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ARTICLE INFO ABSTRACT

Keywords: Four nickel(I) complexes with symmetrically substituted NoO, tetradentate Schiff-base ligands, prepared from

Photo-OMRP the 2:1 condensation of 3-tert-butyl-salicylaldehyde, and ethylenediamine (1), o-phenylenediamine (2), 1,2-cis,

léadlcla] polymerization trans-cyclohexyldiamine (3), or 1,3-diaminepropane (4), were synthesized. These Ni'! Schiff-base complexes
opolymer

(1-4) were used as control agents for the polymerization of vinyl acetate (VAc) photoinitiated by diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) according to a photoinduced organometallic-mediated radical poly-
merization (photo-OMRP) mechanism. All complexes presented good control ability, although the polymeriza-
tion mediated by 3 showed the best control over molecular weight (M, matching My, ) and dispersity (B < 1.50).
The livingness of the polymers has been confirmed by LED on and LED off experiments, the polymerization
stopped immediately, and no monomer conversion was observed during the light-off period, indicating a
negligible concentration of the active radical in the dark. Further, to demonstrate the living nature of this system,
block copolymers of poly(vinyl acetate)-b-poly(methyl acrylate) were synthesized using the sequential visible-
light-induced process. Kinetic results and computational investigations supported the activation/deactivation
equilibrium exerted by complexes 1-4, which occurred on only one face of the complexes via reversible deac-

LED irradiation

tivation (RD) mechanism.

1. Introduction

Polymeric materials have shaped the modern world and become a
part of all facets of society. While commodity plastics are undoubtedly
important, polymeric materials have also emerged to address challenges
in the coating, biomedical, electronic and energy-storage fields [1-3].
Radical polymerization is the most widely used mechanism to synthesize
polymer networks because of its broad monomeric scope and functional
group tolerance. The conventional step- or chain-growth polymeriza-
tions show limited ability to control macromolecular structures [1].
These polymerizations are often characterized by generation of an active
initiating species, propagation by addition of monomer units, and
eventual termination of polymer chains [1,2]. The occurrence of un-
avoidable and irreversible chain transfer/termination reactions leads to
broad chain length distributions that are inactive with respect to further
chain growth. Thus, the properties of polymer materials and the
controlled introduction of functional building blocks are limited [3].
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To overcome this challenge, radical controlled polymerizations have
been proved effective in imparting a high level of control over desirable
polymer characteristics, while providing access to a wide array of ma-
terials [4-6]. Specifically, reversible deactivation radical polymeriza-
tion (RDRP) - formerly known as living radical polymerization — is a
family of reactions discovered in the 1990s that has become increasingly
important over the past few decades, showing wide control under
different conditions using transition metal complexes [7-10]. These
reactions have received large attention because of their capability to
polymerize less active monomers (LAM), such vinyl acetate (VAc), and
more active monomers (MAM), such methyl and butyl acrylates [10].
The equilibrium principle between a growing radical chain and a
dormant species is used to reduce chain-breaking reactions and ensure
quantitative initiation. Therefore, this dynamic equilibrium between
dormant species and growing radicals is termed RDRP, resulting in
excellent control over molecular weights, polydispersity, and function-
ality [11].
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These reactions can occur through cleavage of the initiator under
different stimuli, such as thermal, redox or photo cleavage [12,13]. The
photochemical production of primary radicals requires low tempera-
tures (10-40 °C), unlike thermal free-radical initiators, which generally
occur at temperatures >40 °C [4,14]. Consequently, photo-
polymerization can be carried out at very low temperatures, resulting in
absence of the chain transfer processes that leads to branched macro-
molecules. Photopolymerization at low temperatures yields the low-
energy stereospecific polymeric species [15]. However, the equilib-
rium of organometallic-mediated radical polymerization (OMRP) is
importantly suitable to regulate highly reactive propagating radical
species, since their activation relies only on the dissociation energy of
the metal-carbon bond in the dormant state. Notwithstanding, OMRP
possesses present a distinct advantage in copolymerization because of
the capability of the metal complex to activate unreactive bonds,
significantly expanding the monomer scope [6].

The ability of OMRP to yield advanced polymeric materials with
predetermined molecular weights, low polydispersity indexes, and
controlled topology, composition and functional groups makes this
polymerization increasingly valuable. Various metal complexes are used
to control OMRP, including Co [16], Fe [17], Mo [18], Rh [19], and
other compounds formed by porphyrins, Schiff bases, and a-diimine li-
gands [9,16,20,21].

