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Abstract: In the search of smarter routes to control the conditions of
N-heterocyclic carbenes (NHCs) formation, a two-component air-
stable NHC photogenerating system is reported. It relies on the
irradiation at 365 nm of a mixture of 2-isopropylthioxanthone (ITX)
with 1,3-bis(mesityl)imidazoli(nijum tetraphenylborate. The
photoinduced liberation of NHC is evidenced by reaction with a
mesitoyl radical to form a NHC-radical adduct detectable by electron
spin resonance spectroscopy. The NHC yield can be determined by
'H NMR through the formation of a soluble and stable NHC-
carbodiimide adduct. To deprotonate the azolium salt and liberate
the NHC, a mechanism is proposed where the role of base is played
by ITX radical anion formed in situ by a primary photoinduced
electron-transfer reaction between electronically excited ITX
(oxidant) and BPh, (reductant). A NHC yield as high as 70 % is
achieved upon starting with a stoichiometric ratio of ITX and azolium
salt. Three different photoNHC-mediated polymerizations are
described:  synthesis of polyurethane and polyester by
organocatalyzed step-growth polymerization and ring-opening
copolymerization, respectively, and generation of polynorbornene by
ring-opening metathesis polymerization using a NHC-coordinated Ru
catalyst formed in situ.

Introduction

In a ground-breaking work, Arduengo et al. presented in 1991
the first successful isolation of a stable N-heterocylic carbene
(NHC).™ Since this achievement, NHCs have been at the
forefront of organometallic chemistry,®® catalysis,” and more
recently polymerization.”! To date, the most frequently
encountered NHCs are 1,3-bis(mesityl)imidazol-2-ylidene (IMes,
1) and its saturated congener 1,3-bis(mesityl)imidazolidin-2-
ylidene (SIMes, 2) (Figure 1). Thanks to their excellent g-donor
ability, the NHC ligands have gradually replaced phosphines,
that are not environmentally benign.®® After reaction with
transition metals, they can form well-defined NHC-metal
complexes displaying outstanding catalytic activity. The most
prominent examples are the ruthenium alkylidene complexes
coordinated with NHC ligand used in olefin metathesis, including
the so-called Hoveyda—Grubbs second-generation catalyst and
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Figure 1. 1 and 2 are among the most frequently employed NHCs.

its multiple derivatives.”” In addition, their strong nucleophilicity
and Bregnsted basicity have contributed to their use as
organocatalysts. In  polymerization, they can replace
organometallic compounds with advantages of reducing cost
and toxicity. The range of NHC-mediated polymerizations!®4
already covers ring-opening polymerization (lactone,*?
lactam,™® epoxide™™) as well as step-growth polymerization for
the synthesis of polybenzoin®®® or polyurethane.**®’

Despite the wealth of research conducted to date, the
practical use of NHCs presents a number of challenges: NHCs
are highly sensitive to moisture, and must be handled under dry
atmosphere. Moreover, they react with acids due to their high
pKa, and are also prone to dimerization.*”*® Because of these
constraints, NHCs are usually put in contact with substrates or
monomers at the last moment. Considering the central role of
NHCs in chemistry, it is essential to control and optimize their
formation conditions. The issues are to facilitate storage,
handling, processing, and more broadly, to promote scale-up
from laboratory to production. Currently, in situ deprotonation of
an azolium salt is by far the most commonly used methodology
to access a free or ligated NHC." However, this methodology
requires a strong base, that limits the scope of substrates and
may interfere in the polymerization process as adventitious
initiator.?? In the search of smarter routes for in situ and “on
demand” release of NHC, “masked” or “protected” NHCs have
been investigated recently.?*?® Of high interest are thermally-
labile NHC progenitors based on air-stable NHC-CO, adduct,®”
NHC-isothiocyanate adduct®® or NHC-metal complex.”® Upon
heating, the adduct/complex bond may be broken and the
carbene transferred. Despite promising results, such approach
has important limitations related to reversible cleavage, poor
solubility of many NHC adducts, incomplete latency at ambient
conditions resulting in early reaction, byproducts’ formation, and
additional energy expense due to heating.??
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Scheme 1. Photolysis mechanism for the photogeneration of 1 (or 2) from the bicomponent photogenerating system ITX/IH'BPh, (or ITX/2H'BPh,).

Despite the many developments in the field of
photoinitiators,?”?® very little attention has been given to
photolatent NHC precursors. In 2015, Denning et al.? reported
the photochemical reduction of an imidazolium-2-carboxylate
(NHC-CO,) using an excited state electron donor, N,N,N’,N'-
tetramethylbenzidine. The reduced formate complex might then
decompose into NHC and formate ion. However, the authors
only detected the corresponding imidazolium (the conjugated
acid of the NHC), which was not an issue because the principal
goal was actually the controlled capture and release of CO,. The
limited research effort on NHC photogenerator is in contrast with
the strong interest for other photobase generators (PBGSs),
capable of releasing amidine or guanidine organosuperbases.®”!
Most PBGs proceed through a photoinduced proton transfer
reaction employing a salt containing the protonated superbase
and an anion chromophore based on ketoprofene,
thioxanthone derivatives,®? and tetraphenylborate.*-%

Today, there are strong motivations for developing
photoNHC-mediated reactions: temporal and spatial control of
reaction, use of a contactless stimulation, and NHC release at
ambient condition by precise energetic and spatial dosage of
radiation. Our aim is to design a novel NHC photogenerator,
both stable in absence of light and capable of releasing in situ
free NHC under UV exposure, preferentially UVA (320 — 400
nm) to avoid substrate or solvent excitation. For this purpose,
imidazolium or imidazolinium salts seem the most appropriate
photolatent NHC precursors. Like many ionic liquids, they are
air/moisture stable, thermally inert and chemically quite stable.
The challenge is thus how to promote a photochemically
induced proton transfer reaction that would convert the starting
inactive azolium salt into an active NHC. The proposed solution
is to produce a suitable radical anion via a photoinduced
electron-transfer (PET) reaction, which can subsequently
deprotonate the azolium cation (Scheme 1). To this end, we
begin with a mixture of isopropylthioxanthone (ITX) with an air-
stable azolium tetraphenylborate salt, such as 1,3-
bis(mesityl)imidazolium tetraphenylborate 1H'BPh, or 1,3-
bis(mesityl)imidazolinium tetraphenylborate 2H'BPh, .® First,
ITX is an inexpensive, commercially available aryl ketone,

known for its ability to mediate single electron-transfer after
photochemical excitation in the near UV-Vis region (350 - 420
nm); in particular, excited ITX is used as an electron acceptor
sensitizer in many photoreactions.®” On the other hand, the
tetraphenylborate anion may act as suitable electron donating
partner to make PET thermodynamically feasible.®*
Therefore, the expected primary photochemical process is
electron-transfer from BPhs to triplet ITX. In second step, the
resulting intermediate ITX radical anion might effectively abstract
proton from 1H* (or 2H") to form NHC 1 (or 2).

