Downloaded via GRADUATE CTR LBRY on August 24, 2023 at 15:46:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Hacromolecules

pubs.acs.org/Macromolecules

TIRP—Thiol-Induced, Light-Activated Controlled Radical

Polymerization

Lorand Bonda, Daniel ]. Valles, Tillmann L. Wigger, Jan Meisner, Adam B. Braunschweig,

and Laura Hartmann*

Cite This: Macromolecules 2023, 56, 5512-5523

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Controlled radical polymerizations (CRPs) are one of the most
important ways to obtain uniform, defined molecular weight polymers with
complex composition and architecture such as block copolymers. A new
controlled and light-initiated radical polymerization is introduced that makes
use of thiol initiators and an Ir-photocatalyst. Different reaction parameters are
studied for their importance in the controlled characteristics of polymerization,
such as low dispersity, control of molecular weights, and straightforward access
to block copolymers. The light control furthermore allows for simple switching
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on and off of the polymerization. We propose a mechanism for the so-called

thiol-induced, light-activated, controlled radical polymerization (TIRP), which includes the formation of dormant species and their
light- and catalyst-dependent equilibrium with the active polymer chain end. TIRP enriches the portfolio of controlled and light-
initiated polymerization methods by its viability at mild conditions and the possibility to grow polymers from a large variety of

readily available thiols.

B INTRODUCTION

Free radical polymerization (FRP) is typically associated with
the easy and fast synthesis of polymers and compatibility with a
large variety of monomers and reaction conditions."”” In
comparison to the ionic polymerizations, however, control
over chain lengths, end groups, dispersity, and access to block
copolymers is limited.” Combining the advantages of free
radical and ionic polymerizations, reversible deactivation
radical polymerizations (RDRPs) or in short CRPs were
developed.” The most prominent representatives are atom
transfer radical polymerization (ATRP),” reversible addition—
fragmentation chain-transfer polymerization (RAFT)®’ and
nitroxide-mediated radical polymerization (NMP).® The
common denominator of these methods is the equilibrium
between an active, growing, and a deactivated, sleeping (or
dormant) form of the polymer chain end. By pushing the
equilibrium to the side of the dormant species, termination
reactions are drastically reduced. This results in narrow average
molecular weight distributions, low dispersities, and control
over end groups. Typically, these controlled polymerizations
are thermally activated. In the last decade, there has been a
great interest in developing alternative activation options,”
such as redox-controlled,"” enzymatic,11 high Voltage,12 or
directly activated polymerizations."’ Of the emerging activa-
tion methods, photoactivated'*~"” controlled radical polymer-
ization (photo-CRP)'® is of particular interest because light is
accessible, low-cost, low-energy, is environmentally benign
compared to other activators, and polymer propagation can
easily be controlled by simply turning the light on and off."”*°
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Both metal-catalyzed and metal-free photo-CRPs*' have been
developed and demonstrated for their use in various
applications.”*” In general, photo-CRPs occur in two different
variants, the intramolecular reaction and the photoredox
reaction”””* (Figure 1). In the intramolecular reaction, light
irradiation cleaves the photoactive, dormant species, releasing
the active chain end for polymerization. An example of
intramolecular 6photo CRPs is the UV-mediated RAFT-
polymerization'“***® which, compared to the thermally
activated RAFT, uses special transfer reagents that can be
activated through UV light. In the photoredox variant of CRPs,
a photocatalyst is added, which generates a propagating radical
by excitation with light. Two examples of photoredox CRPs are
the photo-ATRP'®*"** and the photo electron transfer RAFT
(PET-RAFT).” In photo-ATRP,”” an air-stable copper(II)
halide is reduced by light to the copper(I) species, then
mediating the ATRP. Hawker et al.’’ presented a way to
perform photo-ATRP by using tris(2-phenylpyridine)iridium-
(1) (Ir(ppy)s) as a photocatalyst.

Recently, Wong et al.’' introduced a photoinduced thiol-
acrylate polymerization (photo-TAP) exclusively used so far
for grafting polymers onto solid surfaces. The polymerization
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Figure 1. General mechanism of intramolecular photo-CRPs (left) and photoredox CRPs (right).B

was carried out on thiol-modified glass, and tert-butyl
methacrylate (fBMA) was used as the monomer. With a
photoinitiator/catalyst system consisting of diphenyl-(2,4,6-
trimethylbenzoyl)-phosphine oxide (TPO) and Ir(ppy),,
highly uniform polymer brush patterns (e.g, in terms of the
height and positioning of polymers at the surface) were
obtained. TPO is a known and widely used photoinitiator for
light-activated FRP. Ir(ppy); is a photocatalyst,”>*” which is
used in single electron transfer (SET) reactions, e.g., photo-
ATRP'”*° or PET-RAFT,” and is often used as a photoredox
catalyst. The controlled surface-initiated thiol-(meth)acrylate
polymerization (SI-TAP>") was carried out by irradiation with
UV-light at 405 nm wavelength. By varying the TPO- and
Ir(ppy);-concentration, a linear relationship of the resulting
polymer brush height with increasing amounts of TPO or
Ir(ppy); was found. In addition, it was shown that growth on
the surface was linear only up to a certain irradiance intensity
(852 puW/cm?). If this value was exceeded, polymer growth
was no longer uniform. Another interesting aspect is the
control of polymer growth by switching the light source on and
off. If the irradiation was interrupted, the polymer growth
stagnated. When the light source was switched on again,
polymer growth started anew. Thus photo-TAP shows typical
features of a CRP, however, this could not be further
investigated as the process has been restricted to surface
polymerizations. In this work, we therefore investigate this
polymerization in solution. To highlight that this is a new
method going beyond SI-TAP, e.g, in terms of the variety of
applicable thiol initiators, analysis of molecular weights and
dispersities of derived polymers, reinitiation, and accessibility
of block copolymers and compatibility with other in-solution
methods, we now call this thiol-induced, light-activated
controlled radical polymerization (TIRP). We aim at
demonstrating the controlled radical mechanism and the
synthetic possibilities of TIRP, thereby adding another reaction
to the small group of very impactful controlled polymerization
reactions and one that is initiated from simple and widely
available thiols.

