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ABSTRACT: 7-Conjugated polymers can serve as active layers in flexible and lightweight electronics, and are conventionally synthesized by

transition-metal-mediated polycondensation at elevated temperatures. We recently reported a photopolymerization of electron-deficient het-

eroaryl Grignard monomers that enables the catalyst-free synthesis of n-type n-conjugated polymers. Herein we describe an experimental and

computational investigation into the mechanism of this photopolymerization. Spectroscopic studies performed in situ and after quenching

reveal that the propagating chain is a radical anion with halide end groups. DFT calculations for model oligomers suggest a Mg-templated Srn1-

type coupling, in which Grignard monomer coordination to the radical anion chain avoids the formation of free sp” radicals and enables C-C

bond formation with very low barriers. We find that light plays an unusual role in the reaction, photoexciting the radical anion chain to shift

electron density to the termini and thus favor productive monomer binding.

Introduction

n-Conjugated polymers (CPs) are primarily synthesized using
thermal transition-metal-mediated cross-coupling reactions.' De-
spite the efficiency of these polycondensations, the transition-metal
catalysts are challenging to remove and negatively impact device per-
formance.”® New methods have been developed to overcome the
limitations of conventional polycondensations through distinct
mechanisms. Recently, there have been several reports detailing
photochemical routes to CPs, including protocols that eliminate
transition metals.”” Photochemical methods have largely been ap-
plied to electron-rich (p-type) CPs, while reactions that provide
electron-poor (n-type) CPs have lagged.”®"! For devices that use
CPs, such as flexible electronics and lightweight solar cells, both high
performance p-type and n-type materials are required."” New reac-
tions and a deeper understanding of their mechanisms will improve
the utility of CPs. To expand synthetic access to n-type conjugated
polymers, we developed the photopolymerization of electron-poor
aryl Grignard monomers using visible light (Figure 1a)."* This
polymerization has characteristics consistent with an uncontrolled
chain-growth mechanism, allowing us to synthesize a fully conju-
gated n-type block copolymer.

Several aspects of this light-mediated polymerization merited fur-
ther study. In contrast to other Kumada polycondensations, this re-
action proceeds without a transition-metal catalyst, requiring only
lithium chloride (LiCl)-saturated THF and light. Dark control reac-
tions yielded oligomers (degree of polymerization, DP < §), and
higher-molecular-weight polymers were only produced with visible
light irradiation (Figure 1b). LiCl was also found to be essential to
achieve higher molecular weights and yields. While Grignard rea-
gents and LiCl are known to form reactive “turbo Grignards” in so-
lution,"*" the improvements in reaction performance required well
beyond the stoichiometric quantities of LiCl needed to form such
complexes, suggesting a more nuanced role in the reaction (Figure

Lc). Finally, the photopolymerization proved compatible with sev-
eral n-type homopolymers and donor-acceptor polymers, but when
applied to common electron-rich monomers, such as 3-hexylthio-
phene, produced only trace oligomer (Figure 1d).

Previous work has described the catalyst-free cross-coupling reac-
tion between aryl Grignards and aryl halides as a radical-nucleophilic
aromatic substitution process (Sexl reaction).'”” Unlike our
polymerization, reactions that access small-molecule biaryls and
meta-linked poly(arylenes) rely on high temperatures instead of
light. Hayashi used radical clock experiments to rule out free aryl rad-
ical intermediates in the small-molecule coupling reaction; further-
more, authentic aryl radicals generated from diazonium salts over-
whelmingly underwent hydrogen atom transfer rather than C-C
bond formation.’® A computational investigation by Haines and
Wiest'® provided an explanation for the absence of detectable free
aryl radical intermediates. In their proposed mechanism (Scheme
1), coordination of the aryl Grignard to the aryl halide radical anion
allows the resulting aryl radical intermediate to be captured by Mg™*
in an ion-radical cage. Collapse into a new Csp”>~Csp” bond occurs
rapidly. All the proposed steps after rate-determining SET were
found to have very low barriers (< 3 kcal/mol).

