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ABSTRACT: Carbon nanothreads are a rapidly growing class of 1D nanomaterials with sp3-hybridized diamond-like backbones. 
Most nanothreads are synthesized through the pressure-induced polymerization of aromatics, resulting in diverse structures and func-
tionalities. Aside from precursor selection, there are currently limited means to control nanothread reaction pathway or polymerization 
outcome. Analogous to selection rules that govern outcomes in small molecule chemistry, we investigated both thermally and photo-
chemically mediated polymerizations of skipped and conjugated dienes (1,3- and 1,4-cyclohexadiene) under high pressure and ex-
plored the resultant product selectivity. For 1,3-cyclohexadiene, both approaches yield largely amorphous products owing to com-
peting reaction pathways. Thermally mediated polymerization of 1,4-cyclohexadiene yields a crystalline product; however, the iden-
tification of the backbone composition is consistent with multiple different reaction pathways being accessible. While support for 
cyclobutane structures is present, comparison to the simulated structures suggests multiple products are obtained from the thermal 
polymerization of 1,4-cyclohexadiene. In contrast, the recovered product obtained from photochemically mediated polymerization of 
the skipped diene has different d-spacings and is consistent with simulations that support a single reaction pathway toward cyclobu-
tane-linked nanothreads. These results suggest that photochemical activation can enable product selectivity in nanothread synthesis. 

INTRODUCTION 
Pressure-induced polymerizations of unsaturated cyclic precur-
sors has often yielded amorphous hydrocarbon networks.1-5 Re-
cently, the high-pressure polymerization of aromatics realized a 
new class of materials – called nanothreads – when the slow 
solid-state compression of benzene afforded a distinct crystal-
line product.6, 7 Nanothreads are synthesized through kinetically 
controlled polymerization, wherein reactions apparently occur 
along stacks in a molecular crystal.6-29 NMR spectra obtained 
for benzene- and furan-derived nanothreads supported polymer-
ization through repeated [4+2]-cycloadditions.13, 15 In contrast, 
cubane-derived nanothreads were the result of radical polymer-
ization.10 Whereas these solid-state reactions are dictated by the 
arrangement of precursor molecules,17-23 methods to select spe-
cific reaction pathways and access new architectures remain 
largely unstudied. 
 In solution-based and solid-state organic synthesis, heat and 
light are often used to achieve different products. For pericyclic 
reactions within thermal and photochemical systems, orbital 
symmetry and the Woodward-Hoffmann selection rules help 
predict stereospecific reaction outcomes.30 For example, the 
electrocyclic ring opening of substituted cyclobutenes results in 
different stereoisomers under photochemical and thermal con-
ditions. Translating this concept to macromolecular systems, in 
particular carbon-based nanothreads, could enable different 

mechanisms and stereochemical outcomes to be achieved. 
Moreover, the use of photochemistry to direct nanothread for-
mation may realize alternate architectures and/or facilitate reac-
tivity in previously inert nanothread systems.   
 Recently, photochemical irradiation was reported to reduce 
the pressures required for polymerization into nanothreads.9, 31 
For example, monomeric pyridine formed well-ordered sp3-rich 
products using laser or broadband irradiation. The use of pho-
tochemistry in the polymerization of furan also afforded 
nanothreads at reduced pressures; quantum mechanical calcula-
tions revealed that the reaction favored a photochemically ac-
cessible [4+4]-cycloaddition as the initiation step9 in contrast to 
thermally governed polymerizations, thus enabling propagation 
through more energetically favorable [4+2]-cycloadditions. 
While the introduction of light to access a structurally diverse 
array of 1D polymers is well-studied,32-39 leveraging photo-
chemistry to selectively dictate polymer structure (compared to 
thermal means) in strict analogy to molecular systems has yet 
to be documented. 
 Here we investigate isomers of cyclohexadiene as monomers 
for pressure-induced polymerization. We hypothesize that the 
nature of the diene – conjugated or skipped – would dictate 
which mechanisms and products might be accessible from the 
polymerization, while expecting different pathways compared 
to benzene.40 Moreover, the comparative reactivities of 1,3- and 
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1,4-cyclohexadiene may help elucidate polymerization out-
comes. While the conjugated diene is considered more stable 
owing to resonance, the cyclization of hexadiene is destabiliz-
ing, leading to higher energy in the corresponding π orbitals. 
Consequently, the thermal dimerization of 1,3-cyclohexadiene 
yields a mixture of products from competing [4+2]-cycloaddi-
tion, [2+2]-cycloaddition, and [6+4]-ene reactions.41-43 In con-
trast, cyclization of the skipped diene is overall stabilizing ow-
ing to hyperconjugation. Thus, we hypothesize that pressure-
induced polymerization of 1,3-cyclohexadiene might initiate at 
lower pressures but is unlikely to favor one reaction pathway. 
In contrast, the heightened stability of 1,4-cyclohexadiene sug-
gests it might require higher pressures to induce reactivity from 
fewer viable reaction pathways.44 

 
Figure 1.  Summary of reported ambient temperature and photo-
chemically mediated polymerizations of pyridine and furan, 
wherein substantial reductions in pressure were observed, and cy-
clohexadiene isomers, wherein distinct structural outcomes are 
achieved using the two methods. 