B EXPERIMENTAL SECTION

Materials. Chemical compounds that were not synthesized were
obtained from commercial sources and used without further
purification. Acetonitrile (99.9%, HPLC-grade), hydrochloric acid 1
M (p.a.), diethyl ether (p.a.), dichloromethane (99.9%, puriss., p.a.),
p-(+)-mannose (99%), 2-methyl-2-propanethiol (99%), (3-nitro-
benzyl)-mercaptane (97%), sodium chloride (98%), thiophenol
(97%), 2-(trimethylsilyl)ethanethiol (95%), and triphenylmethane-
thiol (97%) were purchased from Sigma-Aldrich. Dichloromethane
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(p-a.), dimethylformamide (98%, for peptide synthesis), and ethyl
acetate (analytical reagent grade) were purchased from ACROS
Organics. Methanol (p.a.), acetic anhydride (99.7%), and pyridine
were purchased from VWR Chemicals. Tris(2-phenylpyridine)-
iridium(III) (99%) was purchased from BLDpharm. Diphenyl-
(2/4,6-trimethylbenzoyl)-phosphine oxide (>98%) and N-hydroxye-
thylacrylamide (>98%) were purchased from TCI chemicals.

Methods. UV-Light Source. Samples were irradiated with a UV-
LED Spot P standard (405 nm) from Opsytec Dr. Grobel GmbH.

Irradiation Intensities. Irradiation intensities were determined with
a FieldMaxII-TO Laser Power Meter from Coherent.

Nuclear Magnetic Resonance. "H NMR spectra were recorded at
room temperature with a Bruker AVANCE III 300 (for 300 MHz)
and 600 (for 600 MHz). 3'P NMR spectra were recorded at room
temperature with a Bruker AVANCE III 300. The chemical shifts
were reported relative to solvent peaks (chloroform and water) as
internal standards and reported as § in parts per million (ppm).
Multiplicities were abbreviated as s for singlet, d for doublet, t for
triplet, and m for multiplet.

Matrix-Assisted Laser Desorption-lonization Time of Flight
(MALDI-TOF). MALDI-TOF spectra were recorded with a MALDI-
TOF Ultraflex I provided by Bruker Daltonics. The sinapinic acid
matrix applied in a mixture of acetonitrile and water (ratio of 1:2) was
selected.

Size Exclusion Chromatography—Multi-Angle Light Scattering
(H,O-SEC-MALS). SEC analysis was conducted with an Agilent 1200
series HPLC system and three aqueous SEC columns provided by
Polymer Standards Service (PSS). The columns were two Suprema
Lux analytical columns (8 mm diameter and S ym particle size) and
one precolumn (50 mm, 2 X 160 A of 300 mm and 1000 A of 300
mm). The eluent was a buffer system consisting of MilliQ water and
30% acetonitrile with 50 mM, NaH,PO,, 150 mM NaCl, and 250
ppm NaNj with a pH = 7.0 (via addition of S0 mL of 3 molar aqueous
sodium hydroxide solution) filtered with an inline 0.1 4m membrane
filter and running at 0.8 mL per min. Multi-angle light scattering is
recorded via miniDAWN TREOS and differential refractive index
spectra with Optilab rEX both supplied by Wyatt Technologies EU.
Data analysis was committed with Astra S software and a dn/dc value
of 0.156 for each polymer.

Tetrahydrofuran-Size Exclusion Chromatography (THF-SEC).
THEF-SEC measurements were carried out with a Viscotek VE 3580
RI detector and a SYKAM S 3250 UV/Vis detector equipped with a
polystyrene column (300 X 8.0 mm, S ym) and a polyacryl column
(300 x 8.0 mm, S ym). A $5200 (SYKAM) sample injector as an auto
sampler was utilized. THF was used as a solvent and toluene as a
reference. The measurements were carried out with an injection
volume of 100 L and a flow rate of 1 mL/min. The molecular
weights were determined with the Chromatographica (hs GmbH)
software.

SEC (Center of Macromolecular Structure Analysis at the Leibniz
Institute of Polymer Research in Dresden). SEC analysis was
conducted with an Agilent 1260 series HPLC system, one precolumn,
and three aqueous SEC columns provided by GE Healthcare. The
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columns were three Suprema Lux analytical columns (100/100/
1000). The eluent was a buffer system consisting of MilliQ water with
10 mM PBS buffer with pH = 7.4 and running at 1 mL per min.
Multi-angle light scattering is recorded via DAWN Heleos-II (Wyatt),
A = 660 nm, and differential refractive index spectra with Optilab T-
rEX (Wyatt), 4 = 660 nm, both supplied by Wyatt Technologies EU.
Data analysis was committed with Astra software and a dn/dc value of
0.163 for each polymer.

Freeze Dryer. Lyophilization was performed with an Alpha 1—4 LD
instrument provided by Martin Christ Freeze Dryers GmbH. A
temperature of —42 °C and a pressure of 0.1 mbar were maintained
throughout the freeze-drying process.

Elemental Analysis. The ratios of carbon, hydrogen, nitrogen, and
sulfur were determined using a Vario Micro Cube provided by
Analysensysteme GmbH. The measurements were carried out by the
Institute for Pharmaceutical and Medicinal Chemistry, Heinrich-
Heine University Diisseldorf.