Herein we report an experimental and computational mechanistic
study of the photocontrolled synthesis of n-type conjugated poly-
mers, revisiting the Grignard-directed Szx1 mechanism in the con-
text of our polymerization. Differences between the small-molecule
system and the polymer system explain key experimental observa-
tions such as the need for photoexcitation, LiCl, and the preference
for electron-poor polymers. We uncover an unusual example of a
photocontrolled reaction in which light redistributes electron den-
sity in the substrate to overcome unfavorable ground-state equilib-
ria.
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Figure 1. a) Gel permeation chromatography (GPC) traces of photo-
polymerization of P1 using conditions from ref 13, with and without
light. b) GPC traces showing the effect of LiCl on polymer molecular
weight distribution for the photopolymerization of P1. Low molecular
weight species is P1 tetramer; see ref. 13 for details. c) Representative n-
type (P1) and p-type (P2) polymers obtained via photopolymerization.

Results and Discussion

Propagating polymer chains are bromide-capped radi-
cal anions

First, we sought to experimentally determine the nature of the
growing polymer chain in the reaction. Polymers isolated by precip-
itation into methanol from the photopolymerization of P1 exhibit a
mixture of Br/Br, Br/H, and H/H chain ends by MALDI-TOF-MS
(Figure S2). However, dynamic equilibria of Grignard species in

solution complicate this analysis."””*' To better characterize the ac-
tive chain-end of growing polymers during the reaction, we designed
an in-situ aldehyde chain-trapping experiment (Scheme 2).

Scheme 1: Proposed mechanism of the coupling between aryl
Grignard reagents and aryl halides
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4,7-Dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole

(1) was converted to a mono-Grignard reagent (1-MgBr) and sub-
jected to standard photopolymerization conditions (see ref 13 for
details). After four hours of irradiation, at which point polymers are
still propagating, 2,6-difluorobenzaldehyde was injected into the
polymerization. The reaction allowed to continue for 20 hours prior
to quenching by precipitation into methanol. Fractionation of the
reaction by precipitation into acetone shows no incorporation of the
fluorinated aldehyde by ""F NMR in either polymer or oligomer frac-
tions (Figure SS). Concentration of supernatant yielded the small-
molecule products, which showed a new F NMR signal distinct
from 2,6-difluorobenzaldehyde. This new product was isolated and
determined to be the product of Grignard monomer addition to the
aldehyde (3) (see SI for details). These results suggest that the prop-
agating polymers are capped by bromine, not magnesium. The
Br/Br chain-ends likely come about through an initial oxidative di-
merization of Grignard monomers mediated by adventitious oxy-
gen, as has been previously reported in the literature.”** The litera-
ture conditions for oxidative dimerization could indeed be repro-
duced using the Grignard monomer (see SI for details). We hypoth-
esize that protonated chain ends, observed by MALDI-TOF-MS, re-
sult from Grignard metathesis between monomer and polymer
chains, a possible termination pathway for the polymerization.



Scheme 2: Aldehyde chain-end capping experiment.
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Having identified the chain ends, we then went on to characterize
the electronic state of the growing polymer. The mechanistic study
by Haines and Wiest proposed that the reaction is propagated by aryl
halide radical anions."” Given the evidence of brominated chain-
ends, if the growing polymers were found to be radical anions, it
could suggest that the polymerization operates under a similar
mechanism. Indeed, continuous-wave electron paramagnetic reso-
nance (CW-EPR) of the polymerization shows radical character
(Figure 2). CW-EPR of 1-MgBr before irradiation shows no signal,
suggesting that the radical character seen in the reaction is associated
with the polymer. Isolated P1 also shows no radical character by
CW-EPR, but P1 treated with of sodium naphthalenide (1 equiva-
lent per polymer chain) show a similar EPR signal, further suggest-
ing that radical character must be associated with the polymer chains
(see SI, Figures $22-23 for fitting). Taken together, the chain-end
capping and CW-EPR experiments suggest that the growing poly-
mer chains are bromine-capped radical anions.
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Figure 2. Continuous wave electron paramagnetic resonance spectra of
neutral P1, chemically reduced P1, 1-MgBr, and polymerization reac-
tion mixture of P1 (see SI for details).

LiCl prevents monomer coordination to heteroatoms
along the polymer chain

With a better understanding of the identity of the growing poly-
mer chain, we began our computational investigation using density
functional theory (DFT, CAM-B3LYP/6-311G(d) CPCM (THF))
calculations,” initially using the dibrominated benzotriazole dimer
radical anion as a model. Three major coordination modes of the
monomer to the radical anion were located (Figure 3a). The two

lowest-energy coordination modes are at the chain-end nitrogen (4)
and internal nitrogen (S) positions of the benzotriazole ring. Coor-
dination to the n-system of the aromatic ring (6), which is required
for abstracting the chain-end bromine, is 9.3 and 7.0 kcal/mol higher
in free energy than the nitrogen-coordinated structures 4 and §, re-
spectively. These data suggest that nitrogen coordination could be a
significant unproductive trap for the Grignard monomer.