In the past decades, transition metal complexes containing N2O2
Schiff bases have been intensively studied in the fields of organometallic
chemistry and materials science [22,23]. Nickel complexes bearing
N0, Schiff bases have stood out in the field of catalysis because of their
properties, as well as of their application as catalysts or electrocatalysts
in numerous organic redox reactions [24-26]. This attention derives
from the possibility of forming electrochemical stable oxidized or
reduced complexes, which enables their utilization in electrocatalytic
oxidation and reduction treatment systems [27]. In contrast to other
metal ions, the Ni'l ion is diamagnetic (low-spin) in the square planar
coordination environment provided by most Salen complexes [28]. This
type of Ni"l Schiff base complexes can also be applied in polymerization
reactions. Silva et al. applied Ni"l Schiff-base complexes in the OMRP of
VAc, and found that these complexes show good control capability (D ~
1.2) [28]. Our research group is experienced in this type of polymeri-
zation under thermal stimuli using Co!! [21,29,30], Mn" [31], or Nill
[28] as mediating agents. More recently, we have applied Co Schiff-
base complexes in the photo-OMRP of acrylates and verified that light
was a good cleavage source [32,33]. Motivated by the behaviour of the
Ni'! Schiff-base complexes, we decided to apply four Ni'l complexes
(Fig. 1) coordinated to tetradentate Schiff bases to the photo-OMRP of
VAc using diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as
initiating agent.

2. Experimental
2.1. General remarks

All reagents were purchased from Aldrich Chemical Co. All reactions
and manipulations were performed under nitrogen atmosphere using
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standard Schlenk techniques. Vinyl acetate (VAc) and methyl acrylate
(MA) were washed with 5 % NaOH solution, dried over anhydrous
MgSOy, degassed in several freeze-thawing cycles, and then distilled in
CaH, and stored at —18 °C under nitrogen atmosphere. NiCl, was
carefully dried in a reaction flask under reduced pressure (0.5 torr) using
a hair dryer until it turned from green to yellow. Ethylenediamine, o-
phenylenediamine, 1,2-cis,trans-cyclohexyldiamine, 1,3-diaminepro-
pane, and TPO were used as acquired. The tert-butylsalicylaldehyde
was synthetized as described in the literature [34]. The Schiff base li-
gands (3,6-ditert-butyl-N,N’-ethylenebis(salicylimine) (L;H3), 3,6-ditert-
butyl-N,N’-o-phenylene(salicylimine)  (LyHy), 3,6-ditert-butyl-N,N’-
cyclohexylbis(salicylimine) (LgHz) and 3,6-ditert-butyl-N,N’-1,3-prop-
anbis(salicylimine) (L4H2)) and the complexes 1-3 were synthetized as
described in the literature [35-37]. The synthesis and characterization
of the ligands and complexes 1-3 are reported in the Supporting
Information.

2.2. Analyses

Elemental analyses were performed on a Perkin-Elmer CHN 2400
instrument. The infrared spectra were obtained on a Perkin Elmer
Frontier instrument equipped with a diamond ATR module, collected
between 4000 and 250 cm ™! at a scan rate of one spectrum every 64 s
with a 2 ecm ™! resolution at 298 K. The 'H and *c{'H} NMR spectra
were obtained in CDCl3 at 298 K on an Agilent MR 400 Ultrashield
spectrometer operating at 400.13 and 100.61 MHz, respectively. The
obtained chemical shifts were reported in ppm relative to the high fre-
quency of TMS. Molar conductance of the complexes was measured in
CH,Cl, solution at room temperature using a Systronics 304 Digital
Conductivity Meter. Conversion was determined from the concentration
of residual monomer measured by infrared spectra using a Perkin Elmer
Frontier instrument equipped with a diamond ATR module. The mo-
lecular weights and molecular weight distribution (MWD) of the poly-
mers were determined by gel permeation chromatography using a
Shimadzu Prominence LC system equipped with a LC-20AD pump, a
DGU-20A5 degasser, a CBM-20A communication module, a CTO-20A
oven at 40 °C, and a RID-10A detector equipped with two Shimadzu
columns (GPC-805: 30 cm, @ = 8.0 mm). Retention time was calibrated
with standard monodispersed polystyrene using HPLC-grade THF as
eluent at 40 °C with a flow rate of 1.0 mL min . D is Myw/M,. Theo-
retical molecular weights were calculated without considering the end
groups according to the following equation: My = ([Monomer]y/
[Ni]p) x Conversion X My monomer- The electronic spectra were recorded
on a Shimadzu model UV-1800 spectrophotometer using 1 cm path
length quartz cells. CHxCl; solutions of the complexes at 0.2 mM con-
centration were used for these measurements. Electrochemical mea-
surements were performed using an Autolab PGSTAT204 potentiostat
with a stationary platinum disk and a wire as working and auxiliary
electrodes, respectively. The reference electrode was Ag/AgCl. The
measurements were performed at 25 °C £+ 0.1 using a 0.1 mol/L of n-
BuyNPFg solution in CHCly as supporting electrode. The E; /o values
were the arithmetic average of the anodic and cathodic potential peaks:
(Epa + Ep,)/2.
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Fig. 1. Structure of Ni" Schiff-base complexes 1-4.
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2.3. Synthesis of complex 4