High-Pressure Liquid Chromatography (HPLC). RP-HPLC/MS
(Reversed Phase-HPLC/Mass Spectroscopy) was performed on an
Agilent Technologies 1260 Infinity System using an AT 1260 G4225A
degasser, G1312B binary pump, G1329B automatic liquid sampler,
G1316C thermostatted column compartment, G1314F variable
wavelength detector at 214 nm, and an AT 6120 quadrupole
containing an electrospray ionization (ESI) source. The mobile phase
consisted of buffer C (water—acetonitrile 95:5 (v/v), 0.1 vol % formic
acid) and buffer D (water—acetonitrile 5:95 (v/v), 0.1 vol % formic
acid). HPLC runs were performed on a Poroshell 120 EC-C18 (3.0 X
50 mm, 2.5 ym) RP column from Agilent at a flow rate of 0.4 mL/
min 95% buffer A and 5% buffer B (0—S min), following a linear
gradient to 100% buffer B (5—30 min) at 25 °C. ESI-MS for GIcNAc-
oligomers and sulfates was performed using 95% buffer A and 5%
buffer B without formic acid and a fragmentor voltage of 40—60 V
(m/z range of 200—2000).

Computational Details. For the optimization of minimum
structures and transition states, the B3LYP"* functional was employed
with the def2-TZVP*® basis set. Electronic energies and gradients
were calculated using Turbomole™ version 7.2.1 with an accuracy of
107° atomic units and the multigrid m5. To account for dispersion,
the D3 dispersion correction®” with Becke—Johnson damping®® was
used. Stationary points have been validated in their nature by the
correct number of negative eigenvalues of the corresponding Hessian
matrices: zero for minima and one for transition states. Geometry
optimizations were performed using the DL-FIND*’ optimization
library interfaced to Turbomole via Chemshell.** Solvation effects
were accounted by using the COSMO™" implicit solvation model
(epmr = 37.51).* For the calculation of free energies, a modified
rigid-rotor-harmonic-oscillator approximation was used: frequencies
below 100 cm™" have been set to this value to avoid divergence of the
entropic term.

Synthesis. General Procedure of TIRP. One equivalent of N-
hydroxyethylacrylamide monomer (HEAA, 100 mol %) or tert-butyl
methacrylamide (TBMA, 100%) and tris(2-phenylpyridine)iridium-
(1) (Ir(ppy)s z mol%) are dissolved in DMF [10 wt %] sealed ina §
mL glass flask and flushed with argon as inert gas for 10 min. In a
second step, the thiol compound (x mol%) and equimolar amounts of
diphenyl-(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO, y mol% =
x mol%) are also dissolved in DMF [10 wt %] and sealed in a 5 mL
microwave reaction vial. A spatula tip of TCEP is dissolved in a single
drop of H,O and added to the reaction solution to reduce possible
disulfides. The thiol/TPO solution is flushed under an Ar-atmosphere
for 10 min and irradiated with UV-light (405 nm wavelength,
intensity dependent on thiol and monomer used) for 3 min.
Subsequently, the monomer/Ir(ppy); mixture is added to the
TPO/thiol solution under an inert atmosphere, and the polymer-
ization solution is irradiated further at an unchanged light intensity.
After an hour, the irradiation is stopped and the polymer solution
precipitated in diethyl ether (PHEAA) or H,0/MeOH 1:3 (v/v)
(PTBMA). The precipitated PHEAA is dissolved in H,0O, dialyzed
against distilled water (three cycles, exclusion size-dependent on
molecular weight), and subsequently lyophilized.
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PHEAA-block-PHEAA. HEAA monomer (500 mg, 4.3 mmol) (1
eq) and Ir(ppy); (0.05 mol %) are dissolved in DMF [10 wt %]
sealed in a 5 mL glass flask and flushed with argon gas for 10 min. In a
second step, the macro initiator polymer (55 mg, 0.0275 mmol) is
also dissolved in DMF [10 wt %] and sealed in a S mL microwave
reaction vial. A spatula tip of TCEP is dissolved in a single drop of
H,O0 and added to the reaction solution to reduce possible disulfides.
After the monomer/Ir(ppy); mixture is added to the vial (inert
atmosphere), the solution is irradiated with UV-light (405 nm
wavelength, with an intensity of 45.2 mW/cm?® (100%)). After an
hour, the irradiation is stopped and the polymer solution is
precipitated in diethyl ether. The precipitated polymer is dissolved
in H,O, dialyzed against distilled water (three cycles, 10 kDa), and
subsequently lyophilized.

PHEAA-block-PManAAm. AcO-ManAAm (966.6 mg, 2.17 mmol,
see SI chapter 2.2 for synthesis) (1 eq) and Ir(ppy); (0.0 mol %) are
dissolved in DMF [10 wt %] sealed in a S mL glass flask and flushed
with argon gas for 10 min. In a second step, the macro initiator
polymer (0.6 g, 0.086 mmol) is also dissolved in DMF [10 wt %] and
sealed in a 5 mL microwave reaction vial. A spatula tip of TCEP is
dissolved in a single drop of H,O and added to the reaction solution
to reduce possible disulfides. After the monomer/Ir(ppy); mixture is
added to the vial (inert atmosphere), the solution is irradiated with
UV light (405 nm wavelength, with an intensity of 452 mW/ cm?
(100%)). After an hour, the irradiation is stopped and S mL of
NaOMe (0.2 M) in MeOH was added to the polymer solution and
stired one hour at room temperature. The sample solution is
precipitated in diethyl ether. The precipitated polymer is dissolved in
H,0, dialyzed against distilled water (three cycles, S kDa), and
subsequently lyophilized.