We hypothesized that LiCl could coordinate the nitrogen atoms
and free up the Grignard monomer for productive reactions. Indeed,
we found that a THF-solvated lithium cation can displace the Gri-
gnard monomer from chain-end nitrogen sites in a model reaction
(AG® = -11.1 keal/mol, Figure 3b). It should be noted that the dif-
ference in energy predicted by this model reaction is likely overesti-
mated due to inaccuracies in the solvation energy of the free Li* by
the hybrid explicit solvation/CPCM implicit solvation model. Pre-
vious performance studies of the CPCM implicit solvent model sug-
gest the mean absolute deviation in solvation energies is 3-S5
kcal/mol.* Even accounting for this error, the computed energy sug-
gests that solvated Li* can displace the Grignard monomer from the
chain-end nitrogen sites of the dimer radical anion. These calcula-
tions suggest that superstoichiometric quantities of LiCl improve
the reaction by pushing this equilibrium further to the right, saturat-
ing the nitrogen “trap” sites on the polymer to disfavor unproductive
monomer binding.

Recent computational studies of aryl Grignard reagents have re-
vealed stable dimeric aggregates that sequester reactive monomer
and push the equilibrium away from the chain-bound structures re-
quired in our proposed mechanism.”” We identified two such di-
meric aggregates for 1-MgBr (Figure $20). These structures are >18
kcal/mol less stable than the bis-solvated monomer, likely due to the
increased sterics of the benzotriazole structure compared to previ-
ously studied systems. Furthermore, the addition of stoichiometric
LiClI to Grignard reagents is known to greatly enhance reactivity
through the formation of “turbo Grignards” that are proposed to dis-
rupt aggregation.”®” Therefore, in addition to blocking nitrogen
sites on the growing chain, LiCl may also have a secondary role lim-
iting unproductive aggregation of the monomer. Taken together, we
do not believe that Grignard aggregates are a significant contributor
to the proposed mechanism, and our model studies focus on inter-
actions between monomeric Grignard reagents with the polymer
chain.
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Figure 3. a) Structures of the Grignard monomer coordinated to the benzotriazole dimer radical anion (of the carbon coordination modes, the meta-
carbon is the lowest energy). Gibbs free energies are relative to chain-end nitrogen coordination. b) Computed relative Gibbs free energy for the equi-
librium between monomer versus lithium cation coordination at chain-end nitrogen sites on the benzotriazole radical anion dimer.

Energy landscape of dimer C-Br scission and C-C for-
mation

As the forward reaction requires the Grignard at the chain end to
abstract bromide, we investigated the energy landscape as the mon-
omer approaches the C-Br bond in the radical anion dimer (Figure
4a). It should be noted that Mg coordination to the aromatic ring
occurs via an ' binding mode, as discussed in energy landscape. A
transition state, TS-1, was identified along the reaction pathway be-
tween monomer bound to the meta position in 6 and an ipso-coor-
dinated structure (8). Intrinsic reaction coordinate analysis of TS-1
connects to an ortho-coordinated structure (7). Frequency analysis
shows that 7 is not a local minimum, instead falling to 6 upon opti-
mization. This analysis suggests the process of monomer migration
to the ipso carbon can proceed carbon-by-carbon along the ring. Ge-
ometric analysis of TS-1 indicates that the migration is coupled with
concomitant bending of the C-Br bond (164° out of aryl plane). A
similar bending was observed in the small-molecule study and can be
attributed to the intra-molecular electron transfer of the unpaired
electron from the & system to the C—Br o* orbital.'"**** Overall, the
migration of the Grignard to the ipso carbon requires a barrier of 9.4
kcal/mol. Alternatively, as the energies for 6 and 8 coordination are
close in energy (AG°= 0.7 kcal/mol), it is possible that monomer
could directly coordinate to the ipso carbon from solution.