The solution of ligand L4H> (0.394 g, 1 mmol) in methanol (30 mL)
with NaOH were added to a Schlenk flask containing the anhydrous
nickel (II) chloride (0.119 g, 1 mmol) and stirred overnight under reflux
(65 °C). The reaction mixture was then concentrated and dried in vac-
uum. The resulting powders were filtered and recrystallized in
dichloromethane/hexane (1:2 v/v) solution. Yield: 65 %. a) UV-vis
CHCly Amax(n) (nm), €max(n) [mol L71 Cmil]: Amax(1) (227) emax (D)
[1672], /?vmax(z) (252) €max (2) [20,915], /?vmax(3) (271) €max (3) [23,860],
Amax(4) (354) €max (4) [3790]: /1max(5) (424) €max (5) [3195]’ /‘[max(6) (500)
€max(s) [280]; b) FTIR (crn’l): 3020 v(aromatic C—H), 2942 v(sp3 C—H),
1630 v(C=N), 1546 v(C=C), 1312 Y(C—O0), 761 v(sp3 C—H) 478
v(Ni—N), 370 v(Ni—O); c) Anal. Calc. for CosH3oNiN2O». C: 66.54; H:
7.15; N: 6.21; Found: C: 66.50; H: 7.20; N: 6.20; d) MALDI-TOF: (m/2)
451.26437; d) Molar conductance: 0.67 ps’l cm? mol’l; e) 'H NMR
(CDCl5 8/ppm): 1.39 (s, 18H, —C(CHs)s3), 1.87-1.82 (m, 2H, —CHy—),
3.59 (t,J = 7.1 Hz, 4H, CHy), 6.47 (t,J = 7.5 Hz, 6H, Ar—H), 6.92 (dd, J
= 7.8, 1.8 Hz, 2H, —NH=C—), 7.20 (s, 2H, —CH=N).

2.4. Computational details

The structures of the compounds under study were optimized using
the density functional theory (DFT) at the level of the hybrid functional
PBEO [38], implemented in Gaussian 09 [39], using the DGDZVP basis
set [40,41]. The optimizations and calculation of the vibrational fre-
quencies were conducted with no symmetry constraints. As the Nil'
complexes under study are low-spin four coordinate with distorted
square planar coordination environment compounds (S = 1/2) [42,43],
all calculations were performed considering a multiplicity equal to 4.
After optimization, in all cases, <S2> = S(S + 1) = 3.75, suggesting the
desirable non-existence of spin contamination in the generated orbital-
based wave functions. For the Ni'" complexes formed by the coupling
between the Ni'' complex and the vinyl acetate radical, multiplicity was
defined as unitary. Several previously conducted studies have reported
DFT calculations of CMRP dormant species models [44-49]. Here,
aiming to reproduce the experimental conditions, the simulations
involving these compounds were also performed under the solvation
condition. To this end, the previous structure was reoptimized using the
IEFPCM model [39] to build a dielectric continuum with the charac-
teristics of dichloromethane in a self-consistent reaction field procedure
.[39] The structure of the product of coupling between the Ni'' com-
plexes and the VAc radical was optimized only under the solvation
condition.

2.5. General procedure for VAc photo-OMRP

The photopolymerization procedure for VAc was as follows: a
mixture solution was obtained by adding the Ni complexes, TPO,
dichloromethane (0.5 mL), and VAc (5.0 mL, 21.6 mmol) to a dried
Schlenk flask (25 mL) with a stir bar. The solution was deoxygenated
through three standard freeze-pump-thaw cycles, flame-sealed, and
placed in a stirring apparatus under LED irradiation (10 W/cm 2 at 390
and 400-800 nm). The samples were regularly collected from the me-
dium using a nitrogen flushed syringe. The monomer was evaluated by
FTIR to determine conversion and SEC-THF to obtain molecular pa-
rameters using PMMA standards.

2.6. Copolymerization general procedure

Copolymerization of VAc and MA was carried out in CH»Cl; solution
at 25 °C under nitrogen atmosphere using TPO (0.0121 mmol) as radical
initiator and the complexes 1-4 as mediators (0.0362 mmol). A known
volume of VAc (2.0 mL) was transferred to the reaction tube and the
contents were degassed through three freeze-pump-thaw cycles. The
tubes were then tightly sealed and placed in a photo reactor at the
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controlled temperature of 25 °C. After the desired interval, the MA so-
lution (1.4 mL) was poured into the reaction flask. The precipitated
polymers were filtered, purified by reprecipitation, and then dried at
60 °C for 12 h.