Encouraged by preliminary results proving the release of
NHC upon irradiation,®™ this current work describes a
comprehensive study of this new class of bicomponent NHC
photogenerator — ITX/IH'BPh, and ITX/2H*BPh, — with four
distinct parts. Firstly, we propose two novel analytical methods
to characterize the photochemically released NHCs through their
conversion in suitable adducts: carbene-radical adduct enables
an identification method by using electron spin resonance (ESR)
spectroscopy, while stable NHC-carbodiimide adduct facilitates
the quantification of photoNHC yield using *H NMR. Secondly, to
support the 2-step photochemical pathway based on
electron/proton transfer reactions, experiments of real-time
photobleaching of ITX are performed as well as calculation of
the free energy change of electron-transfer with Rehm-Weller
equation. Thirdly, using a mechanism-guided approach, NHC
yield are optimized by investigating the effect of irradiation time,
sensitizer concentration and structure. In a last part, the NHC
photogenerator is harnessed to prepare a variety of polymer
structures through their twofold role. As organocatalyst,
polyurethane and polyester were prepared by step-growth
polymerization and ring-opening copolymerization, respectively.
As ligand, polynorbornene was synthesized by ring-opening
metathesis polymerization (ROMP) using a NHC-coordinated Ru
catalyst.

Results and Discussion

1. Identification and quantification of photogenerated NHC
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Scheme 2. Reaction pathway to generate NHC-radical adduct after
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ESR spectroscopy of NHC-radical adduct: Identification
of NHC. 1H*BPh, or 2H'BPh, (3 equiv.) were mixed with ITX
(1 equiv.) under ambient conditions in THF-dg. In the absence of
light, the mixture is stable supporting that in its ground state, ITX
cannot participate in an electron-transfer reaction. In either case,
the *H NMR spectrum shows the disappearance of the NCHN
proton after exposure during 2 min to UV radiation (365 nm, 65
mW-cm?). In addition, reaction of the two as-irradiated media
with CS; gives the expected 1-CS; and 2-CS, complexes whose
structures have been identified by *C NMR (Fig. S1 of
Supporting Information). These characterizations suggest
deprotonation of the two azolium salts to form the expected
NHCs 1 and 2. Given the high reactivity of NHCs, it is however
important to develop new techniques able to characterize these
species just after their formation, i.e. before secondary reactions
take place. Recently, the fast addition of a radical to NHC to
afford an adduct with an unpaired electron was evidenced by
Tumanskii et al.***¥ Through a judicious choice of radicals, it
was possible to generate adduct radicals stable enough to be
detected by ESR spectroscopy, thus providing a clean spectrum
characteristic of the carbene captured. Following the same
approach, we chose diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO) to act as a trapper of NHCs just after their
photogeneration. TPO is a commercial a-cleavable radical
photoinitiator, which was not reported by Tumanskii et al. It
proceeds through the photochemical homolysis of the C-C bond
adjacent to the arylketone chromophore to yield two different
phosphinoyl- (P*) and mesitoyl-type (M®) radicals (Scheme 2).
The main advantage is that these radicals can be
photogenerated at the same wavelength (365 nm) as the NHC,
allowing the NHC to be trapped as a well-defined adduct radical
in a single step, and immediately after generation. The mixture
1H*BPh,/ITX (3/1 equiv.) was irradiated in THF in presence of
TPO (6 equiv.), then placed after different exposure times, in the
cavity of the ESR spectrometer.

As shown in Figure 2, the ESR spectrum recorded after 2
min irradiation, is consistent with the formation of a single adduct
radical, which was assigned to 1°-M. Indeed, the spectrum
clearly shows a quintuplet arising from the hyperfine coupling
(hfc) of the unpaired electron with two equivalent **N atoms (I =
1, any = 3.9 G). Because of coupling with the two protons of the 1
moiety (I = %, as = 1.1 G), each quintet line is also decomposed,
but only in doublet instead of triplet, because the set of hfc
transitions are probably overlapped. The formation of the
phosphinoyl radical adduct 1°-P can be ruled out because hfc
with %P (I = %) would have caused a duplication of the
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Figure 2. ESR spectrum of a solution of ITX/1H'BPh,/TPO (1/3/6 equiv.,
[ITX]=5 X 10’3M) in THF after different irradiation times.
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quintuplet. Control experiment by irradiating the preformed NHC
1 and TPO for 30 s reveals a similar profile (Fig. S2), thus
supporting the photoinduced liberation of 1 in the previous
experiment and the in situ formation of a single NHC adduct
radical. This latter result can be explained through DFT
calculations since the addition reaction of the M* radical to
1 is much more exothermic (AH = -35.0 kcal-mol™) than that of
a P*radical (AH = -17.1 kcal-mol™) as expected from the higher
stability of the 1°-M (Fig. S3). Nevertheless, the ESR spectrum
shows a signal intensity declining with longer exposure time (see
t =5 min, Figure 2), in line with a slow degradation of the 1°-M
adduct radical under UV irradiation. This result was also
confirmed when 1°-M adduct was created from the preformed
NHC 1 instead of the photoNHC (Fig. S2).