From 8, there is a small barrier of 4.2 kcal/mol to break the carbon
bromine bond (TS-2) and reach a Mg-ion-radical cage complex (9).
A spin density map of 9 (Figure 4a, inset) shows that the radical is
localized onto the ipso carbon of the dimer. As shown in Figure 4b,
there is a 0.7 kcal/mol barrier for the aryl ring of the monomer of 9
to rotate (TS-3), allowing delocalization of the unpaired electron

across the two aryl systems through Mg (10, spin density Figure 4b
inset). The delocalized radical structure then passes through another
low barrier of 3.1 kcal/mol (TS-4) to form the new C—C bond. The
small barriers of all steps related to C—C bond formation suggest that
once formed, 9 is rapidly converted to product, explaining why rapid
termination due to free sp radicals is not observed.

The favorable coordination between Li* and nitrogen in the dimer
radical anion would indicate that the steps in Figure 4 likely occur
through a combination of pathways involving Li* coordination at dif-
ferent sites along the chain. Unfortunately, the additional computa-
tional expense of evaluating all possible Li-coordinated structures in
the C-Br cleavage and C—C formation energy landscape proved pro-
hibitive.

Light promotes propagation by shifting electron density
towards the chain end

The energetics of the steps shown in Figures 4 for the dimer sug-
gest that the processes of breaking the chain-end C-Br bond and
forming the new C-C bond are thermodynamically favorable, with
low kinetic barriers. From this energy landscape, light does not ap-
pear to be necessary for these steps. Indeed, our control experiments
suggest that the first several monomer additions (up to DP 4) can
occur without light." We therefore turned our attention to chains of
longer length to understand the role of light in the polymerization.
We hypothesized that internal positions of the growing polymer
chain could compete with the chain end for monomer coordination.
These interactions will become increasingly important as the poly-
mer chain grows, and the number of potential unproductive binding
sites for the monomer increases.
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Figure 4. Benzotriazole dimer radical anion free energy surface for a) C-Br bond breaking and b) C-C bond formation. Drawn structures have the
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Based on studies of P1 by Seferos,” we used the benzotriazole
hexamer to model a polymer that has reached the effective conjuga-
tion length. We identified three carbon-centered ' monomer coor-
dination structures for the hexamer radical anion (Figure $12). At-
tempts to coordinate the monomer to other positions along the hex-
amer resulted in either collapse to nitrogen coordination modes, or
areturn to these three structures. We find that in the hexamer, mon-
omer binding to the chain end is no longer favorable in the ground
state (Figure 5). Binding to internal monomer units is >17 kcal/mol
more favorable than the chain-end benzotriazole (Figure Sa). This
large difference in stability can be rationalized by visualizing the
HOMO of the hexamer radical anion (Figure Sb), which shows sig-

nificant localization of electron density on the inner monomer units.

This shift of electron density away from the chain ends has been pre-
viously observed in studies of n-doped CPs and is attributed to the
stabilization provided when excess charge resides at the site of long-

est conjugation.®**

To better understand the binding of monomers to the hexamer
radical anion, we examined the enthalpies and entropies associated
with each coordination site (Table S2; see SI for details). Coordina-
tion of the monomer to the chain end (site 1) requires significant
polarization of the HOMO away from the center of the chain (Fig-
ure S13). Moving the negative charge away from the area of longest
effective conjugation results in an enthalpic penalty. Additionally,
binding at site 1 and charge reorganization is accompanied by the
formation of a quinoidal structure at the chain end (Table S1). The
increased double-bond character between the benzotriazole rings
restricts rotation and results in a large entropic penalty for binding.
In contrast, monomer binding at the inner rings (sites 2 and 3) is not
accompanied by significant changes in bond lengths compared to
the free hexamer radical anion.

These calculations suggest that as the chain grows, the Grignard
monomer preferentially binds at internal sites. Because propagation
can only occur when the monomer binds the chain end, the thermal
polymerization stalls. To investigate how light promotes polymeri-
zation, we next examined the excited states of the hexamer radical
anion. We performed time-dependent density functional theory
(TD-DFT) calculations to visualize the electronic excitations of the
hexamer radical anion to its lowest excited state (the D: doublet
state). Density difference plots comparing the electron density in the
ground and first excited state (Do and D; respectively) show a clear
shift in electron density away from the internal monomer units and
towards the chain ends (Figure Sc). Moreover, excited-state optimi-
zations of the Grignard monomer bound to the hexamer radical an-
ion converge to a structure with the monomer bound to the ortho-
position of site 1, suggesting that the shift in electron density trans-
lates to changes in monomer coordination (Figure S14).