2.7. Results and discussion

A series of four Salen-type Schiff-base ligands, L1Ha-L4Hj, and their
respective Ni'' complexes were synthesized (Scheme 1). The reaction of
3-tert-butylsalicylaldehyde with four diamines (ethylene, o-phenylene,
cyclohexyl and propanediamine) in methanol gave the desired sym-
metric tetradentate Schiff base ligands in high yields and purity. Ni"l
complexes with tetradentate Schiff base ligands were prepared by
treating an methanolic solution of the appropriate ligand (1 equiv.) and
NaOH (2 equiv.) with anhydrous NiCl, (1 equiv.). After synthesis, the
complexes 1-4 were fully characterized by means of FTIR and UV-vis
spectroscopy, elemental analysis, cyclic voltammetry, computational
methods, and mass spectrometry.

The 'H NMR spectrum of the complex 4 shows the disappearance of
the signal corresponding to OH moieties, observed at 14.02 ppm in the
L4H; spectrum (Figs. S4 and S5). Furthermore, the signals related to the
phenyl rings, found in the range 6.82-7.35 ppm for the free ligand,
suffer a shielding effect upon complexation to lower & in the range of
6.47-7.18 ppm. The same behaviour is observed for the protons bonded
to C=N which are found in 8.39 ppm for the free ligand and 7.20 ppm
for the complex. [50] Comparing the FTIR spectra of the ligand L4H, and
its respective complex 4 (Fig. S9), the v(C—O) stretching frequencies
red-shifted to 1230 cm™! and the bands around 3150 cm™! corre-
sponding to v(O—H) disappeared in the FTIR spectrum of the complex,
indicating that the hydroxyl group participated in the coordination
process. New vibration bands were noticed in the spectrum of the
complex at wave number ranges of 448 and 383 cm ™, assigned to
(Ni—N) and (Ni—O) vibrations, respectively. [50] Data on the absorp-
tion spectra of the free LHy Schiff-base ligand and their respective
complexes 1-4 were collected in CH,Cl; (Fig. 2). The bands around 230,
256 and 330 nm attributed to the 7 — n* and n —» n* transitions in the
benzene ring or azomethine (—C=N) groups were found for LHj. [51]
Upon complexation, these bands were shifted to a lower wavelength
region at 227 and 252 nm (n — n*) and 271 nm (n — 7*), suggesting the
coordination of azomethine nitrogen with the Nill ion. Four bands were
observed complexes 1-4, around 451, 415, 264 and 231 nm. The band
with lower molar absorption coefficient at 500 nm, corresponds to d-
d transitions in the Ni'' ion. The absence of bands around 600 nm in-
dicates that the complex presents a square planar d® geometry. [52,53]
Mass spectrometry was successfully used to confirm the molecular ion
peak of complex 4 (Fig. S13). The recorded mass spectrum of this
complex revealed a molecular ion peak, which strongly confirms the
proposed formula for it, as 451.26437 m/z. This value was in good
agreement with the composition proposed for the nickel complex. With
a view to studying the electrolytic nature of the complexes 1-4, their
molar conductivities were measured in CH»Cl, solution at 10™2 mol L™1.
The molar conductivity values found for these complexes are in the
range of 0.35-0.67 ps~'em? mol ! at room temperature, indicating their
non-electrolytic nature.

Additional characterizations of complexes 1-3 by theoretical studies
were necessary to complete the early presented studies [36,37], to better
understand their reactivity in the current purpose. Thus, optimized ge-
ometries for complexes 1-4 were obtained by DFT using PBEO level of
theory in combination with the DGDZVP basis set (Fig. 3). Calculated
selected bond distances and bond angles are listed in Table S1. The two
Ni—N iminic and Ni—O phenolic bond lengths are similar for complexes
1-4, with variation smaller than 0.0306, 0.0297, 0.0154 and 0.0073 A
for Ni—N(1), Ni—N(2), Ni—O(1) and Ni—O(2), respectively, whereas
the calculated bond angles show considerable differences, mostly driven
by a conformation change in the Schiff-base bridge. In the structure of
these complexes, the Schiff-base ligand (L;Ha-L4H>) acts as a NoO3 donor



N.M. Pesqueira et al.
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Scheme 1. Synthesis of the LH, ligands and their respective Ni'' complexes.