'H NMR analysis of NHC-carbodiimide adduct:
Quantification of NHC. Estimation of the quantity of NHC
photogenerated from the mixture of azolium salt with excited ITX
can be challenging. *"H NMR provides a deprotonation degree
(from NCHN proton), but the results can be distorted when the
reaction is not complete because of N-CH-N/N-C:-N hydrogen
bonds forming in 1H"-1 complex (see evidences in Fig. S4).
Alternatively, NHC concentration can be determined indirectly
through a quantitative reaction between 1 and CS,.2® However,
the zwitterionic 1-CS, adduct is only partially soluble in solvents
such as THF and acetonitrile, making yield calculation complex
because the adduct is partitioned between solid and liquid
phases. To obtain quantitatively a soluble and stable NHC
adduct, we turned our attention towards the recently reported
NHC-carbodiimide (CDI) adduct*?*®! generated by addition of a
CDI derivative to 1 (Scheme 3). Upon contact with a
stoichiometric amount of 1,3-di-p-tolylcarbodiimide in THF, 1
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Scheme 3. Formation of zwitterrionic 1-CDI adduct by reaction between CDI
and NHC 1.
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Figure 3. 'H- NMR spectra in THF-dg of: (a) 1 (0.21 M), (b) CDI (0.21 M), (c)
1/CDI, (1/1 equiv., [1] = 0.1 M), and (d) ZH'BPh,/ITX/CDI (3/1/3 equiv., [ITX]
= 0.01 M). In sample d, 1H'BPh,/ITX was irradiated 5 min then CDI was
immediately added.

yields a soluble carbene adduct within a few seconds, visible by
the change of color from a slight yellow solution to orange. The
product formed in this way was characterized by *H NMR when
the reaction was performed in THF-dg (Figure 3). The reaction
caused a complete shift of the methyl protons He (2.31 ppm) and
Hq (2.08 ppm,) of 1 (spectrum a) and the methyl proton H, (2.30
ppm) of CDI (spectrum b). In the spectrum of the mixture 1/CDI
(spectrum c), Herand Hy form two overlapping peaks at 2.32
ppm, and H, is subjected to a upfield shift and now arises at
1.92 ppm. Additionally, novel signals assigned to methine
protons Hp (6.27 ppm) and Hp, (5.77 ppm) appear in the
spectrum, which established the quantitative transformation of 1
to the 1-CDI adduct.

Another control experiment was performed when 1 (1 equiv.)
was mixed with 1H'BPh, (3 equiv.) followed by addition of CDI
(1 equiv.). It cleanly gave a yield of 1-CDI consistent with the
initial amount of 1 (with an error of 5 %, Fig. S4), demonstrating
that this reaction may also cause the disruption of the 1H™-1
hydrogen bonds."*~**'Having proved that the synthesis of NHC-
CDI can be quantitative and easily monitored by *H NMR, 1,3-di-
p-tolylcarbodiimide was added to the as-irradiated solutions of
1H'BPh,/ITX and 2H'BPh,/ITX (3/1 equiv.). As expected, the
spectrum d of this mixture (Figure 3) displays all the
characteristics ~resonances of 1-CDI adduct, enabling to
determine NHC conversion. After 5 min irradiation, the yields of
1 and 2 were respectively of 22.1 and 14.8 %. The main factor
underlying this trend and the best experimental conditions to
achieve high NHC yield are discussed in next sections.

2. Insight into photochemical mechanism:
electron/proton transfer

coupled
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Figure 4. UV spectra of ITX, 1H" BPh, and 2H" BPhy in acetonitrile ([ITX] =
10™* M, [1H*'BPh,] = [2H'BPh4] = 3 x 10™M).

UV-Vis Absorption. Figure 4 shows in the same plot the
UV-vis spectra of ITX, 1H'BPh, and 2H'BPh, in acetonitrile.
ITX has an absorption spectrum with two characteristic maxima
at 257 nm (m-m* transition) and 383 nm (n-* transition). The
band centered at 383 nm allows excitation (Aexc = 365 nm) to
form triplet ITX (ITX*), displaying a much higher reduction ability
than its ground state analogue. The two azolium salts absorb
only in the UVC range (100-280 nm), what is desired to avoid
electronic excitation and ensure high reactivity of ITX.

Real-time photobleaching and Rehm-Weller equation.
The decay of the ITX n-m* transition band at 365 nm was
assessed throughout irradiation time with a rapid-scan
spectrometer, which is able to measure absorbance change with
a temporal resolution of 0.1 s. To investigate the photochemical
mechanism, real-time photobleaching was performed in
acetonitrile during 50 s for a range of ITX/quencher couples
(Figure 5). The first series (a) displays azolium salts bearing
anions with different electron donor properties (CI" and BPhy),
while the second (b) shows tetraphenylborate salts containing
different cations (1H*, 2H* and Na). As expected, a control
experiment including only ITX showed a steady absorbance
value over irradiation (Figure 5a), within the time period studied,
suggesting its photostability in absence of suitable reductant.*”
This is in sharp contrast with the profile of 1H'BPh,/ITX which
shows a gradual photobleaching, consistent with a modification
of the structure of ITX after the electron-transfer reaction.
Indeed, AGe1nerha, the free energy change of electron-transfer
from BPh, to *ITX  is slightly negative (-0.07 eV, see calculation
details in Sl), showing that the reaction is thermodynamically
feasible. Furthermore, it is the irreversible process since the
back electron-transfer of the boronyl radical ‘BPh, may be
prohibited by its homolytic cleavage into BPhs and Ph* within the
femto-second time scale.”® A number of evidences are
consistent with this hypothesis of sensitized reaction (Scheme
4). With 1H*CI, it is explicit that ITX does not photobleach due to
the lack of electron donating ability of CI', as exemplified by the
absence of oxidation potential during electrochemical
measurements.
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Figure 5. Photobleaching kinetics of ITX (2 x 10* M in acetonitrile)
monitored at 365 nm in the presence of different quenchers: azolium salts
(a) and tetraphenylborate salts (b) (Quencher concentration is 6 x 10 M).

On the other hand, useful and complementary results about
the second step of proton transfer can be gained by the
photobleaching of ITX in presence of various tetraphenylborate
salts (Figure 5b). Whatever the cation (1H*, 2H*, Na’), a
bleaching of ITX is observed which is consistent with the
irreversible electron-transfer reaction involving BPh,’, but the
photolysis rates are clearly different. NaBPh, induces the lowest
rate of photobleaching (1.58 x 107 M-s?), compared to
1H*'BPh, (2.40 x 107 M-s™) and 2H'BPh, (4.04 x 107 M-s™)
even the AGetnasrna Value is slightly more negative (A Getnagpha
= -0.18 eV). One possible explanation for the differences of ITX
decomposition rate could be the slower electron-transfer rate of
NaBPh, compared to other borate salts.=®

Besides, with azolium salts, proton transfer can occur
leading to the formation of NHCs which are known to be
excellent electron donors. Therefore, a secondary reaction
involving electron-transfer from the as-formed NHC with excited
ITX is likely to occur to give a carbene radical cation 1°* (or 2°%)
and ITX radical anion (Scheme 5). Transient species 1°* (or 2°)
could undergo a dimerization to form a bicationic product or
regeneration of azolium cations.*® Supporting this hypothesis,
electron-transfer between carbene 1 or 2 and the triplet ITX is
strongly exergonic (AGet: = -1.85 eV and AGez = -2.53 eV)
because the oxidation potentials of 1 and 2 are very low, -0.84 V
and -1.52 V vs. SCE, respectively. Moreover, neat electron-
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Scheme 4. Photochemical mechanism for the generation of NHC 1 and 2
combining electron-transfer and proton transfer.

