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One Sentence Summary (120/125 characters):
Chain-growth polymerization of strained cumulenes enables extensively cross-conjugated

polyenes of unprecedented length.

Abstract (104/125 words):

For years, polyenes with an extensively cross-conjugated backbone have fascinated chemists by
their unique opto-electronic properties and reactivities, but so far only short oligomers (< 12
vinylene units) are available through multi-step assembly of vinylic building blocks. Here, we
report a single-step chain-growth approach that streamlines the synthesis of cross-conjugated
polyenes with up to 86 consecutive vinylene units averaged per chain and well-defined end groups.
This method highlights a key interaction between an organocopper species with a strained
[3]cumulene, unlocking a previously unknown 2,3-polymerization pathway. The resulting
polyenes display decent two-photon-absorption capacity without compromising visible
transparency, facilitating visible range two-photon lithography with sub-diffraction-limit

resolution.
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Main Text:

The conjugation topology of a z-conjugated scaffold can profoundly impact its optical and
electronic properties (Fig. 1A).(/-2) Polymers with an extended linearly-conjugated backbone
allows for effective delocalization and have been the subject of most studies. Their counterpart,
cross-conjugated polymers, featuring branched 7-groups and attenuated delocalization along the
main chain, have historically received less attention.(3-6) However, it is recently realized that
unique properties can arise from such an “interrupted” electronic communication. For instance,
cross-conjugation has been associated with the destructive quantum interference phenomenon in
single-molecule electronics, and therefore affords large on—off ratios.(7-9) In the field of organic
nonlinear optics, and in particular two-photon absorption (TPA) materials, Tykwinski showed that
helical cross-conjugated oligomers are promising candidates to circumvent the “transparency-
nonlinearity trade-off”” found in linearly-conjugated materials, due to their richness in 7-electrons
and length-independent absorption-edge.(/0-13)

Despite significant synthetic advances, the currently available cross-conjugated polymers
are virtually “mixed” in terms of linearly- and cross-conjugated units in the backbones.(/4-21) In
this regard, a prototypical linear polyene with the most extensive cross-conjugation possible,
namely a poly(1,1-vinylene)-type framework, has been highly desired yet elusive.(22-23) Some
works have tackled oligomers in this class (Fig. 1B). The parent structure, also known as
dendralenes, has been obtained by Sherburn via multiple cross-coupling reactions with the longest
record of 12 vinylene units.(24) Dong and Liu developed an iterative alkenylidene homologation
strategy through a novel SNV pathway and achieved up to a pentamer.(25) Whereas these elegant

step-growth methods afford precise short oligomers, extending the chemistry to higher ones (n >
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12) or even polymers is likely challenging, due to the limited reaction efficiency and decreasing
intermediate stability over steps.

Rather than stepwise assembling vinylic building blocks, we sought a chain-growth
strategy based on cumulenes. Three addition-polymerization modes can be conceived for a
[3]cumulene (Fig. 1C). We have previously realized the 1,4-polymerization mode by an
organocopper-mediated process, which yields an alkyne backbone.(26-28) It was envisioned that,
if this established regioselectivity could be overwhelmed by a 2,3-selective addition, a streamlined
synthesis of poly(1,1-vinylene) structure would become possible. Although this polymerization
mode is unknown, we drew inspirations from literature regarding highly strained [3]cumulenes.
(29-31) Their lowest unoccupied molecular orbitals (LUMO) are significantly altered by geometric
constrain, leading to preferential reaction at the central in-plane olefin. Taking this concept,
cycloaddition and nucleophilic addition have been demonstrated.(3/-32) In contrast, reactions via
interacting with an organometallic species remain largely unexplored.(33)