B RESULTS AND DISCUSSION

Controlled Features of TIRP—Dispersity and Reini-
tiation. To determine if TIRP has the key features of a
controlled radical polymerization (low dispersity, controllable
molecular weights, linear correlation between degree of
polymerization (DP) and monomer conversion, reinitiation),
a first set of reactions was carried out using commercially
available acrylamide (N-hydroxyethylacrylamide (HEAA)) and
methacrylate (fert-butyl methacrylate) monomers, the photo-
initiator/catalyst system consisting of TPO as the initiator and
Ir(ppy); as the catalyst, and tritylthiol as the thiol component,
as it is easy to handle and can be easily detected in '"H NMR-
spectroscopy (Scheme 1). The thiol/TPO ratio was set to 1:1,

Scheme 1. TIRP in Solution (Polymerizations #1 and #2)

4 phPh . phPh X
O §=o \’fo ITP° v "‘:::/;) " Ph"\s’frn Ph*s*i‘n
tn HN o 9 r(PPY);3 (0.06 mol%) OPNH o 070
JES {JH A DMF (10 wt%), 60 min hv X
(406 nm, 1.16-2.61 mW/cm?) H
x mol% #M&2 #1'8&2
#&1)x=y=1 (#1 &1') n =100
#28&2)x=y=6 (#2&2)n=20

and the amount of thiol-TPO was increased from 1 mol % in
the first polymerization to 5 mol % in the second polymer-
ization to achieve different chain lengths at a similar overall
monomer concentration [1.7 mmol] (Table 1). Molecular
weights and dispersity of the obtained poly(N-hydroxyethyla-
crylamide) (PHEAA) were determined by aqueous size
exclusion chromatography-multiangle light scattering (SEC-
MALS) coupled with an RI detector, showing that both
polymers are obtained with much lower dispersity (D = 1.09—
1.10, additional data via RI-MALS, see SI chapter 2) than is
expected for an FRP (see the SI for control reaction performed
as FRP by leaving out the thiol initiator giving D = 1.7 at DP of
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Table 1. Thiol-TPO Ratios with Average Molecular Weights and Dispersities Obtained for #1, #2, #1’, and #2'

#  thiol conc. [mol %] TPO conc. [mol %] irradiation intensity [mW/cm?]
1 1 1 2.61
2 S S 2.61
1 1 1 1.15
2 S S 1.15

M, [kDa]” theoretical (via SEC) P, theoretical (calculated) BP“ via SEC

11.8 (12) 100 (98) 11
2.7 (2.7) 20 (20) 1.09
142 (14.6) 100 (103) 1.3
2.8 (2.7) 20 (18) 1.3

“Via SEC-MALS-RI (precolumn (50 mm, 2 X 160 A of 300 mm and 1000 A of 300 mm), two main columns (8 mm diameter and 5 ym particle
size), eluent: MilliQ water—acetonitrile 7:3 (v/v), SO mM, NaH,PO,, 150 mM NaCl and 250 ppm NaNj, pH = 7.0, flow rate: 0.8 mL/min; for
additional measurements with SEC-MALS-RI detector, see SI, chapter 2.

70)."* The same is found for poly(tert-butyl methacrylate)
(PTBMA) dispersities determined by THE-SEC, with RI and
UV detectors (P = 1.0—1.4). Molecular weights for both
polymers closely match the theoretically expected molecular
weights (Table 1).

To further demonstrate the potentially living character of
TIRP, kinetic measurements were recorded during the
polymerization of HEAA with tritylthiol as the thiol source.
A characteristic of controlled polymerizations is a linear
relation between chain growth and conversion, in contrast to
the exponential relation in FRPs. Samples were taken from the
polymerization solution at defined times and the conversion
was determined by 'H NMR spectroscopy (see SI, chapter
2.1.3 for details). As shown in Figure 2A, reaction time is

2,0x10” 1
W buffer
/
— 0.0 4———
x
[ polymer #1
,::: B polymer #2 —v—
6.0x1071 gu 5. pHEAA-block-PManAAm
-1,2x10 4
r r r r
30 35 40 45
time [min]

Figure 2. Aqueous SEC-MALS measurement of polymer #1, polymer
#2 (Scheme 1), and PHEAA-block-PManAAm (Scheme 2B,
copolymer #B).

plotted against the monomer conversion, showing a curve
previously reported also for other light-activated CRPs such as
PET-RAFT.” Maximum conversion is reached after 60 min
for a polymer of 2.7 kDa (P, = 20) (#2) and after 90 min for a
polymer of 142 kDa (P, = 100) (#1). We observed that
conversion reaches a plateau at around 70%. At this time, we
attribute this to deactivation of the catalyst, as has previously
been shown for other CRP systems, e.g, ATRP.** Alter-
natively, a complete deactivation of the growing chains is
highly unlikely, as this would have resulted in much higher
dispersities than observed. It is also known that the
polymerization of acrylamide monomers with full conversions
is challenging in commonly used CRPs such as ATRP.**
However, this phenomenon will be investigated further in
future experiments.

Figure 3B shows the plot of In([M],/[M],) against the
reaction time (with [M], = initial monomer concentration and
[M], = monomer concentration at reaction time t). An ideal
living polymerization is expected to give a linear correlation in
such a plot.”” For TIRP, we observe a nearly linear correlation
with a light tilt downward at higher reaction times. This has
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also been observed for other CRPs and indicates termination
events likely by recombination and disproportionation that can
occur from the radical chain ends. For example, Driessen et
al.*’ showed such tilting for well-established ATRP reactions.