transfer between 1 (or 2) and 3TX* was evidenced by
photobleaching rate of ITX in the presence of 1 and 2 with
significant rates, 3.6 x 10% M-s* and 9.8 x 10® M-s?,
respectively (Fig. S5). Thereby, with the two azolium salts, faster
decomposition rates (Figure 5b) may be thus driven by triplet ITX
electron-transfer reactions occurring not only with BPh,™ but also
with the NHC formed. In agreement with this hypothesis, the
photolysis rate of 2H'BPh, is approximately twice as large as
that of 1H'BPh, which is consistent with the better electron
donating properties of imidazolinylidene 2 compared to its
imidazolylidene counterpart 1.
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Scheme 5. Photoreduction of ITX by 1 (or 2) generates NHC radical cations.
3. Optimization of NHC yield

Effect of ITX concentration. As discussed above, it is
known that 3ITX* is not only involved in electron-transfer with
BPh,’, but also with photogenerated 1 (or 2) leading to the
degradation of the desired carbene under irradiation. Therefore,
it is crucial to investigate the influence of ITX concentration on
the yield of photogenerated NHC. For this purpose, the influence
of the ITX/AH'BPh, molar ratios (0 - 1.33) was assessed while
maintaining the irradiation conditions unchanged (5 min, 65
mW-cm?). As can be seen in Figure 6, the increase of the
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Figure 6. Effect of ITX concentration on NHC 1 yield produced by
irradiation of ITX/IH'BPh, ([1H'BPh,] = 0.03 M). Irradiation conditions:
65 mW-cm, 5 min.
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ITX/IH'BPh, ratio, until stochiometry is reached, results in a
nearly linear increase of 1 yield. A maximum amount of 70 %
can be generated upon using a stochiometric ratio. However,
further increase of ratio ITX/1H'BPh, causes the yield to slightly
decrease (56 %). Presumably, a higher concentration in ITX
contributes to more side reactions between 1 and *ITX*.

Effect of irradiation time. The effect of irradiation time on 1
yield is illustrated in Figure 7. Using a sub-stoichiometric ratio in
ITX (ITX/AH'BPh, = 1/3), a gradual release of 1 is observed
within 5 min, then the yield levels off at 30 %. Because ITX is in
sub-stoichiometry, photodegradation can be minimized, but at
the same time, only moderate yields can be achieved. The
kinetic profile is significantly changed upon increasing the
concentration of ITX to reach stoichiometry (ITX/IH'BPh, = 1/1
equiv.). Under these conditions, more NHC can be released
because of the higher *|TX* concentration, and a maximum of 70
% is formed after 5 min. However, after longer radiation
exposure, there is now a significant decrease of 1 yield (56 %
after 10 min) due to the photochemical degradation of 1 by
T

Effect of photooxidant. The influence of other aryl ketone
photooxidants than ITX on NHC yield was estimated using
thioxanthone (TX), 4,4'-bis(diethylamino)benzophenone (EAB)
and camphorquinone (CQ) (Table 1).

Table 1. Effect of the photooxidant's nature on the release of
photogenerated NHC 1. 1H 'BPh,/Photooxidant (3/1 equiv.) was irradiated
in C4DgO ([Photooxidant] = 0.03 M). Irradiation conditions: 365 nm, 65
mW-cm, 5 min irradiation).

NHC 1 yield®

Structure (%)

Entry Photooxidant

a ITX

O O 22
b TX O O 24

o 0
A L
Ao 0

d” cQ

[a] Determined by "H-NMR spectroscopy after CDI addition. [b] Irradiation with
a 450 nm LED (55 mW-cm™®)

As expected, the nearly similar redox properties of excited
ITX (entry a) and TX (entry b) resulted in a comparable amount
of 1 released, 22 % and 24 %, respectively. Conversely, the
replacement of ITX by EAB (entry c) and CQ (entry d) prevents
the formation of 1. In accordance with this result, the electron-
transfer between BPhs and the excited state of these two
electron donors was found to be non-thermodynamically
favorable (AGet, eas = 0.44 €V, AGe; co = 0.07 eV).P0%

OCN NCO Phot:gen;;ated 0
+  HOon L HN Noro
s w0C >Q/ Eé \/\o@/
IPDI -
PEG - 400 PU n

Scheme 6. Synthesis of polyurethane catalyzed by photogenerated NHC.
4. Use of NHC photogenerator in polymerization

Synthesis of polyurethane. There have been very few
studies utilizing NHC organocatalyst in PU polymerizations in
the literature.**?? Nevertheless, NHC photogenerators were
evaluated in the model linear step-growth polymerization of
isophorone diisocyanate (IPDI) and poly(ethylene glycol) (M, =
400 g-mol?, PEG.m) (Scheme 6). Through a possible alcohol
activation mechanism (Scheme S1),2%%3 a polymerization was
accomplished at 60°C by mixing a stoichiometric amount of
PEG.0 and IPDI followed by addition of the photogenerated
NHC (0.3 mol %). Table 2 summarizes yield, molecular weight
and polydispersity (D) after 4 h for each polymerization using
1H'BPh,/ITX (entry a) or 2H'BPh,/ITX (entry b). For
comparative purposes, the free NHC 1 (entry a) was also
included as polymerization control as well as an uncatalyzed
reaction (entry c).

Without catalyst, full conversion was not reached and a low
molecular weight polyurethane was obtained (M, = 1700 g-mol ™,
entry c). In contrast, the two photoNHCs (entry a-b) exhibited

Table 2. Results of step-growth polymerization of PEGq0/IPDI (342/342
equiv.). Reactions were conducted for 4 h at 60°C after the addition of the
as-irradiated azolium salt/ITX solution (1/1 equiv.) or free NHC (1 equiv.).