Here we report the 2,3-polymerization of strained cyclic [3]cumulenes towards extensively
cross-conjugated polyenes (Fig. 1D). Through an organocopper-mediated chain-growth process,
we are able to achieve purely cross-conjugated backbones with a record-breaking length (i.e.
poly(1,2,3-cyclohexatriene)s (PCHTS), up to 86 vinylene units by average) and well-defined end
groups. Spectroscopic analysis, computational modeling, and analogy to known foldamer systems
suggest helical conformations for PCHTSs, which brings decent TPA ability along with visible
transparency. While being thermally stable, this cross-conjugated polyene backbone naturally
responds to photo-excitation and generates reactive radicals. Combining these unique properties,
PCHTs as a new TPA photoinitiator class successfully enable visible range two-photon

lithography (TPL) with sub-diffraction-limit resolution.
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We commenced our study by evaluating the organocopper-mediated polymerization of a
Kobayashi silyl triflate (M1), which can be activated by fluorides to release the corresponding
1,2,3-cyclohexatriene in situ (Fig. 2A).(31, 34) Since the dendralene-type structures are well-
known to undergo Diels-Alder reactions, a quaternary substitution is added to the monomer
structure to sterically inhibit the product decomposition and meanwhile enhance the solubility.(35)
In tetrahydrofuran (THF) at 60 °C, using cuprous cyanide (CuCN) as an initiator, the target
polymer PCHT-1 was obtained in 65% yield (entry 1, Mn, gec = 3.0 kDa, D = 1.9, degree of
polymerization (DP) ~ 29). No polymer was detected in the absence of a Cu(I) initiator, and a
complex mixture was formed including various cycloaddition products (entry 2). A higher
molecular weight (MW) can be achieved by elevating the M1/CuCN feed ratio at the expense of
diminished yield (entry 3, Mhn, gec = 4.3 kDa, D = 1.6). Alternative organocopper and -palladium
complexes were found to promote the polymerization, albeit with inferior yields and MW (entry
4-7). The addition of a phosphine led to decreased MW, presumably due to competing phosphine-
initiated oligomerization (entry 8).(36) A super excess of cesium fluoride and 18-crown-6 was
necessary for efficient activation (entry 9-10). Low MW was obtained by either diluting the
reaction, using alternative solvents, or leaving out the 4A molecular sieves (MS), which scavenges
the trace moisture that could terminate the putative organocopper chain end (entry 11-14).

A brief survey of the monomer scope was then performed (Fig. 2B). Flexible side chains
improved the MW by further adding solubility (PCHT-2). Allyl ethers were well tolerated, which
could be used as a post-modification handle or removed to reveal hydroxyl groups (PCHT-3). As
the distal quaternary carbon has minimal effect on the propagation regiochemistry, these polymers

contain mixed head/tail connectivity. We were able to extend this chemistry to obtain a poly(1,2,3-
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cycloheptatriene) (PCHPT). However, further increasing the ring size failed to produce the target
polymer in substantial quantities. When an aryl substituent is introduced on the cyclic cumulene
motif, sluggish propagation was observed, which could be attributable to severe steric hinderance
(PCHT-4, DP ~ 7).

Extensive characterizations were performed to establish the backbone structure of PCHTS.
Trimer CHT-13 was independently synthesized and used as a model. As shown in Fig. 3A and 3B,
'H and *C NMR spectra of PCHT-1 are in good agreement with those of CHT-13 with apparent
peak-broadening. A heteronuclear single quantum coherence (HSQC) experiment was used to
establish the C-H bond connectivity (Fig. 3C). The exclusive 2,3-regioselectivity is validated by
the absence of acetylenic carbon and propargylic proton signals.

To assess the repeating units and end groups, we performed matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopic analysis on a sample of
moderate-MW PCHT-2 (CuCN-initiated, Mn.Grc = 3.5 kDa). Correct peak spacings of m/z =194.1
were observed (Fig. 3D). A cyano group at the a end and an end-capping H can be assigned, which
is consistent with a chain-growth process initiated by CuCN and terminated by protonation. The
GPC-assigned DP (~18) lies reasonably close to that estimated by mass spectroscopy (~23), which
corresponds to 46 vinylenes in average. Thus, it can be inferred that with the higher MW sample
of the same polymer shown in Fig. 2B (Mh, gpc = 6.6 kDa), by average a remarkable 86 consecutive
vinylenes have been assembled in a row. This may be considered a new record for dendralene-
type molecules.(24)