Thus, the role of light in the photopolymerization can be under-
stood: light does not directly promote bond-breaking or bond for-
mation, but instead favors productive monomer coordination
(Scheme 3). To evaluate whether monomer must be pre-coordi-
nated to the chain prior to photoexcitation, or whether a free excited-
state chain could react with unbound monomer, we measured the
excited-state lifetime of the P1 radical anion. Femtosecond transient
absorption spectroscopy of P1°~ reveals an excited-state lifetime of
850 * 6 ps (Figure S15). The decay of this excited state would be
competitive with molecular diffusion to form an encounter com-
plex.*"** Therefore, we propose that the monomer pre-complexes to
the chain before photoexcitation. After monomer coordination to
the inner units of the ground-state polymer chain, photoexcitation
shifts electron density to the chain end. This shift in electron density
triggers monomer migration to the polymer chain end. Based on the
low barriers predicted in the dimer model system (4.2 kcal/mol), C—
Br cleavage should occur readily once the monomer reaches the
chain end from either the D1 state (Scheme 3a) or after relaxation to
the kinetically trapped chain-end ground state, a local minimum
(Scheme 3b).



Scheme 3: Proposed role of light in promoting propagation by directing monomer coordination to the chain end.
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This proposal is consistent with experimental observations of
light dependence. In dark controls, low-molecular-weight oligomers
are formed at room temperature, in agreement with the low barriers
observed in the dimer energy landscape. Formation of higher-mo-
lecular-weight polymers requires light (Figure 1b)."” Visualization of
HOMO:s of the dimer, tetramer, and hexamer show a trend of in-
creasing localization of electron density within the center for the
chain as the length of conjugation increases (Figure S11). Excited-
state geometry optimizations of the D state for benzotriazole dimer
and tetramer radical anions bound to monomer also show ortho-co-
ordinated structures, suggesting that light could have a beneficial ef-
fect on the reaction even before polymers reach their effective con-
jugation length.

Estimation of the quantum yield (QY, defined here as the ratio of
monomers consumed to photons absorbed by the reaction solution)
over the course of the reaction suggests that the QY decreases from
an initial value of 3.9% to a plateau of 1.6% after ~20% conversion
(Figure S19). This decrease in QY can be ascribed to the formation
of highly absorbing CP products, which creates an internal filter ef-
fect. Based on the proposed role of light in the mechanism, we also
envision that as the chain grows, multiple irradiation steps may be
required to fully “walk” the monomer to the chain end.

Summary of proposed propagation mechanism

Based on our computational and experimental results, we propose
the following mechanism for propagation (Scheme 4). In the first
step, the Grignard monomer samples coordination sites along the
ground-state radical anion polymer chain, with Li* ions (not shown)
blocking the N sites (Scheme 4, I). Photoexcitation of the polymer
chain shifts electron density away from the inner monomer units to-
wards the chain termini, directing monomer coordination to the re-
action sites (Scheme 4, II). Once at the chain end, there are only
small kinetic barriers for the Grignard monomer to direct the ab-
straction of the chain-end bromine (Scheme 4, III). The resulting
Mg-radical ion cage complex then quickly collapses into a delocal-
ized biaryl radical ion (Scheme 4, IV) that then forms the C~C bond
while expelling MgBr, (Scheme 4, V).

kinetically trapped state

Scheme 4: Proposed mechanism for propagation in the photo-
polymerization of 1-MgBr.
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Recent computational studies of Grignard solvates and their reac-
tivities suggest that there are likely many structures of the Grignard
monomer in solution, which are nearly degenerate in energy.””* A
study by Cascella relating these structures to reactivity with carbonyl
electrophiles found <2 kcal/mol difference between monomeric and
dimeric solvates, suggesting that Grignard reactions may occur via
an amalgamation of similar mechanisms.* Regardless of the many
nuances of Grignard speciation in the experimental system, we be-
lieve that the mechanism in Scheme 4 provides a general framework
for understanding the photopolymerization.