One of the interesting features of light-controlled polymer-
izations is the ability to stop polymerization by switching the
light source off as well as to (re-)start the reaction again when
turning the light source back on. To test whether this occurs in
the TIRP, the polymerization was performed by switching
repeatedly the light off and then back on again, and conversion
was determined before and after each on/off cycle by 'H NMR
spectroscopy. We observed stagnation of the conversion during
“light off” periods, with continuing conversion when the light is
switched on again (Figure 3C).

The control over polymer growth by switching the light
source on and off (Figure 3C), as well as the linear relationship
of conversion and degree of polymerization (Figure 3D) show
typical characteristics of light-controlled polymerizations. The
evolution of molecular weight, respectively, the degree of
polymerization was observed via '"H NMR spectroscopy. SEC
analysis was not suitable here as especially for the lower P,
samples, polymers could not be isolated from the reaction
mixture without discriminating against parts of the sample
(e.g., shorter chains).

The possibility of growth control through switching the light
source on/off and comparison to other controlled systems also
suggests that a dormant species is present which can be
reinitiated. Thus, next, we tested whether it is possible to
reinitiate, not only in the reaction solution itself but also from a
polymer that is first isolated by precipitation and then used in a
second, independent polymerization to derive a block
copolymer (Scheme 2). Therefore, further HEAA (#A) and
tetra-acetylated mannose-acrylamide monomer (AcO-ManA-
Am, #B, see SI, chapter 2.2 for synthesis of the monomer) were
used as comonomers for two separate reinitiation reactions.

Employing the previous TIRP conditions (thiol/TPO ratio
1:1, 6 mol % each, 0.05 mol % Ir(ppy), based on 1 eq of
monomer), the PHEAA precursor of 2 kDa was purified and
isolated by precipitation, dialysis, and freeze-drying. This
precursor was reinitiated with the same monomer by addition
of HEAA and Ir(ppy),, while not introducing any additional
thiol/TPO. Molecular weight analysis by aqueous SEC-MALS
shows an increase in the number averaged molecular weight
(M,) from 2 to 20 kDa. Dispersity for the elongated polymer
increases from 1.1 to 1.3 (Scheme 2). In a second experiment,
AcO-ManAAm was used to prepare a block copolymer. Here, a
PHEAA precursor of 7 kDa was again purified and isolated as
described above and then reinitiated by the addition of
ManAAm and Ir(ppy)s;. The resulting PHEAA-block-PMa-
nAAm (#B) was analyzed by 'H NMR, showing distinct
signals of both blocks, as well as by SEC-MALS, giving a mean
molecular weight (M,) of 13.5 kDa and a dispersity of 1.2 (see
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Figure 3. (A) Monomer conversion (determined by 'H NMR spectroscopy) versus reaction time (#1); (B) logarithmic plot of My/M, (M, = initial
monomer concentration, M, = monomer concentration at reaction time (t) against reaction time (#1); (C) monomer conversion (determined by
"H NMR spectroscopy) versus irradiation time while light is switched on/off (#1); (D) degree of polymerization against monomer conversion [%]
(determined via "H NMR spectroscopy by referencing the tritylthiol initiator protons; for further information, see SI, chapter 2.1.5).

Scheme 2. (A) Elongation of PHEAA through Reinitiation
(Copolymer #A) and (B) Copolymerization with AcO-
ManAAm (Copolymer #B)
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Figure 2). Thus, polymers prepared by TIRP can be reinitiated
to obtain block copolymers, which is another important feature
of CRPs.

For comparison, free radical copolymerization was per-
formed by synthesis of a precursor PTBMA (M, = 7.7 kDa)
with the use of a TPO initiator but no thiol source. This FRP
generates a polymer bearing TPO fragments as end groups.
After isolation, the precursor polymer was reinitiated without
addition of any further initiator (TPO; thiol) but ethyl acrylate
as a comonomer (synthesis of precursor and copolymer, see SI,
chapter 2.2.2). The resulting copolymer shows an increase in
M, (9.5 kDa), evidencing successful reinitiation. The
dispersities of both polymers (precursor and copolymer, D =
2) are higher than those obtained by TIRP (P = 1.2—1.3) and

Scheme 3. Potential Mechanism for the Initiation and Chain Growth Reaction in TIRP via Intramolecular Photo-CRP
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Figure 4. (A) Average molecular weights and dispersities obtained by changing thiol—TPO; M, theory: 2700 Da; *highlighted data point shows
optimized TIRP reaction conditions with thiol—-TPO ratio 1:1, [Ir(ppy);] = 0.0S mol %, hv intensity = 5%; (B) average molecular weights and
dispersities obtained by varying [Ir(ppy);]; My, heory: 2700 Da; *highlighted data point shows optimized TIRP reaction conditions with [Ir(ppy);] =
0.05 mol %, thiol—TPO ratio 1:1, hv intensity = 5%; (C) kinetic studies using 2-(trimethylsilyl)-ethanethiol as a thiol source at 5% irradiation
intensity; (D) kinetic studies using 2-(trimethylsilyl)-ethanethiol as a thiol source at <2% irradiation intensity.

are characteristic for FRPs. Thus, this experiment shows that
reinitiation of polymers bearing TPO-fragments as the end
group is possible, supporting our proposed mechanism
(Scheme 3). However, these polymers lack the control over
the chain length and dispersity obtained by TIRP. To the best
of our knowledge, the reinitiation and synthesis of block-
coplymers from FRP by using TPO as the initiator have also
not been demonstrated before and thus are another important
findings of this study. Future studies will follow up on this
methodology, while here, the focus is on demonstrating the
controlled features and opportunities of TIRP.