Complex 1
--- LH,
3
Q
=
<
=
=
)
w
=
<«
0.0 T T T T T
200 300 400 500 600 700 800
Wavelenght (nm)
Complex 3
-~ - LH,
D
<9
=
<
2
=
)
v
=
<«
0.0 T T T T T
200 300 400 500 600 700 800

Wavelenght (nm)

1.04 . Complex 2
|III mon - LZHZ
'l /(C=C,OH)
0.8 !
Y
=
£ 0.6
)
St
)
2
< 0.4
0.2
0.0 T — T T T
200 300 400 500 600 700 800
Wavelenght (nm)
1.04 . Complex 4
, o ---LH
" (C=C, OH) 42
\
084 !
.
[
D 4 !
e 0.6 ,“ N
< Yo
E= [
5 IR
2 044 1 '
: . \
“ l'l—ﬂi‘
_ (C=N
0.2 1 L\ Y vrer
N '
\
0.0 —e ; . .
200 300 400 500 600 700 800

Wavelenght (nm)

Fig. 2. UV-vis spectra for Complexes 1-4 and Ligands L;H,-L4H, in CH,Cl, at 25 °C; [Ni] = 1 x 10~* mol/L.

set, and is coordinated to the metal via two oxygen atoms (O1 and 02)
and two iminic nitrogen (N1 and N2) atoms. The value of the trans an-
gles around the Ni' center changes from 180° to [171.041-176.574°],
whereas the value of the cis angles deviates from the ideal angle of 90°
[85.665-94.215°]. Thus, complexes 1-4 present a square planar dis-
torted coordination geometry (Fig. 3). All the bond lengths and angles
around the Ni" center are within the normal range reported for similar
coordination compounds [16,19].

Aiming to study the electrochemical behaviour of complexes 1-4,
cyclic voltammetry measurements were performed in CH2Cly solutions
using n-BuyNPFg 0.1 mol/L as supporting electrolyte at 25 °C. The cyclic
voltammograms of 1-4 are shown in Fig. 4, and the pertinent data are
presented in Table S2. The E; /5 values for complexes 1-4 indicate that
the number of C atoms on the imine bridge influences the potentials
found of 0.90, 0.99, 0.89 and 0.79 V for complexes 1-4, respectively.

The electrochemical reversibility of the Ni'/™ redox pair for photo-

OMRP is extremely important to support the RDRP mechanism. Thus,
the electrochemical reversibility of complexes 1-4 was initially evalu-
ated by calculating the potential difference (AEp) values and then
comparing them with the AE, value of the ferrocene as the reference
obtained under the same experimental conditions. Since the complexes
1-3 showed AEj, values lower than that of ferrocene, whereas for com-
plex 4 was slightly larger than that of ferrocene. Another reversibility
criterion is that the anode/cathode peak current ratio should be close to
one and independent of the scan rate. The I,p/I, values for complexes 1
and 3 were higher to that expected for a reversible process, while the
values for complexes 2 and 4 were close to one (Table S2). In all cases,
the intensity of the peaks increased with the scan rate. Simultaneously,
cathodic peaks shifted to more negative potentials while anodic peaks
shifted to more positive potentials. The linearity of I, vs v/2 plots
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Fig. 3. Optimized geometries in the gas phase for complexes 1-4 obtained by DFT using the PBEO level of theory in combination with the DGDZVP basis set.
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Fig. 4. Cyclic voltammetry of complexes 1-4 from 1 x 10~ mol/L CH,Cl,
solutions and n-BusNPFs 0.1 mol-L™! vs Ag/AgCl; obtained at 100 mV-s~!
at 25 °C.

demonstrates that mass transport of these complexes to the electrode
surface is diffusion controlled (Figs. S14-S17). The voltammetric fea-
tures show that the Ni'™" interconversion for the complexes 1-4 is
electrochemically quasi-reversible in fast and lower scan rates.

2.8. Photo-OMRP

The photo-OMRP of VAc was conducted using complexes 1-4 as
control agents in the presence of TPO under LED irradiation. The LEDs
used were 390 and 400-800 nm, with 10 W e¢m ™2 at 25 °C. The photo-
induced polymerization was studied under different conditions. First, a
control experiment was conducted in the dark using TPO and VAc, and
no conversion was observed after 30 h. A second experiment was per-
formed under LED irradiation with 400-800 nm using VAc and com-
plexes 1-4, and again no conversion was observed. Subsequently, an
experiment was developed using VAc and TPO under the LED irradiation
of 390 nm, and 95 % conversion was reached after 5 h, with b = 3.0. The
aforementioned experiments suggest that formation of radicals by TPO
cleavage do not occur under purely thermal conditions. In addition, a
last experiment was performed in the presence of the Ni"" complexes and
only under LED irradiation for 24 h, and no polymerization occurred,
indicating that the 400-800 nm LED wavelength was needed for the R-
Ni'! bond cleavage to occur. To investigate the control capability of
complexes 1-4 in the VAc polymerization, they were studied with
different molar ratios, as shown in Table 1. When polymerization was
conducted with both TPO and complexes 1-4 under LED irradiation, the
obtained polymers showed controlled M;, and narrow MWD, which are
shown in Table 1. From the data presented in Table 1, it is possible to
observe that complexes 2 and 3 showed the best D values under all
conditions, while complexes 1 and 4 were agents with smaller capability
to control polymerization. This investigation also showed that the
controllability of the polymerization was affected by the molar ratio
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Table 1
Summary of results of the photo-OMRP of VAc with complexes 1-4 at different
[VAc]/[Ni"]/[TPO] molar ratios after 22 h.”