Benzotriazole is considered a weak acceptor,** but the photo-
polymerization tolerates more electron-poor and slightly more elec-
tron-rich monomers.” Key features of the 1-MgBr system are pre-
sent in the other successful monomer systems reported by us previ-
ously. The homopolymer poly(2,3-bis(2-ethylhexyl)thieno[3,4-
b]pyrazine) has an electron-poor -system and heteroaromatic sites



that could compete for Grignard coordination. Benzothiadiazole
and diketopyrrolopyrrole based donor-acceptor monomers that
were compatible with the polymerization, albeit producing low-mo-
lecular-weight polymers, also contain these key features. Thus, we
anticipate this mechanistic framework will be relevant to the photo-
polymerization of other electron-deficient heteroaromatic CPs.

This light-promoted, Mg-templated Szn1 reaction may be con-
trasted to the state-of-the-art in controlled CP synthesis, catalyst-
transfer polycondensation (CTP)."*"” Like CTP, the photopolymer-
ization mechanism requires coordination of an organometallic spe-
cies to the m-system of the growing polymer chain, although the in-
teraction of the Grignard monomer with the radical anion chain is
electrostatic in nature rather than m-backbonding.*** Unlike CTP,
however, the coordination does not need to be maintained through-
out propagation to enforce a chain-growth mechanism; selective
photoexcitation and residence of the radical anion along the growing
chain favor chain growth over monomer-monomer coupling. How-
ever, uncontrolled initiation by adventitious oxygen and termination
by Grignard metathesis remain drawbacks of our photopolymeriza-
tion.

This work illustrates a highly unusual role for visible light in mod-
ulating the substrate electronics to promote productive binding, and
an alternative to more common triplet sensitization and single-elec-
tron-transfer mechanisms. As CTP also relies on coordination of or-
ganometallic species to the polymer chain, we anticipate that this in-
sight will inspire the development of photo-mediated variants.

Free-radical reactivity terminates electron-rich poly-
mers

With this mechanistic framework for the successful P1 system, we
can now begin to investigate the poor reactivity of electron-rich
monomers in the photopolymerization. Polythiophene is a ubiqui-
tous p-type polymer in the literature, often synthesized by Pd- or Ni-
catalyzed polycondensation, but under our standard reaction condi-
tions, 2-MgBr produces <5% yield of oligomers (Figure 6a). To un-
derstand why this reaction fails, we performed calculations for mon-
omer coordination to the thiophene dimer radical anion, 12 (Figure
6a; the hexyl chain is truncated to CH:), which would be produced
by oxidative dimerization of the corresponding Grignard monomer.
Recent computational work by Zimmerman on the aggregation of
thiophene Grignard reagents suggests that thiophenes such as 2-
MgBr form stable solvate dimers.”” Such dimers would decrease re-
activity by pushing the equilibrium away from the necessary mono-
mer-coordinated radical anions. For the purposes of our model
study, we will focus on the interactions of monomeric thiophene
Grignard reagents with the dimer radical anion 12, but we
acknowledge that monomer aggregation could also contribute to the
low reactivity of electron-rich monomers in the photopolymeriza-
tion.

The radical anion 12 shows C3 coordination analogous to 6 (Fig-
ure $10), in addition to a sulfur-coordinated structure 13 (Figure
6b). The sulfur-coordinated structure 13 is 2.4 kcal/mol more stable
than the lowest-energy carbon-coordinated structure, suggesting
that 13 represents the predominant form in solution. While the car-
bon-coordinated structures do not exhibit significant lengthening or
bending of the C-Br bond, the sulfur-coordinated conformer exhib-
its C-Br bond elongation by 0.75 A and significant spin density lo-
calization onto the carbon atom (Figure 6d; see Figure S10 for spin
density maps of carbon-coordinated structures). The extent of bond
breaking in this structure suggests that the electron-rich bithiophene

radical anion could be undergoing bond heterolysis, analogous to a
typical Srn1 reaction. If this is the case, the resulting “free” heteroaryl
radical would likely undergo rapid hydrogen-atom abstraction from
the weak C—H bonds of the THF solvent.