Entry Catalyst M, M) 2 T Yield™
system (g'mol™  (g-mol™) (C) (%)
a 1H'BPh,/ITX 4900 7800 159 -17 95.7
a’ 1 5100 7900 155 -14 98.3
b 2H'BPh,/ITX 4100 6800 1.67 -18 96.2
c No catalyst 1700 4700 269 -23 40.1

[a] Experimental number average molar mass M, obtained by SEC. [b]
Experimental weight average molar mass Mw obtained by SEC. [c] Polymer
dispersity index D= M,/ M,. [d] Glass transition temperature determined by
DSC. [e] Isolated yield.

greater polymer yields (> 95 %), higher molecular weights (4000
- 5000 g-mol™) and lower dispersity values B in the range from



1.5 to 1.7 (see SEC traces in Fig. S6). Consistently, the control
experiment using the preformed NHC 1 (entry a’) resulted in
polymers displaying similar M,, D and glass transition
temperature. Although the molecular weights are moderate,
these results demonstrate the role of (photo)NHC in the
catalysis of the polymerization. To more precisely compare
catalytic activities, kinetic studies were performed for 1 and
1H*BPh,/ITX during the first hour of reaction (Figure 8). The
two catalysts proceeded at relatively similar rates with a

significant acceleration compared to the uncatalyzed experiment.

The slightly slower kinetics for photogenerated 1 was assigned
to lower amount of NHC 1 present in the reaction media (as
compared to the preformed-NHC 1) since a maximum yield of
70 % in released NHC can be reached as demonstrated before.

Synthesis of polyester. Encouraged by this first result, the
NHC photogenerator’s catalytic activity was also evaluated in
ring-opening copolymerization (ROCOP) of epoxide and
anhydride. This reaction offers a controlled route to polyesters,
although it has been much less studied than ring-opening
polymerization of cyclic esters.®**¥ ROCOP generally requires
organometallic initiators to reach efficient curing, but the use of
NHC was reported very recently.®®*® n a model
copolymerization, the as-irradiated azolium salt/ITX mixture (1/1
equiv.) was added to a mixture of cyclohexene oxide (CHO, 500
equiv.) and phthalic anhydride (PA, 100 equiv.) (Scheme 7).
Polymerization was conducted at 110°C using thus CHO as both

the monomer and the solvent.
o) o)
S e
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Scheme 7. ROCOP of PA and CHO using photogenerated NHC 1 and 2 as
catalyst.
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Figure 8. NCO conversion during polyaddition reaction between PEGq
and IDPI. Conversion values were determined based on the NCO
stretching band (u-nco) at 2255 cm™ using CH, symmetric stretch at 2870
cm™ as reference (see FTIR spectra in Fig. S7). NCO conv. (%) = L by

0
x 100 where A, and A; are the integrated absorbance at 2255 cm?
corresponding to reaction time at 0 min and t min.

Table 3. Results of ROCOP of CHO/PA (500/100 equiv.). Polymerization
were conducted at 110°C for 60 min in THF after the addition of the as-
irradiated azolium salt/ITX solution (1/1 equiv.) or free NHC (1 equiv.).

Catalyst PA conv.™ Ester conv.” Mpsec® B!

Entry -1, d]
system (%) (%) (g:mol™)

1H'BPh,/ITX 1.

a 98 >95 3800 2

1

1 1.

a’ 92 >95 3000 1

6

2H'BPh4/ITX 1.

b 84 >95 3500 1

8

c No catalyst 0 - - -

d NaBPh/ITX 0 - - -

I7.85-8.02

[a] Determined by 'H-NMR. PA conv.(%) = x 100 where l7gs-
1785-8.02% 1731-7.62

s.02 IS the intensity of methine protons (6,= 7.85 — 8.02 ppm) of residual PA
and and l73; — 76 IS the intensity of methine protons (d,= 7.31 — 7.62 ppm) of
poly(PA-alt-CHO) (Fig. S8). [b] Percentage of ester linkages in isolated
poly(PA-alt-CHO) calculated by 'H-NMR in DMSO-ds (Fig. S9) and MALDI-
ToF (Fig. S10). [c] Experimental number average molar mass M, obtained by
SEC. [d] Polymer dispersity index = M,/ M, obtained by SEC.

Table 3 shows PA conversion, molecular weight and
polydispersity (D) after 1 h reaction using 1H'BPh,/ITX (entry a)
or 2H'BPh,/ITX (entry b) along with two control experiments
(entries c-d). As expected, no reaction took place in the
uncatalyzed control reaction (entry c).®® Conversely, almost full
conversions were achieved with 1H'BPh; (98 %) and with
2H'BPhy4 (84 %). In addition, the polyesters produced exhibited
a highly alternating structure with a high fraction of ester
linkages (> 95 %, see *H NMR spectra in Fig. S9). By contrast, it
is well-known that conventional catalytic systems such as
metalloprophyrin or salen can form a significant proportions of
ether linkages resulting from CHO homopolymerization.®*** The
alternating structure was also evidenced in the MALDI-ToF MS
spectrum of polymer a (Fig. S10) which displayed an m/z
increment of 246.26 g-mol™ corresponding to the exact molar
mass of the [PA + CHO] repeating unit. Interestingly, no IMes
end-capped chains were identified due to quenching of the
reaction mixture in methanol. As a result, the five main
populations of peaks were all assigned to a-methyl-w-hydroxyl
OH/CHjs-terminated polymers. The mechanism was presumed to
proceed through a nucleophilic attack of NHCs on anhydride
functionality (Scheme S2).°5%¢! Besides, copolymers a and b
exhibited monomodal SEC traces with narrow molecular weight
distributions (P ~ 1.2, see Fig. S11). Surprisingly, 1H'BPh4
showed slightly higher conversions and M, values than 1 despite
incomplete deprotonation, raising doubts about the role of other
photoproducts in reaction catalysis. However, the replacement
of 1H*BPh,” by NaBPh, afforded no polymer (entry d).

Synthesis of polynorbornene. In the field of catalyst
precursors for olefin metathesis, NHC-coordinated ruthenium
complexes with the general formula RuCl;(arene)(NHC) stand
out by their ease of preparation. They can be produced in situ
from commercial and inactive ruthenium dimers such as
[RuUClx(p-cymene)]. (Scheme 8) after addition of a suitable free
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Scheme 8. Strategy for in-situ formation of RuCl,(p-cymene)NHC from the
inactive precatalyst [RuClx(p-cymene)]. dimer and photogenerated NHC 1 and
2. The active NHC-coordinated Ru complexes referred to as Noels’ catalysts
can be used as active for the ROMP of NB

NHC such as 1 or 2, which causes the dissociation of this
precatalyst.®”*® The resultant active complexes, RuCly(p-
cymene)-1 or RuCly(p-cymene)-2, have emerged as versatile
and efficient catalysts to promote the ROMP of both strained
and low ring-strained cyclic olefins.®** Building on our previous
study,®® we show herein that it is possible to generate in situ the
active RuCly(p-cymene)NHC complex bearing ligand 1 or
2,1596062 1y jrradiation of the NHC photogenerator ITX/1H'BPhy
(or ITX/2H'BPh,) in presence of the ruthenium precatalyst
[RuClz(p-cymene)].. Using this 3-component system, it is thus
possible to trigger the ROMP of cyclic olefins such as
norbornene (NB) under UV exposure.