Entry  Complex  Molar ratio Conv. Mi,cpc M, b

[VACI/INi"l/ (%) (x10%) (x10%

[TPO]
1 1 600/1/0.5 80 40 41 1.4
2 2 600/1/0.5 34 15 18 1.1
3 3 600/1/0.5 43 23 22 1.2
4 4 600/1/0.5 71 36 37 1.2
5 1 900/1/0.5 79 40 61 1.5
6 2 900/1/0.5 40 23 31 1.1
7 3 900/1/0.5 72 34 56 1.4
8 4 900/1/0.5 70 41 54 1.2
9 1 600/1.5/0.5 85 39 29 1.3
10 2 600/1.5/0.5 20 25 6.9 1.1
11 3 600/1.5/0.5 60 24 21 1.2
12 4 600/1.5/0.5 41 34 14 1.1
13 1 900/1.5/0.5 72 50 37 1.3
14 2 900/1.5/0.5 23 37 12 1.1
15 3 900/1.5/0.5 37 31 19 1.1
16 4 900/1.5/0.5 25 46 13 1.1

2 All polymerizations were conducted under LED irradiation (10 yW cm™2

390 and 400-800 nm) at 25 °C.
> Mp,m = [VAclo/[Ni'ly x MVAc x Conv..

at

between the Ni'! complexes and the monomer. Polymers with controlled
M, and narrow MWD (P = 1.2) were obtained using a molar ratio be-
tween complexes 1-4 and VAc of 1.5/900, showing reasonable con-
version values (Fig. S18). According to the literature [32], the constant
rate of the polymerization increases with a higher concentration of
monomer. The induction period was lower when increasing the VAc
molar ratio. This can be assigned to the greater concentration of
monomeric radicals formed, which enables faster radical trapping by the
Ni! complex, resulting in an overall improved efficiency.

Interestingly, the results displayed in Fig. 5 show a typical induction
period in all polymerization experiments. The induction period indicates
the need for some time to establish the dynamic equilibrium between the
active propagating radicals and the dormant species, which resulted in
the slow formation of the Ni—C bond. After the induction time, linear
pseudo-first order kinetic behaviour for complexes 1-4 with kjp;, of 3.0
x 107% 8.9 x 1075, 1.4 x 10~* and 7.7 x 107> 571, respectively, was
observed throughout the polymerization, indicating constant concen-
tration of propagating radicals.

Aiming to study the kinetics of the photo-OMRP of VAc mediated by
complexes 1-4, we decided to investigate the conversion degree and the
respective polymerization rate by FTIR spectroscopy in conjunction with
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Fig. 5. Kinetics plot for the photoinduced polymerization of VAc with com-
plexes 1-4; [VAc]/[Ni"]/[TPO] = 900/1.5/0.5 at 25 °C.
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Attenuated Total Reflection (ATR), monitoring the band of the olefin in
the VAc monomer at 1647 cm™'. This procedure was conducted as
described in the literature for the calculation of conversion and rate of
polymerization (Rp) [32,33]. Fig. 6 illustrates the R, evolution as a
function of conversion for polymerization of VAc mediated by com-
plexes 1-4. The R, values increase with increasing VAc conversion,
reaching a maximum of 65 % for complex 1 and ~25-37 % conversion
for complexes 2-4. For complexes 2-4, there was an increase in the R,
curve, whereas for 1 a slow-down was observed after reaching a
maximum, which is associated to the lower mobility resulting from the
formation of large polymer chains. As the solution becomes gelled with a
conversion of 65 %, the polymer chain interactions are no longer
negligible and contribute to decreased molecular mobility. The
maximum rate of polymerization, Rpmax), is given by the maximum R,
curve. Rpmax) values decrease in the following order: 1 > 3 > 2 > 4.
Conversion of 65, 35, 23 and 25 % with Rymax) of 3.54 x 107°,1.76 x
1073, 1.14 x 107° and 1.10 x 107> mol kg_1 s~! is observed,
respectively.

