higher
concentration than the radical chain end of the growing
polymer chains.

Electrochemical Analysis of the Cu Catalysts Used in
Temporal Control. The concentration of L/Cu' present at
the end of the first light-on period was estimated according to
eq 1. Assuming steady-state conditions, the relative ratio of [L/
Cu']/[L/Cu"—Br] can be expressed as

g e

[R—Br]

In well-controlled radical polymerizations, only a small
fraction of chains undergoes radical termination; therefore,
[R—X] can be assumed to be equal to its initial concentration,
[R—X],, while [R*] can be calculated from the slope of the
semilogarithmic kinetic plot as [R*] = slope/k,, where k, is the
propagation rate constant. Table 2 shows the values of Kyrgp,
the rate constants of activation (k,.) and deactivation (k.,.),
and the concentration of radicals and L/Cu' for the three
ligands studied in temporal control experiments. The values of
Kyrrp and k,, in the MA/DMSO mixture were determined by
chronoamperometry on a rotating disk electrode (RDE)
according to previously reported procedures.”””? The kyeoct
values were calculated as k,./K,gp-

The values presented in Table 1 show that on decreasing the
activity of the Cu catalyst and hence the K,rpp value, the
concentration of L/Cu' increases. For example, for Me,TREN
as a ligand, ~0.9% of the total catalyst was calculated to be in
the L/Cu' form, whereas for TPMA, this value was ~9.8, and
for PMDETA, this value was ~13%.

As radical termination reactions consume the L/Cu'
activator to form the L/Cu'—=Br deactivator, according to
the persistent radical effect, in the absence of light or any other
activator (re)generator, the consumption of the activator by
terminations leads the polymerization to slow down and
ultimately stop.”’ Considering the concentration of L/Cu'
activators in Table 2, the extent of radical termination needed
to consume all L/Cu' was estimated for the different catalysts.
For example, in the presence of Me,TREN, 0.88% of the total
Cu catalyst was calculated to be present as L/Cu'. With the
initial concentration of the catalyst being 2 mol% of [RX],,
termination of only 0.017% of chains would lead to the

[L/Cu’]
[L/Cu"—Br]

(1)
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consumption of all residual L/Cu". Similarly, in the presence of
the TPMA and PMDETA ligands, all residual L/ Cu! could be
consumed upon termination of 0.19 and 0.25% of the total
chains, respectively. These results agree with the experimental
observation that highly active catalysts show a quicker response
to switching the light off, therefore offering better temporal
control because less termination is required to consume L/ Cudl.
Importantly, in each case, the chains terminating during the
dark periods were a tiny fraction of the living chains.

In the ATRP of acrylate monomers, radical termination
reactions can occur through different pathways including
conventional radical termination and catalyzed radical
termination (CRT) reactions.’”’* As presented in Figure 7A
(pink lines), conventional radical termination involves a
bimolecular reaction of radicals consuming one molecule of
the L/Cu' activator per each terminating radical. In addition,
radicals can terminate through the CRT mechanism (blue
lines, Figure 7A). CRT involves the reaction of L/ Cu' with a
propagating radical to form an organometallic intermediate, L/
P,—Cu'. Although the exact mechanism of CRT is still under
investigation, it has been proposed that the interaction
between a propagating chain and the paramagnetic organo-
metallic species leads to terminated chains and regeneration of
L/Cu.”? In the overall mass balance of ATRP and CRT, one
molecule of L/Cu' is consumed per each terminating radical.

Simulations using the PREDICI software’* were therefore
performed to quantify the behavior of the polymerization
systems in the dark, when no activator (re)generation occurs.
In addition, simulations were based on TPMA as the ligand
because of the available data on the formation of TPMA/P,—
Cu" intermediates’® according to the model shown in Scheme
S1. Interestingly, simulations involving only the conventional
radical termination pathway showed a slow consumption of
TPMA/Cul, resulting in increasing monomer conversion in the
dark (Figure 7B, blue line). However, a more accurate
agreement with experimental data was obtained when
including both conventional radical termination and CRT
pathways in the simulations. CRT promoted a more rapid
consumption of L/Cu', thus favoring a faster decrease in the
rate of polymerization. The best agreement between
experimental and simulated data was obtained with the rate
constant of CRT kcgpr = 108 M~ s7". This value is higher than
recently measured for the Cu/TPMA system in dry DMSO,””
suggesting that additional termination pathways can contribute
in this polymerization system, arising from the presence of
residual water or other impurities.”

B CONCLUSIONS

Temporal control in photoinduced ATRP processes was
investigated to understand the fundamental behavior of
ATRP systems in the dark. Conditions were identified for

https://dx.doi.org/10.1021/acs.macromol.0c00888
Macromolecules 2020, 53, 5280-5288


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00888/suppl_file/ma0c00888_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00888/suppl_file/ma0c00888_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00888?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

A I
P.-Br P
hv
P L/P,-Cu"
P L/Cu'-Br l/prﬁ
P.-Pm + Terminated
chains
Termination pathways:
(I) Conventional radical termination
() Catalyzed radical termination (CRT)
B
2.0+O0n Off “
—@— Experimental 107 k. (M's')=
=15} Simulated, k., = . CRT oo
= —00 2 '
S10¢f 1x10° “510° ¢
g < 1x10°
05F
10°F
0.0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 0 2 4 6 8 10
Time (h) Time (h)

Figure 7. (A) Termination of radicals in ATRP: (I) pink lines
represent conventional radical termination and (II) blue lines
represent catalyzed radical termination (CRT). For each radical
terminated, one molecule of L/Cu' is converted to L/Cu"—Br. (B)
Overlay of experimental (shown in black) and simulated kinetic
results in the dark periods for the polymerization with L = TPMA,
considering only bimolecular radical termination (shown in red) or
bimolecular radical termination and CRT (shown in blue). (C)
Evolution of [L/Cu'], where L = TPMA in the dark (no activator
regeneration) as simulated by PREDICI considering only bimolecular
radical termination (shown in red) or bimolecular radical termination
and CRT (in blue). Initial reaction conditions: [MA]/[EBiB]/
[CuBr,]/[TPMA] = 200/1/0.02/0.12 in 50 vol% DMSO ([MA] =
5.5 M).

improved temporal control over photoinduced ATRP by
studying the effect of reaction components including the
catalyst, ligand, and solvent. The activity of the catalyst
regulates the molar ratio between the L/Cu' activator and the
L/Cu—Br deactivator, resulting in a decrease in the
concentration of L/Cu' as the activity of the catalyst increases.
Excellent temporal control was achieved with Me,TREN,
which forms a highly active Cu catalyst, whereas chain growth
in the dark was observed in the presence of the TPMA or
PMDETA ligand. It is noted that these catalyst systems have
lower activity compared to Me,TREN. The results of temporal
control in photoinduced ATRP illustrate the importance of
tuning the activity of the Cu catalyst by modifying the
concentration and nature of the ligand and the reaction
medium to achieve enhanced temporal control in Cu-catalyzed
ATRP. The findings of this work provide a general guideline
for understanding how Cu-based catalytic systems behave in
externally controlled ATRP and designing better catalysts for
gaining efficient temporal control over polymerizations.
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