The catalytic activity of the three-component system
[RUCI2(pCy)]2/AH BPh, /ITX (1/5/2.5 equiv.) for the ROMP of
norbornene in CD,Cl, was evaluated. In contrast to previous
experiments where the as-irradiated photoNHC/ITX was
introduced later, NHC photogenerator was initially present in the
reaction medium and polymerizations were conducted at room
temperature. Table 4 displays NB conversion, molecular weight
and cis content after 1 min reaction at ambient temperature. As
expected, the irradiation of a solution devoid of Ru dimer results
in no reaction (entry a). Without photoNHC (entry b), a very
small conversion was detected (< 2%). By contrast, much higher
conversion (78 %) was achieved using the 3-component mixture
[RuCly(pCy)]o/1H'BPh,/ITX (entry c) suggesting the successful
formation of the highly active ruthenium-arene complex bearing
an NHC ligand. Replacing 1H'BPh,; by 2H'BPh, resulted in
similar conversions (76 %, entry d), molecular weight and D (Fig.
S12). It is well established in the literature that the unsaturation
in the imidazole ring of NHC moiety is not a crucial feature
altering catalytic efficiency.®™ In both cases, ous (= 40-50 %)
was very similar to that found in the corresponding polymer
prepared by the action of a Ru-NHC complex,® ! thereby
suggesting the formation of the same ROMP catalyst. As control
experiments, we also conducted the polymerization of NB
utilizing a combination of Ru precatalyst with free NHC 1. In the
dark, the mixture of [RuClx(p-cymene)], and 1 resulted in slightly

Table 4. Results for the photoROMP of NB conducted at ambient conditions
by 1 min irradiation (365 nm, 6.5 mW-cm?) of the mixture NB/Ru
dimer/photoNHC/ITX in CD,Cl, (510/1/5/2.5 equiv., [NB] = 1 M).

Ru dimer/ fa] [c] d]
photo- Conv. ‘B Mnth Mn-sec ]
BNty “Nhe ”hOtI(;';‘(HC/ @) % (kgmol)) (kgmo) 2

(equiv.)

a 1H'BPh,  0/5/2.5 0 n.d nd nd nd
b - 1/0/0 15 9.3 0.36 n.d. n.d.
¢ 1H'BPh,  1/5/25 78 51.9  18.69 146.8 3.02
d 2H'BPh,  1/525 76 425  18.00 138.3 3.14
e 1 1/2"%0 59 594 14.11 319.2 3.70

Is21t Is36

[a] Determined by "H-NMR NB conv.(%) =
Is21+ Is 36+ Is99

ls36 are the intensity of vinylic protons (6= 5.21 ppm and 6= 5.36 ppm) of
polynorbornene and Isg is the intensity of vinylic proton £6= 5.99 ppm) of
residual NB. [b] Cis content of the polymers calculated from "H-NMR spectrum

cis (%) = —152115'161535 x100. [c] Theoretical number average molar mass M. =
M. [d] Experimental number average molar mass M, obtained
2x[Rudimer]

by SEC. [e] Polymer dispersity index = M,/ M, obtained by SEC. [f] The
solution was kept in dark for 1 min, n.d. means not determined due to no
polymerization or insoluble polymer.

x 100 where Is,; and

Conv.x

lower monomer consumption (58.9 %, entry e) after 1 min of
reaction. This result supports the hypothesis that radiation
facilitates the decoordination of the p-cymene ligand to form an
active species.®

Conclusions

In presence of ITX, imidazolium or imidazolinium salts
bearing tetraphenylborate as anion are able to generate
photochemically the corresponding free imidazolylidene and
imidazolidinylidene species upon irradiation at 365 nm. The
mechanism has been investigated by means of steady-state
photolysis. It involves a first electron-transfer reaction from the
easily oxidized electron donor BPh, to excited ITX acting as an
electron acceptor. The thioxanthone radical anion formed can
then abstract a proton from the azolium cation to yield the free
NHCs. The formation of the NHCs, IMes (1) and SIMes (2), was
proved by ESR spectroscopy in THF through the formation of a
persistent NHC-mesitoyl radical adduct. A maximum amount of
NHC of 70 % was produced in THF, based on the azolium cation
precursor, as determined by 'H-NMR of a stable and soluble
NHC-CDI adduct. Irradiation time should be carefully controlled
to avoid overexposure resulting in secondary electron-transfer
reaction between triplet ITX and the NHC formed. The easy
synthesis of NHC progenitors 1H'BPh,; and 2H'BPh, opened
the way to novel photomediated polymerization reactions where
NHCs advantageously acted as organocatalysts in place of
metals. Linear polyurethanes were synthesized by the step-
growth polymerization of diols and diisocyanate. Additionally, the
ring-opening copolymerization of anhydride with epoxy yielded
polyesters with narrow polydispersity. Finally, in combination
with an inactive Ru precatalyst, photolatent NHCs could also
drive the formation of highly active ruthenium-NHC complexes
for ring-opening polymerizations of norbornene with > 76 %
conversion reached after 1 min of irradiation. It is expected that
a wide variety of other NHC-mediated organic chemical
reactions and polymerization reactions could benefit from this
innovative NHC photogenerating system; in particular, those
including thermally sensitive substrates or requiring a spatial
control.