The polymerization of VAc was then initiated by complexes 1-4
using a molar ratio [VAc]/[Ni"]/[TPO] = 900/1.5/0.5 at 25 °C under
LED irradiation. In all the cases, the molecular weight of polyVAc
increased with the monomer conversion (Fig. 7). Mp exp values increased
linearly with conversion in all cases. The molecular weight matched
theoretical values with low D values (b = 1.1) for complex 3, whereas
My,exp values were higher than the theoretical ones for complexes 1, 2,
and 4. The controlling ability in the VAc photo-OMRP can be related to
the electrochemical properties of the complexes 1-4. This correlation is
possible due to the OMRP equilibrium which involves a redox process.
Therefore, it is important to consider the number of members in the ring
between the diimine ligand and the Ni center. For complexes 1-3, that
present a five-membered ring, a correlation between the E; /» values and
the discrepancy between theoretical and experimental molar weight was
noted. The increase of the electron-donating ability, reflected by lower
E; /5 values, induced a better polymerization control, supported by the
good agreement between experimental and theoretical molecular
weight. In contrast, for complex 4, which shows a six-membered ring,
the steric factors involved should be considered. Gel permeation chro-
matography (GPC) traces show that the entire molecular weight distri-
bution (MWD) of polyVAc shifted to higher M;, values, with conversion
without any noticeable tailing or shoulder formation (Figs. 519-522),
indicating good retention of chain-end functionality and negligible
chain termination.

Controlled on-off light switching regulation of VAc polymerization
using complexes 1-4 in the presence of TPO in CH,Cl, was validated by
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Fig. 6. Dependence of R, values on VAc conversion with complexes 1-4;
[VAc]/[Ni"]/[TPO] = 900/1.5/0.5 at 25 °C.
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collecting enough polymer after a given period of irradiation and rein-
jecting it for the next cycle following a 1 h-on/1h-off LED irradiation in
the photo-induced OMRP upon the induction period (Fig. 8). The lack of
reaction in the dark suggested that the polymerization could be acti-
vated/deactivated by light leading to controlled regulation of the
polymerization process. After removal of the light source, no further
conversion was observed during the course of 1 h; however, re-exposure
to light led to further reaction progress. This procedure could be
repeated several times, indicating very efficient activation and deacti-
vation of the polymerization process. These data indicate that when
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irradiation is removed from the system, the chain-ends are found as
{Ni"l(VAc)} species, and upon re-exposure to irradiation in the presence
of VAc, the chain-ends are efficiently and reversibly converting to
propagating radicals and Ni' species. Therefore, the control over the
formation and termination of active species can be performed by using a
simple on-off operation of light during nickel-photoinduced OMRP.
Computational studies were performed to evaluate the preferential
photo-OMRP mechanism conducted by complexes 1-4. Calculation at-
tempts to perform single and double coupling between the monomer
radical and the Ni'! complexes were successful. Structural optimization
was conducted for complexes 1-4 and their respective species, {Ni"l(-
VACQ)} and {Ni"V(VAc)s}. The calculated thermodynamic parameters for
the coupling between the Ni'' complex and monomer radical generated
by the computational data assisted in indicating the major mechanism
(Fig. 9). The photo-OMRP can occur under the reversible deactivation
(RD) or degenerative transfer (DT) mechanism, the predominance of one
mode over the other also depends on the nature and coordination sphere
of the metal complex. The DFT calculations suggest that VAc polymer-
ization mediated by complexes 1-4 is conducted by the RD mechanism,
once the {Ni'"(VAc)} species bearing one vinyl radical are the most
favorable from a thermodynamic viewpoint. (Table 2). For a possible DT
mechanism, a second coupling of a propagating vinyl radical with the
{Ni(vAQ)} species must occur for an intermediate six-coordinate
complex {Ni"V(VAc),} be formed. For the latter case, the AG values
are much more positive than those values for RD mechanism, that means
the formation of the six-coordinate intermediate complex is less
favorable.
Note that a significant deviation between experimental and calcu-
lated molecular weights for complexes 1, 2 and 4 was obtained, because
the incomplete conversion of Ni'! to organonickel species {NiIH(VAc)},
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Fig. 8. On/off experiment for photo-OMRP using complexes 1-4 as mediators under [VAc]/[Ni"]/[TPO] = 900/1.5/0.5 M ratio at 25 °C.
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Fig. 9. Energy diagram and computational data for the photoinduced polymerization of VAc with complex 3.

Table 2
Calculated thermodynamic parameters for the photoinduced polymerization of
VAc with complexes 1-4.

Table 3
Synthesis of poly[VAc]-b-[MA] via photo-OMRP using complexes 1-4 as medi-
ators under [VAcl/[Ni"]/[TPO] = 900/1.5/0.5 M ratio at 25 °C.