Parameters of TIRP. Next, we explored the mechanism of
TIRP by studying the effects of the different reaction
conditions and components on the resulting polymers. If not
stated otherwise, HEAA was used as the monomer and
tritylthiol as the thiol component. All reactions were performed
in DMF as the solvent, at room temperature, and with 405 nm
UV-light because both, TPO and Ir(ppy),;, absorb at this
wavelength.**'¢

Thiol-TPO Ratio. Our first hypothesis on the potential
mechanism assumes that TPO forms radicals by photocleavage
that then abstract a proton from the thiol compound, giving a
thiyl radical that will start the polymerization reaction. Ideally,
only the thiyl radical starts the polymer chain by reacting with
a first monomer. TPO, as a photoactive radical initiator, is
capable of starting polymerizations as well, forming what we
call TPO-polymers in contrast to the targeted TIRP products
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that polymerize from the thiyl radical. If the thiol source is
omitted, polymers are formed but have high dispersity,
indicating that TPO-polymers are formed by FRP (see S,
chapter 2.2.2). When using a 1:1 ratio of thiol/TPO, as we
have done in the first polymerization reactions (#1 and #2,
Scheme 2), we observed the following features that are
characteristic of controlled polymerizations: linear kinetics, low
dispersity, and molecular weights that match the theoretically
expected chain length. When the concentration of TPO is
lower than the concentration of thiol, we observed higher
molecular weights than would have expected based on the
thiol-monomer ratio (Figure 4A). This suggests that only a
fraction of possible thiol initiators is activated, thereby
reducing the number of growing chains. If more TPO than
thiol is used, all thiols are activated, but also extra TPO
remains, which can initiate additional polymer chains. As a
result, molecular weights are decreased and dispersity is
increased (see SI, chapter 2.3). Thus, the optimal ratio of
TPO-—thiol to achieve controlled TIRP is equimolar (1:1) (see
Scheme 1).

Ir(ppy)s. To obtain TIRP with the characteristics of a CRP,
the use of the photocatalyst Ir(ppy); is mandatory. If no Ir-
catalyst is used, polymers are formed but have high dispersity
and do not show sulfur in the elemental analysis (see SI, Figure
S49). Both results indicate that only TPO-polymers are
formed. These results also suggest that the thiol source does
not undergo unwanted chain transfer reactions, which are
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typical for thiols in FRPs.” If transfers occur, the resulting
dispersities would be expected to be higher than those
observed. Furthermore, higher sulfur content would have
been expected to be measured in the elemental analysis but
was not found (see SI, chapter 2.5.1). In addition, the reaction
is sensitive to the amount of Ir-catalyst: If too high of an
amount of Ir(ppy); is used (>2.5 mol % based on
[monomer]), polymerization does not occur. When increasing
Ir(ppy); concentrations below this critical value (0—2.5 mol
%), the average molecular weight increases with increasing Ir
concentration (Figure 4B), but the yield drops with increasing
Ir mol%. The optimum amount of Ir(ppy); was found to be
0.05 mol % (based on [monomer]). Here, polymers with chain
lengths, as determined by SEC, that are in very good
agreement with the theoretically calculated chain lengths
were obtained, in good yields, and with low dispersities (see SI,
chapter 2.1).

hv Intensity. The irradiation intensity is one of the most
important parameters when it comes to controlling the TIRP.
Based on the previously established optimized reaction
conditions (equimolar ratio of thiol and TPO, 0.05 mol %
photocatalyst), polymerizations were performed at either 1.15
mW/cm? (2%), 2.61 mW/cm? (5%), or 45.2 mW/cm?* (100%)
intensity at 405 nm.

At 100% intensity, we again observe features that are
associated with FRP (deviation of molecular weights from
theoretical values, high dispersity). At an intensity of 2%,
(HEAA as the monomer, tritylthiol as the thiol source), no
polymerization occurred. When using only TPO at 2%
intensity, the polymer is formed. The ideal intensity was
found to be 5% (2.61 mW/cm?), where controlled polymer-
ization characteristics were observed (see SI, chapter 2.5). To
investigate this further, the reaction was carried out with a ratio
thiol=TPO of 1:2. As expected, polymers are formed matching
FRP characteristics (no thiol content, higher dispersity) (see
SI, Table S7). To rule out potential absorption effects of the
trityl group of the thiol component, the polymerization was
carried out again at 2% light intensity, using triphenylmethanol
or triphenylmethylchloride instead of tritylthiol at a 1:1 ratio
with TPO. In both cases, polymers were obtained, indicating
that the presence of phenyl substituents on the thiol group do
not limit the formation of radicals from TPO fragmentation.

By varying the monomer from HEAA to TBMA (thiol—
TPO 1:1, [Ir(ppy);] = 0.05 mol %), S% intensity already led to
FRP characteristics, so irradiation intensity had to be decreased
to 2% to regain controlled features. This shows that light
intensity has to be adapted to the monomer which we attribute
to the different reactivity in radical polymerization of the
monomers (methacrylate > acrylamide).”® This is further
supported by our finding that for tert-butyl acrylate (TBA),
with a further increase in reactivity, at the lowest intensity
setting possible with our set-up (1.15 mW/cm?), we obtained
polymers with typical features of FRP only (D = 1.6—2.4) (see
SI, chapter 2.5.2) We assume, that for successful TIRP of
acrylate monomers, intensity has to be decreased further.

Thiol Source. One great advantage of TIRP is the
availability of a large variety of different thiols that can be
selected as initiators. To understand how the structure of the
thiol compounds affects the TIRP, the previously used
tritylthiol was replaced by 2-(trimethylsilyl)-ethanethiol
(TMS-thiol). HEAA was used as the monomer. Under the
reaction conditions optimized for tritylthiol (thiol-TPO ratio
1:1, 5% irradiation intensity, 0.05 mol % Ir(ppy);), polymers
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with molecular weights close to the theoretical value (M, theory
= 2.7 kDa), although with high dispersity (>3), were obtained.
Kinetic studies show that the molecular weight first increases
exponentially as the conversion progresses but then reaches a
plateau. Such exponential growth is typical for FRPs (Figure
4C). However, by further reducing the light intensity to <2%, a
chain growth with a constant progress relation was observed
(Figure 4D). Thus, we conclude that, as in the case for
monomers, for different thiols, a different light intensity is
required to realize TIRP with CRP characteristics. This is likely
related to the different kinetics of initiating chain growth when
using different thiol sources.