Density functional theory (DFT) calculations were next employed to provide further
insights into the polymerization mechanism (Fig. 3E). The coordination of the in-plane n-bond of

1,2,3-cyclohexatriene to a Cu(I) center is strongly exothermic because of the favored d-n* back-
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bonding (AH = -33.7 kcal/mol). The resulting n-complex Int-1 could slowly undergo migratory
insertion (TS-1, AG* = 25.2 kcal/mol) to form an alkenyl Cu(I) species Int-2, thereby completing
the initiation process. Subsequently, the propagation could involve a similar coordination-insertion
sequence via Int-3, which regenerates the alkenyl Cu(I) chain end Int-4. The high affinity of 1,2,3-
cyclohexatriene to Cu(I) is likely the key to enable efficient polymerization of such a fleeting
intermediate. We noticed that the migratory insertion of Int-3 is much more facile (TS-2, AG* =
13.1 kcal/mol). Hence, the slow initiation and fast propagation lead to an uncontrolled chain-
growth process. On the other hand, insertion across the out-of-plane m-bond was found
prohibitively high-barrier (Fig. S20), which is consistent with the exclusive 2,3-selective

polymerization observed.

With the structures of PCHTSs established, we set out to evaluate their optical properties.
The absorption spectra of PCHT-1 of different MWs (Mn,cprc = 1.0, 2.2 kDa) closely resemble that
of CHT-13 (Fig 4A). As the molecules get longer, the molar extinction coefficients steadily
increase at the maximum absorption (Amax ~225 nm), which can be ascribed to the individual 1,3-
butadiene repeating units.(24) Meanwhile, the transparency in the visible range is mostly preserved,
which is characteristic of cross-conjugated systems because of their attenuated long-range n-
delocalization. PCHTSs could adopt either a cisoid or transoid conformation. As shown by
modeling the oligomers, either a “closed” or “open” helical structure could be formed (Fig. 4B),
which is reminiscent of its aromatic analog, oligo(o-phenylene) foldamers.(37-38) Time-
dependent (TD) DFT calculation was performed on a trimer and a hexamer, respectively (Fig. 4C).
The low-energy transitions of the more twisted cisoid conformer are essentially symmetry-

forbidden and length-independent. In contrast, the less twisted transoid conformer would display
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longer-wavelength absorptions that become progressively red-shifted upon chain extension.
Experimentally, this conformational isomerism might be reflected by a shoulder absorption
observed at ~275 nm for PCHT-1.(39) The length-independent Amax and absorption edge of
PCHT-1 suggests it likely contains more cisoid conformers, which could make it spatially
compact with a high n-electron density and thus potentially TPA-enabling.

In contrast to the parent dendralenes, PCHT-1 is thermally stable up to 200 °C (Fig. S15).
Such remarkable stability can be attributable to the allylic quaternary substitution that inhibits
potential Diels-Alder and aerobic oxidation reactions. On the other hand, photo-generated carbon
radical species from PCHT-1 were readily detected by electron paramagnetic resonance (EPR)
spectroscopy (Fig. S30), which can be trapped by 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in
the presence of sodium ascorbate to eliminate potential oxygen-based radical adducts (Fig. 4D).(40)
To understand this photochemical reactivity, TD-DFT calculation was conducted using CHT3 as
a model. The S: state of CHT3 contains a substantial diradical character, which is accompanied by
apparent co-planarization of two adjacent butadiene fragments (Fig. 4E, dihedral angle 49° for So
and 17° for Si). Indeed, CHT-13 in dilute solution rapidly respond to UV-irradiation by self-
polymerization. Therefore, the extensive cross-conjugated backbone could provide PCHTSs with
a built-in photoinitiator function.