Complex  AG (kJ/ AH (kJ/ AG (kJ/ AH (kJ/ BDE"
mol) mol) mol) mol)
Ni"(VAc) Ni"(VAc) Ni"V(VAc), Ni"V(VAc),
1 59.27 6.04 105.94 12.58 —6.04
2 59.14 5.68 102.76 12.23 —5.68
3 75.89 -11.0 108.49 13.12 +11.0
4 64.98 4.32 97.31 14.30 —4.32

# Calculated Ni-C bond dissociation enthalpy for the exit of one radical from
{Ni"(VAQ)}.

supported by Ni-C bond dissociation enthalpy (BDE) values. However,
the positive BDE for complex 3 suggests that the {Ni'''(VAc)} species is
more favored in the activation/deactivation equilibrium, since more
energy is need to cleave Ni-C bond, and thus, maintaining the nickel as
organonickel species and fulfilling the ideal assumption of one polymer
chain per nickel.[54] Therefore, the experimental molecular weights
were closer to theoretical values, indicating that a better control was
reached for photo-OMRP of VAc with complex 3.

2.9. Copolymerization of VAc and MA

To further demonstrate the living nature of this system, block co-
polymers of VAc and MA were synthesized using the sequential visible-
light-induced process. Irradiation of VAc and 0.5 equiv. of TPO in the
presence of complexes 1-4 afforded a well-defined macroinitiator
{Ni"'(PVAC)} (M, ~ 12000 g mol’l, b = 1.1). Subsequent visible-light
induced copolymerization with MA led to formation of desired block
copolymers (Table 3). SEC traces of the block copolymers revealed a
complete shift to higher molecular weight compared to the starting
macroinitiator, and the amount of unreacted first block was negligible

Entry Complex Mh,gpc (x 10%) Mn,t},b (x10%) b

1 1 67 54 1.4
2 2 50 45 1.2
3 3 54 39 1.2
4 4 62 41 1.2
b

My, = Mp(macroinitiator) + M, (M) x ratio x conv(%).

(Fig. 10). The molecular weights of final block copolymers were close to
the theoretical values with narrow polydispersity (B < 1.4). The effi-
cient block copolymerization confirmed the feature of living radical
polymerization. Hence, this experiment indicates that the polymeriza-
tions were initiated using the {Ni""(PVAC)} adduct that generated the
radical initiator and the control agent upon photolysis as can be seen
from Table 3 and Fig. 10.

3. Conclusions

The new complex 4 was successfully synthetized and fully charac-
terized by UV-vis, FTIR, NMR and MALDI-TOF spectroscopy, elemental
analysis, molar conductance, cyclic voltammetry, and computational
methods. The photo-OMRP of VAc was successfully carried out using
TPO as initiator under LED irradiation with complexes 1-4 using [VAc]/
[Ni']/[TPO] = 900/1.5/0.5 M ratio at 25 °C. All complexes presented
good control ability, where a linear increase in molecular weight with
conversion and linear pseudo-first order kinetics were obtained.
Nevertheless, the polymerization mediated by 3 showed the best control
over molecular weight (M, matching M, ) and dispersity (B < 1.5).
Also, the BDE for complex 3 suggests that the {Ni'(vAe)} species is
more favored, since more energy is need to cleave this bond. The
reversible deactivation is the major control pathway for the photo-



N.M. Pesqueira et al.

Journal of Photochemistry & Photobiology, A: Chemistry 437 (2023) 114443
- - -PVAc - - -PVAc
PVAc-b-PMA PN PVAc-b-PMA
Complex 1 Complex 2
\
\
\
\
\
\
\
\
\
T T T T T T = T T
17 18 19 20 21 22 23 24 17 18 19
Retention time (min) Retention time (min)
o PVAc - - -PVAc .
PVAc-b-PMA PVAc-h-PMA N
Complex 3 Complex 4 ', \
1 \‘
! \
\ h \
\ ! \
\ ! \
1 ! 1
\ ! 1
1 ! \
1 ! \
\ ! \
\ ! \
\ ! \
\ ! \
\ ! \
' ! \
\ ! \
\ ! \
\ 7
T T T T T T T T T T T T
17 18 19 20 21 22 23 24 17 18 19 20 21
Retention time (min)

23 24
Retention time (min)

Fig. 10. GPC traces of the PVAc macroinitiator before and after block copolymerization with VAc and synthesis of poly[VAc]-b-[MA] using complexes 1-4 as
mediators under [VAc]/[Ni"]/[TPO] = 900/1.5/0.5 M ratio at 25 °C.

OMRP of VAc mediated by the Ni'l complexes, as suggested by calcu-
lated thermodynamic data. The periodic light-on—off using the com-
plexes 1-4 was repeated several times and no chain growth was
observed during the light-off periods. Thus, in addition to controlling the
initiation steps, LED irradiation also regulated the chain growth process

by activating Ni-C bond in {Ni"/(PVAc)}. Efficient block copolymer
synthesis under LED irradiation, further confirmed the versatile capa-

bility of these complexes 1-4 in photoinduced controlled/living radical
polymerization [54].
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