To test this hypothesis and the physical significance of the sulfur-
coordinated structure, the photopolymerization of 2-MgBr was
conducted in parallel in either THF-ds or THF (Figure 7).
Quenched and isolated oligomers from each reaction (n=3) show a
clear +1 m/z shift by MALDI-TOF-MS that is consistent with deu-
terium incorporation. D incorporation is additionally observed by
’H NMR for the THF-d;s reaction, but not in THF (Figure 7). In
contrast, when 1-MgBr is polymerized in THF-ds, no deuterium in-
corporation is seen by ’H NMR (Figure S8) or MALDI-TOF-MS
(Figure S7).
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Figure 6. a) Structures of monomer 2-MgBr and the bithiophene radi-
cal anion 12, used as a model system for calculations. b) Calculated
structure of 13; coordination at S is the lowest-energy coordination
structure and results in 0.75 A elongation of the C-Br bond. The explic-
itly coordinated THF, Br and second thiophene ring have been repre-
sented in wireframe for clarity. c) Spin density map (isovalue 0.005) for
the sulfur-coordinated conformer 13. d) Relative Gibbs free energy
landscape of C-Br abstraction in the thiophene dimer model system,
and structures of TS-S and 14.

Furthermore, computational analysis of C-Br cleavage from 13
shows that electron-rich systems could be compatible with the pho-
topolymerization conditions, if the termination process can be pre-
vented. A transition state structure (Figure 6d, TS-S) was identified
for the thiophene dimer connecting 13 to a Mg-ion radical cage, 14
(analogous to 9). There is a 4.2 kcal/mol free energy barrier from 13



to TS-$, consistent with the barrier from benzotriazole dimer 8 to
TS-2.

Our previous work showed that other polymers with sulfur het-
eroatoms, including poly(thienopyrazine) and donor-acceptor al-
ternating copolymers containing thiophenes as the donor, were
compatible with the photopolymerization, suggesting that this ter-
mination cannot be attributed to sulfur coordination alone."”® Like
thiophene, an electronically neutral hydrocarbon monomer 2,7-di-
bromo-9,9-dioctyl-9H-fluorene produced only trace oligomer."
Computational modeling of monomer coordination to a fluorene di-
mer radical anion also showed bromine abstraction and dissociation
of the Grignard reagent, suggesting that C-Br bond scission to form
free radicals is primarily related to monomer electronics (Figure
$21). Taken together, the computed dimer radical anion structures
and THF-ds reactions suggest that electron-neutral and -rich mono-
mers fail under the photopolymerization conditions due to Srnl
pathways that form rapidly terminated free sp” radicals.

1) n-BuLi
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Figure 7. Photopolymerization of 2,5-dibromo-3-hexylthiophene in
THF-ds (top) and MALDI-TOF-MS comparison of isolated trimer
from THF-ds polymerization and THF polymerization.

Conclusion

In summary, we have experimentally and computationally ex-
plored the photopolymerization of aryl Grignard monomers. These
studies reveal a Mg-templated Srx1 reaction analogous to the ther-
mal small-molecule version, but explain why thermal conditions fail
to produce CPs. Our calculations suggest that for electron-deficient
heteroaromatic monomers, once the Grignard monomer coordi-
nates to the polymer chain end, the barriers to bromide abstraction
and C-C bond formation are exceptionally low. The rapid rate of
these steps and delocalization of the radical intermediate minimizes
side reactions that would be expected for free sp radicals in a tradi-
tional Srx1 process. The extended n-system of the growing polymer
chain and abundance of coordinating heteroatoms necessitate key
modifications to the thermal small-molecule reaction: irradiation by
visible light and excess LiCl. In combination, LiCl and light funnel
Grignard monomers to the reactive chain-end sites. High

concentrations of LiCl block the heteroatom sites of the polymer
chain, promoting Grignard monomer coordination along the pi-sys-
tem of the polymer backbone. As the chain grows, unproductive Gri-
gnard monomer binding to inner sites of the polymer backbone
dominate, and photoexcitation is required to shift electron density
to the chain ends and favor productive binding events. Furthermore,
this mechanistic study provides insight into the incompatibility of
electron-rich and -neutral monomers with the photopolymerization.
These radical anions undergo facile C—Br heterolysis, resulting in
unstabilized sp” radicals that undergo termination by H-atom ab-
straction. Future work will focus on using these mechanistic insights
toincrease the yields and molecular weights obtainable by photopol-
ymerization. In silico insights into the failure of electron-rich and -
neutral monomers will enable the design of monomers and organo-
metallic reagents that are compatible with this reaction and produce
high-performance CPs. Furthermore, understanding the mecha-
nisms of initiation and termination will allow us to devise conditions
with better control over the polymerization.
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