As an emerging advanced nanofabrication technology enabling sub-diffraction-limit
resolution, two-photon lithography (TPL) relies on photoinitiators with good TPA properties.(41-
42) In conventional linearly-conjugated molecules, larger TPA can be obtained by increasing the
conjugation length and the extent of symmetric charge transfer.(43) However, this is accompanied
by strong one-photon absorption in the visible range. As a result, TPL is typically performed using

near-infrared lasers, despite the Rayleigh criterion suggests that visible lasers can achieve smaller
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focal volumes and hence even higher resolutions.(44) To this, visible-transparent cross-conjugated
molecules with a high spatial density of polarizable z-electrons could offer an alternative.(/2)
Indeed, PCHT-1 was evaluated by open-aperture Z-scan technique, giving a TPA cross-section
(6) of 128 GM (107° cm* s/photon) at 650 nm while showing no one-photon absorption at this
wavelength. Since ¢ depends on the size of the molecule, a MW-normalized number (6/MW) is
computed to be 58 GM/kDa. This is comparable to some state-of-art visible-range TPA initiators
(46 GM/kDa for 7-diethylamino-3-thenoylcoumarin and 67 GM/kDa for 2,4-bis(trichloromethyl)-
6-(4-methoxystyryl)-1,3,5-triazine, at 780 nm).(45) Moreover, the incorporation of an aminoaryl
group on the 1,3-diene moiety was found to further boost the normalized TPA significantly
(PCHT-4, 330 GM/kDa).

The results of TPA measurement and photoinduced radical generation paved the way to
test PCHT as a new photoinitiator class for visible-range TPL. As a proof-of-concept study, a
photoresist was formulated by mixing a cross-linkable monomer, namely pentaerythritol
tetraacrylate (PETA) with PCHT-1 (Fig. 4F). Submicron features were printed using 535 nm
femtosecond laser direct writing, where the linear absorption of PCHT-1 is negligible. To our
delight, using 0.3 wt% PCHT-1, a parallel line array with a line width of 236 nm was obtained at
a laser power of 10.0 mW and printing speed of 250 um/s (Fig. 4G). More complex microstructures
can also be created (Fig. 4H). Single-photon control experiments (535 nm continuous-wave laser
with 100 mW power) gave no detectable polymerization, substantiating the necessity of TPA
process (Fig. S35). This is also consistent with the sub-diffraction-limit resolution observed. The
correlation between the feature size and laser power at different printing speeds is shown in Fig.

41, indicating that the line width can be reduced by either smaller laser power or faster printing.
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Built on this preliminary result, we envision that a reduced feature size could be realized by further
solubility tuning and structure engineering of the PCHT skeleton.

In conclusion, a single-step chain-growth approach to extensively cross-conjugated
polyenes of a record-breaking length is developed. This method highlights a key interaction
between an organocopper species with a strained [3]cumulene, thereby unlocking a previously
unknown 2,3-polymerization pathway. The present work opens up fresh opportunities for a deeper
understanding of cross-conjugated systems and their associated applications, such as in visible-

range two-photon lithography.
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Fig. 4. Optical and photochemical properties of PCHT-1 and application in two-photon
lithography. A. UV-Vis absorption spectra of CHT-13 and PCHT-1 (Mncrc = 1.0 and 2.2 kDa).
B. Optimized 3D structures for cisoid- and transoid-conformers of hexamer CHTg. C. TD-DFT
computed UV-Vis spectra of cisoid- and transoid-oligo(1,2,3-cyclohexatriene)s of varying lengths.
D. Spin-trapping experiment. A solution of PCHT-1 in THF was irradiated by a 365 nm LED in
the presence of DMPO (10.0 equiv.) and sodium ascorbate at r.t., which was monitored by EPR
spectroscopy (g =2.0059, Ax = 13.2 G, AnP = 19.6 G). E. Analysis of the excited state structure of

CHT;3; and photo-induced polymerization of CHT-13. F. A photoresist containing PCHT-1 in
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PETA (pentaerythritol tetraacrylate) responded to 535 nm femtosecond laser but not 535 nm
continuous-wave laser. G. An SEM image of parallel line arrays fabricated by a 535 nm
femtosecond laser at a printing speed of 250 um/s and laser power of 10.0 mW. Scale bar, 2 pm.
H. An SEM image of an embossed pattern of the logo of Peking University at a printing speed of
100 pm/s and laser power of 12.5 mW. Scale bar, 20 um. 1. Influence of laser power and printing
speed on line width. (error bars represent mean + SD for five independent measurements, SD =

standard deviation).
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