We tested a first series of different thiol derivatives and show
that they all can successfully be used as initiators in TIRP
(Figure S; see SI, chapter 2.7). Each thiol, however, requires its
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Figure 5. Thiols used to initiate TIRP (HEAA = 1 eq, Ir(ppy); = 0.05
mol %, DMF = 10 wt %, hv = 60 min, varying intensities; 405 nm; for
additional data, see SI, chapter 2.7).

own optimal irradiation intensity to keep the controlled
characteristics of the polymerization. As an example, tritylthiol
did not initiate polymerization at 2% irradiation intensity, but
polymerization took place at 5% irradiation intensity.
Thiophenol, on the other hand, showed no polymerization at
5% irradiation intensity, so the irradiation intensity was
increased to 30% (see SI, Table S10).

TMS-thiol polymers were already formed at 2% irradiation
intensity, but the reaction showed FRP characteristics,
indicating that the intensity needs to be decreased further to
regain CRP characteristics. Generally, we observed that
primary thiols require less irradiation intensity than secondary
or tertiary thiols. A possible explanation is that as primary thiol
radicals are less stabilized than tertiary or phenylic ones, the
rate-limiting step might be to initiate polymer propagation.
Initiation at a more stabilized radical could require a higher
light intensity, while the reaction of a primary, less-stabilized
radical already occurs at a lower irradiation intensity.

Potential TIRP Mechanism. Based on our observations on
the effects of the different reaction parameters and quantum
chemical calculations of the different initiation and prop-
agation steps (see SI, chapter 3), we postulate a potential
mechanism for TIRP. We have seen that in the absence of
thiol, upon irradiation, TPO forms two radical-bearing
fragments (mesityl fragment (A) and phospine fragment (B),
Scheme 3) and starts a FRP (TPO-polymers). As we have
shown and discussed before, also FRP TPO-polymers can be
reinitiated and give access to blockcopolymers, yet with less
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Figure 6. Reaction of tritylthiol, TPO, and Ir(ppy); without monomers (intermediates 1 and 2) and after adding 1 eq HEAA (intermediates 1’ and
2') or neq. HEAA (polymers 1” and 2”) to the reaction. Determined molecular weights via RP-HPLC-MS and MALDI-ToF are shown (including
the hydrolysis product DPPA, 3); for RP-HPLC-MS measurement spectra of intermediates 1, 1’, 2, and 3, see SI, Figures S99 and S100. For the
MALDI-ToF spectrum of polymerization performed under optimized conditions (1” and 4), see SI, Figure S9S.

control over the chain length and dispersity. In the case of the
CRP, in the presence of both thiol and the Ir catalyst, TPO
fragment(s) first abstract a hydrogen from the thiol. The
resulting thiyl radical initiates chain elongation, leading to
polymers with chain ends consisting of the thiol compound, as
seen in MALDI-ToF-MS (see SI, Figure S95). For a controlled
mechanism, a dormant species must form. We hypothesize that
the dormant species in TIRP is formed by recombination of
the active chain end (thiyl radical for n = 0) with one of the
TPO fragments (4, if B abstracted the hydrogen or B, if A
abstracted the hydrogen in the initiation reaction) (Figure 6).
We confirm the formation of this dormant species, tritylthiol,
Ir(ppy)s, and TPO was irradiated in the absence of monomers
(Figure 6). RP-HPLC-MS analysis of the reaction mixture
indeed confirms the formation of intermediate 2 (RS-B, see SI,
Figure S100). As reported by Sluggett et al.,”" the reactivity of
the two different TPO fragments in order to achieve hydrogen
transfer onto a thiol is approximately equal. Therefore, we
assume that also 1 (RS-A) is formed but is not detected by RP-
HPLC-MS due to the detection limit. When repeating the
experiment in the presence of one equivalent of monomer per
TPO/thiol, polymer chains with P, = 1 were identified by RP-
HPLC-MS, with end groups consisting of the thiol as well as
the TPO mesityl fragment 1’ (RS-M-A, see SI, Figure $99). In
all cases, an additional signal at m/z = 219 was found and is
assigned as diphenylphosphinic acid (DPPA, 3, see SI, Figures
S99 and S100). We assume that the second dormant species,
2" (RS-M-B), was also formed but that the TPO-end group
was hydrolyzed under LC conditions (aqueous acidic
conditions) releasing DPPA 3. The trityl group is also not
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detected in any of the structures, as it is well known to be easily
cleaved under even slightly acidic conditions.”® Overall, these
findings support our postulated mechanism (Scheme 3).