Experimental Section



1. Materials
1,3-Bis(mesityl)imidazolium  chloride  (1H'CI, 98 %), sodium
tetraphenylborate (NaBPhy, 99.5 %), diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO, >98%), isophorone diisocyanate
(IPDI, 99.0 %), polyethylene glycol 400 g-mol™* (PEG4u), and vinyl ethyl
ether (> 98.0 %) were purchased from TCI. 1,3-Bis(mesityl)imidazole-2-
ylidene (1, 97 %), 1,3-bis(mesityl)imidazolidin-2-ylidene (2, 97 %), 1,3-
bis(mesityl)imidazolinium chloride (2H*CI", 98 %), acetonitrile-ds (CDsCN,
99.8 % D), isopropyl-9H-thioxanthen-9-one, mixture of 2-and 4-isomers
(ITX, 97%), 1,3-di-p-tolylcarbodiimide  (CDI, 96 %), 4,4
bis(diethylamino)benzophenone (EAB, > 99 %), camphorquinone (CQ,
98 %), phthalic anhydride (PA, > 99 %), cyclohexene oxide (CHO, 98%)
and dichloromethane were obtained from Sigma Aldrich.
Dichloromethane-d;, (CD.Cl;, 99.5 % D), tetrahydrofuran-ds (THF-ds, 99.5
% D), chloroform-d; (CDCls, 99.5 % D) and dimethyl sulfoxide-deg
(DMSO-ds, 99.5 % D) were bought from Eurisotop. Dichloro(p-
cymene)ruthenium(ll) dimer ([RuCly(p-cymene)],, 98 %), was obtained
from Strem Chemicals. Other HPLC grade solvents such as ethanol,
acetonitrile and tetrahydrofuran (THF) were received from VWR. All the
solvents and CHO were distilled and stored over molecular sieve (4 A)
under nitrogen atmosphere before use.

2. Synthesis

2.1 Synthesis of azolium tetraphenylborate salts. 1H'BPh, and
2H'BPh4 were prepared following a procedure published elsewhere.k®!
'H-NMR (300 MHz, CD3CN), 1H'BPhy’, isolated yield 93.2 % : Spom : 2.14
(s, 12H, 4 x 0-ArCHg), 2.42 (s, 6H, 2 x p-ArCHjs), 6.85 — 6.89 (t, 4H, J =6
Hz, 4 x ArH), 6.99 — 7.04 (t, 8H, J = 7.5 Hz, 8 x ArH), 7.2 (s, 4H, 4 x
ArH), 7.30 — 7.34 (br, 8H, 2 x 8 x ArH), 7.56 (s, 2H, 2 x NCH) and 8.63
(s, 1H, NCHN). 2H"BPh,", isolated yield 84 % : Sppm: 2.36 (S, 6H, 4 x p-
ArCHg), 2.37 (s, 12H, 2 x 0-ArCHg), 4.34 (s, 4H, 2 x NCH,), 6.86 — 6.91
(t, 4H,J = 7.5 Hz, 4 x ArH), 7.01 — 7.06 (t, 8H, J = 7.5 Hz, 8 x ArH), 7.12
(s, 4H, 4 x ArH), 7.31 — 7.36 (br, 8H, 2 x 8 x ArH), and 8.07 (s, 1H,
NCHN).

2.2 Synthesis of polyurethane. A spectroscopic cell capped with a
rubber septum was charged with 1H'BPh, (9.18 mg, 0.015 mmol, 1
equiv.), ITX (3.82 mg, 0.015 mmol, 1 equiv.) and 0.5 mL of THF. A
Schlenk tube containing the diol oligomer PEG4q0 (2050 mg, 5.125 mmol,
342 equiv.) and diisocyanate IPDI (1139 mg, 5.125 mmol, 342 equiv.)
was subjected to three freeze-thaw cycles. The cuvette containing the
NHC photogenerator solution was degassed, then exposed to a 365 nm
LED irradiation (65 mW-cm™) for 5 min. The solution that turned dark
brown color was added under inert atmosphere to the Schlenk tube. The
step-growth polymerization was carried out at 60°C for 4 h. The progress
of the reaction was monitored by FT-IR by taking occasional samples.
The polymer was terminated by methanol and precipitated in
cyclohexane, filtered under vacuum and dried under vacuum at 60 °C
until a constant weight was achieved. The resultant polymer was then
analyzed by SEC.

2.3 Synthesis of polyester. A spectroscopic cell capped by a rubber
septum was charged with 1H*BPh, (9.18 mg, 0.015 mmol), ITX (3.82 mg,
0.015 mmol) and 0.5 mL of THF. A Schlenk tube was charged separately
with PA (222.15 mg, 1.5 mmol, 100 equiv.) and CHO (725.15 mg, 7.5
mmol, 500 equiv.), then three freeze-thaw cycles were carried out. The
cell was degassed, exposed to 365 nm irradiation (65 mW-cm™) for 5 min,
then the solution was immediately added to the Schlenk tube under inert
atmosphere. The polymerization was conducted at 110°C for 1 h and PA
monomer conversion was monitored by 1H-NMR in CDCls. After reaction
time, the crude sample was diluted in CHCI; and precipitated in methanol.
The polymer was filtered under vacuum and dried under vacuum at 60 °C
until a constant weight was achieved. The resultant polymer was then
analyzed by SEC.

2.4 Synthesis of polynorbornene. NB (0.047 g, 5 x 10 mmol, 510
equiv.), 1H*BPh, (3 mg, 4.90 x 10° mmol, 5 equiv.), ITX (0.63 mg, 2.48
x 10" mmol, 2.5 equiv.) and [RuCly(p-cymene)], (0.60 mg, 9.8 x 10
mmol, 1 equiv.) and CD.Cl, (1 M relative to NB, 0.5 ml) were placed in a
5 mL vial. The solution was mixed, transferred to a borosilicate NMR tube.
The polymerization was conducted inside a LED circular photochemical
reactor at room temperature. The photoreactor was constructed by
winding a 365 nm LED strip (SMD3528, 60 LED/Meter, Lightingwill,
length: 1000 mm) around a quartz cylinder (internal diameter: 60 mm,
length: 200 mm). The NMR tube was introduced in the axis of the quartz
cylinder where it received an irradiance of 6.5 mw-cm?. All samples
were irradiated for 60 s. Monomer conversion and cis/trans ratio were
monitored by *H-NMR analysis. Reactions were quenched by adding an
excess amount of vinyl ethyl ether, the resultant polymer was precipitated
in acetone. The collected polynorbornene was washed several times with
acetone and air dried for 48 h before SEC analysis.

3. Characterization methods

3.1 'H NMR analysis of NHC-carbodiimide adduct. Four similar
borosilicate NMR tubes containing 1H'BPh, (9.18 mg, 0.015 mmol, 3
equiv.), ITX (3.82 mg, 0.015 mmol, 1 equiv.) and THF-dg (0.03 M, relative
to 1H'BPhy4, 0.5 mL) were degassed with N,. Subsequently, each tube
was exposed to the UV irradiation of a 365 nm LED (LC-L1V3,
Hamamatsu, 65 mW-cm'z) for a given time: 1 min, 2 min, 5 min and 10
min (when CQ was used instead of ITX, a 450 nm LED was employed:
MP-LE1007, Metaphase, 55 mW-cm™). Prior to the addition of CDI (3.35
mg, 0.015 mmol, 3 equiv.), deprotonation of 1H'BPh, was monitored by
IH-NMR. After CDI introduction, a change of color of the reaction medium
took place from yellow/brown to pale/ dark orange. The solution was left
for 2 min, then a *H-NMR spectrum was recorded. All yields were
calculated following equation (1) below:

Yield (%)= 3(le.26—6.28+ I5.76-5.78) % 100 1)

3(l26-6.28+ I5.76-5.78)+4(12.37)

where lg26.6.28, Is.76-5.78 are the intensity of methine protons (6n= 6.26 —
6.28 ppm, 6,= 5.76 — 5.78 ppm) of 1-CDI adduct and I 37 is the intensity
of methyl proton in para position (6 = 2.37 ppm) of residual 1H'BPhy".

3.2 Electron spin resonance (ESR) of NHC-radical adduct. 1H'BPh,
(9.18 mg, 0.015 mmol, 3 equiv.), ITX (1.27 mg, 0.005 mmol, 1 equiv.),
TPO (10.4 mg, 0.033 mmol, 6 equiv.) were added to 1 mL of THF. The
mixture was prepared in a small vial capped with a rubber septum. The
solution was degassed with N, then 0.2 mL were transferred into a
quartz ESR tube with an internal diameter of 2.5 mm, the solution was
degassed with N,. Subsequently, the ESR tube was irradiated with a 365
nm LED (LC-L1V3, Hamamatsu, 65 mW-cm?). ESR spectra were
recorded before irradiation, and after 2 and 5 min irradiation. For the
control experiment, an identical procedure was followed using the
mixture of 1 (4.56 mg, 0.015 mmol, 3 equiv.) and TPO (1.04 mg, 0.003
mmol, 0.6 equiv.) in THF, cautiously prepared in a gloves box.

3.3 Steady-state photolysis. A stock solution containing ITX (1.27 mg,
0.005 mmol) was prepared in acetonitrile (2 x 10* M, 25 mL). A
1H"BPh,/ITX solution was prepared by adding 1.10 mg of 1H'BPh,
(0.0018 mmol) into a conventional spectroscopic cell containing 3 mL of
the ITX solution and a micro magnet bar. The cell was capped with a
rubber septum and degassed with N for 10 min before exposure to a Hg-
Xe lamp (LC-9588/01A, Hamamatsu) including a filter providing a
monochromatic incident irradiation (365 nm, 75 mwW-.cm). Continuous
stirring was maintained during irradiation. Temporal change in
absorbance at 365 nm was monitored by utilizing a spectrometer
(USB4000 from Ocean Optics). Other solutions in the presence or the
absence of other quenchers: 2H*BPh, (1.10 mg, 1.8 mmol), 1H"CI" (0.61
mg, 0.0018 mmol), NaBPh, (0.62 mg, 0.0018 mmol), 1 (0.55 mg, 0.0018
mmol) and 2 (0.554 mg, 0.0018 mmol) were also conducted following the
aforementioned procedure.



3.4 Cyclic voltammetry measurement and calculation of free energy
for electron-transfer. Four different solutions with a similar
concentration (4 x 102 M) were prepared from 1H'Cl, NaBPh,,
2H'BPh, and 1H'BPhy. Cyclic voltammetry measurement was
conducted as previously described.®® Based on the cyclic voltammetry
plots, oxidation potentials at 0.83, 0.96 and 0.94 eV (vs. saturated
calomel electrode (SCE)) were measured, and respectively assigned to
oxidation of BPhy” (NaBPhy), BPh, (2H'BPh,) and BPh,” (1H'BPhy). No
oxidation potential was detected in case of 1H*CI". After a first cycle, new
intense oxidation peaks at —1.52 (2H'BPh,) and —0.84 eV vs. SCE
(IH*BPh4) became visible. Their appearance reflects the oxidation of 1
and 2 formed by electrochemical reduction of 2H" and 1H*. The free
energy change of photoinduced electron-transfer was estimated through
the Rehm-Weller equation (2):¥

AGet = Eox(D) — Ereq(A) —Er + C (2

where AGg; is the free energy change of photoinduced electron-transfer
(PET); Ewx(D), the oxidation potential of the electron donor; Eed(A), the
reduction potential of the electron acceptor; Er, the triplet state energy
level of electron acceptor; and C, the Coulombic stabilization energy (—
0.06 V in acetonitrile).® Details on calculation are provided in SI.

3.5 NMR spectroscopy. All NMR spectra were recorded in appropriate
deuterated solvents with tetramethylsilane (TMS) as the internal
reference on a Varian 300 — MR. All chemical shifts are reported in parts
per million (ppm) relative to the residual CD,Cl, (6 5.32 ppm), THF-dg (0
1.72 ppm and 3.58 ppm), CDCl; (6 7.26 ppm), DMSO-de¢S (6 2.50 ppm)
or CDsCN (5 1.94 ppm). Peaks multiplicities in *H — NMR spectra are
abbreviated as s (single), d (double), t (triplet), m (multiplet), br (broad).

3.6 UV-Vis absorption. Absorption spectra were recorded on a Lambda
35 UV/vis spectrometer from PerkinElmer with a bandwidth of 1 nm and
a scan speed of 400 nm min™. All the solutions were analyzed in a quartz
cuvette of 1 cm length.

3.7 Size exclusion chromatography (SEC). An Agilent 1260 Infinity
series equipped with Polymer Laboratories ResiPore columns, a G1314B
wavelength detector, a MDS refractive index detector and a MDS
viscosimeter detector was employed to determine the molar mass values
and distributions of polyurethane and polyester samples. Precise
concentration solutions of polymer in THF were prepared and injected
with flow rate of 1 mL-min?. A set of EasiVial polystyrene PS-M
standards was used to establish the universal calibration. High molecular
weights of polynorbornene samples were determined using a SEC
instrument from a Varian apparatus equipped with TOSOHAAS TSK gel
columns and a refractive index detector. The mobile phase was THF at a
flow rate of 1 mL-min’%; the injected volume was 100 uL. The MALS
instrument was normalized using a THF solution of polystyrene standard.

3.8 Electron spin resonance. ESR measurements were performed in a
Brucker Elexsys E500 spectrometer with X band frequency in continuous
wave (around 9.8 GHz) at room temperature. Spectra were recorded with
a modulation amplitude of 1 G, a modulation frequency of 100 kHz and a
microwave power of ~'2 mW. Both Bruker WIN-ESR and SimFonia
software were used for spectra treatment and simulation.
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