To confirm that the same end groups are also present in
higher molecular weight polymers, end group analysis by
MALDI-ToF-MS was performed. The MALDI-ToF (see SI,
Figure S95) shows the end groups of a polymer synthesized
with optimized TIRP conditions (thiol-TPO 1:1, 0.05 mol %
Ir(ppy)s, 5% irradiation intensity) for tritylthiol and HEAA.
The signals with the highest relative intensity are spaced with
m/z = 115.13, which corresponds to the mass of the monomer.
Dormant species, RS-M,-A (polymer 1”) and RS-M,-B
(polymer 2”), can be identified. In addition, chain ends
formed through recombination, as known from FRP, are also
found, although at lower relative intensity (see SI, Figure $98).
The presence of polymers from these termination reactions is
also known for other CRPs.**** For comparison, MALDI-ToF
end group analysis was also performed for conditions that do
not follow controlled polymerization characteristics (thiol—
TPO ratio not at 1:1, too high irradiation intensity for
tritylthiol as well as TMS-thiol) (see SI, Figures S96 and S97).
In all cases, a larger number of different end groups was
observed, which were assigned to end groups from dormant
species, end groups from FRPs, and mixtures thereof (TPO-
initiated and recombined), as is expected for a less controlled
reaction. To further confirm the phosphorus containing TPO
end groups, *'P NMR spectra were recorded of species 2, 2/,
and 2”. For all three compounds, a phosphorus signal is found
in the spectra (see SI, Figures S102—S104), supporting our
findings from MS analysis.
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(405 nm) of 2% £ 1.15 mW/cm>

Thus, our studies confirm the presence of RS-M,-A species
(see SI, Figure S95) and RS-M,-B (see SI, Figure S97) which,
according to our postulated mechanism (Scheme 3), are the
dormant species of TIRP. In order to undergo controlled
polymerization, dormant species have to exist in an equilibrium
with the active species, the radical chain end of the growing
polymer chain. We can conclude that the photocatalyst is
required as well as a light source of appropriate wavelength and
intensity. This is also demonstrated by performing the
polymerization in two steps: first, tritylthiol, Ir(ppy)s;, and
TPO were irradiated without any monomer, and formation of
RS-B was confirmed by RP-HPLC-MS (see SI, Figure S100).
Only upon addition of HEAA monomers and a second period
of irradiation, polymers with end groups consistent with the
proposed dormant species are formed (see SI, Figure $S99).
Interestingly, in comparison to the one-pot procedure, which is
the general TIRP procedure used in this work (see SI, chapter
1), slightly higher irradiation intensity is required in the
polymerization step of the two-step process, where first, the
intermediates 1 and 2 are built, isolated, and used for initiation.

To further support our postulated mechanism, quantum
chemical calculations of the individual mechanistic steps were
performed. The barrier of an initial monomer reacting with
tritylthiol is 10.7 kcal/mol and should therefore happen almost
instantaneously. The free energy barriers for adding one
monomer “‘M” to RS-M radicals was computed to be
17.7 kcal/mol (see SI, chapter 3 for further details), which is
energetically feasible. We computed the free dissociation
energy of RS-M,-A to be 44.5 kcal/mol and RS-M,-B
52.1 kcal/mol when following an intramolecular photo-CRP
mechanism (see also Figure 1). This value is below the energy
of a 405 nm photon (70.6 kcal/mol), so the dissociation of A
or B from RS-M,, is energetically possible. In comparison, the
energy required for electron transfer from Ir(ppy); to RS-M,-A
or RS-M,-B, which would correspond to a photoredox CRP
mechanism (also see Figure 1), is 76.7 and 80.5 kcal/mol,
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respectively. Therefore, we hypothesize a photocatalytic
activation through an intramolecular homolytic cleavage
reaction rather than a photoredox process. These computa-
tions support the postulated mechanism shown in Scheme 3.

Sweet Spot Conditions for TIRP. Taken together, our study
shows that there are three rules that need to be followed to
achieve TIRP with controlled characteristics: (1) a thiol-TPO
ratio of 1:1 should be maintained; (2) the concentrations of
Ir(ppy); has to be ~0.05 mol % of the overall monomer
content (=100 mol %) and should not exceed 2.5 mol %; (3)
the irradiation intensity needs to be optimized based on the
chosen thiol initiator/monomer. Based on these parameters, a
“sweet spot” for the TIRP reaction can be identified (Figure
7).

We have also seen that these parameters are interdependent.
To highlight how the different reaction parameters play
together in giving the “sweet spot”, we have plotted a diagram
(tetrahedron), as is depicted in Figure 7, showing the
interrelationships that have been identified in this study. For
the left triangle (Figure 7), an optimal amount of Ir(ppy); is
set, while for the right triangle, an optimum light intensity is
set. Going along the sides of each triangle, we can now follow
the previously described trends. For example, when more thiol
than TPO is used or vice versa, noncontrolled polymerization
is observed. When the light intensity is too low, no
polymerization occurs. If the light intensity is too high,
noncontrolled polymerization occurs. Stabilized thiyl radicals
such as the tritylthiol require higher light intensities than less
stabilized thiyl radicals. Increasing the amount of Ir(ppy),
increases molecular weights; however, above 2.5 mol % Ir-
catalyst, polymerization no longer takes place, with an optimal
amount of 0.05 mol % Ir(ppy); relative to the monomer
concentration.

We can already explain some of these correlations based on
our postulated mechanism. Other parameters and their
correlation are not yet understood, e.g, the necessity of a
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higher irradiation intensity in the two-step polymerization
process. While such optimization of reaction parameters can be
tedious in solution, in the future, SI-TAP and the
straightforward analysis of polymer growth on the surface by
measuring the height can be used for simplified screening of
optimized TIRP conditions, e.g, when varying the thiol
initiators.”

B CONCLUSIONS

We demonstrate that thiol-initiated polymerizations can be
performed under controlled conditions and as light-controlled
polymerizations in solution when using TPO and Ir(ppy); as
the co-initiator and catalyst, as had been initially observed on
surfaces.”’ We demonstrate the use of different initiators and
monomers in the synthesis of low dispersity homo- as well as
block copolymers. In the future, we anticipate that TIRP will
enrich the portfolio of both controlled as well as light-activated
polymerization methods and can specifically make use of a
variety of natural and synthetic thiols to derive complex

polymer conjugates including block copolymers.
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