 In studying 1,3- and 1,4-cyclohexadiene we also became in-
terested in using our polymerization method based on UV-irra-
diation9 to investigate the possibility of new mechanisms and/or 
specific product formation. Previous photochemical dimeriza-
tions of 1,3-cyclohexadiene have observed a mixture of prod-
ucts, with the results suggesting that the [2+2]-cycloaddition 
pathway outcompetes [4+2]-Diels-Alder dimerization. Photo-
chemical dimerizations of substituted 1,4-cyclohexadienes, alt-
hough lesser studied, result predominantly in cyclobutane link-
ages.45 Photochemical irradiation may decrease the reaction 
pressures required for polymerization at ambient temperature. 
Photochemically mediated polymerization may also yield a 
more ordered product from 1,3-cyclohexadiene, owing to re-
duced pathways available through dimerization. Since fewer 
pericyclic reactions are observed using 1,4-cyclohexadiene, we 
hypothesize that thermally and photochemically mediated 
polymerizations of it may afford different products. Our hy-
potheses, while in analogy to conventional organic chemistry, 
are in sharp contrast to non-pressure-induced polymerizations 
wherein heat and light are less known to affect reaction mecha-
nism. 

 Monomeric 1,3-cyclohexadiene was expected to react given 
the conjugated diene’s propensity for both [4+2]-cycloadditions 
and photopolymerization in conventional systems. Despite the 
built-in reactive diene, we find that the application of pressure 
is unable to achieve an ordered product. The addition of UV 
irradiation affords a product with weak diffraction. In contrast, 
polymerization of 1,4-cyclohexadiene at room temperature af-
fords an ordered polycrystalline solid, evidenced by X-ray dif-
fraction, while the photochemically mediated polymerization of 
1,4-diene achieves a distinct product at reduced pressures.  

RESULTS AND DISCUSSION 
Thermally Mediated Pressure-induced Reactivity of 1,3-
Cyclohexadiene 
 Polymers of 1,3-cyclohexadiene (1,3-diene) have been ob-
tained through many mechanisms including cationic,46 ani-
onic,47, 48 radical,49 and Ziegler-Natta50 polymerization. We hy-
pothesized that the 1,3-diene could polymerize through a series 
of [4+2]-cycloaddition reactions analogous to degree-4 
nanothreads7, 13, 18, 40, 51  derived from aromatic precursors such 
as benzene and furan.13, 15 Whereas non-aromatic π-bond-
containing molecules have not been explored for nanothread 
formation, we posited that the conjugated cyclic diene may en-
able facile [4+2]-cycloadditions to be achieved. 
 The thermal pressure-induced reactivity (20–22˚C) of 1,3-
diene was studied through in situ Raman and infrared (IR) spec-
troscopy (Figures 2 and S1). Liquid 1,3-diene was loaded into 
a diamond anvil cell (DAC), where it solidified into a glassy 
phase at approximately 1.5 GPa, as confirmed by a lack of lat-
tice modes observed in the Raman spectrum. A glassy sample 
of 1,3-diene was compressed to a maximum pressure of 20–21 
GPa, held at this pressure overnight, then decompressed over 7 
hours whereupon an opaque solid was recovered (Figure S8). 

Figure 2. Left: In situ IR spectral overlay highlighting C–H stretch-
ing modes taken throughout the compression to 20 GPa of 1,3-
diene. Right: Synchrotron powder X-ray diffraction of the product 
recovered after compression to 21 GPa (top), or 14 GPa with UV 
light exposure (bottom).  

 In situ Raman spectroscopy revealed that a reaction had taken 
place under pressure, evidenced by a large increase in the pho-
toluminescent (PL) background beginning at 11 GPa (Figure 
S1).7, 16, 23 The broad vibrational modes of 1,3-diene at low 
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pressure matched the reported low temperature spectra.52 53 An-
other experiment using in situ IR spectroscopy showed no 
changes that suggested a phase transition to the molecular sys-
tem, as consistent relative intensities between modes are seen 
throughout the compression (Figure S5). Furthermore, the pre-
cursor C(sp3) modes broadened and increased in intensity. The 
sizable shifts and changes in the vibrational modes indicated a 
different chemical environment for the product and supported a 
reaction under pressure. 
 Upon decompression and recovery of the polymerized mate-
rial, shifts in the sp3 and sp2 C—H stretching modes were ob-
served: IR modes at 3054 cm−1, 2948 cm−1, and 2881 cm−1 in 
the precursor shifted to 3018 cm−1, 2927 cm−1, and 2861 cm−1 
respectively in the recovered product. The integrated areas of 
the sp2 and sp3 C—H regions of the product spectrum were used 
to estimate the ratio of C(sp3):C(sp2).2 From this analysis, the 
solid recovered from the in situ IR compression to 20 GPa had 
an estimated 88% sp3 carbon content. Synchrotron X-ray dif-
fraction of recovered samples showed no distinct features, in-
dicative of an amorphous product (Figure 2).  We attributed this 
to competing pericyclic reactions that enabled high C(sp3) con-
tent to be achieved despite an ill-defined structure and/or pack-
ing. 
 
Photochemically Mediated Pressure-induced Reactivity 
of 1,3-Cyclohexadiene 
 Given the possibility of selecting accessible reactions, we ex-
plored the pressure-induced reactivity of 1,3-diene with UV ir-
radiation in a DAC. Samples of 1,3-diene were exposed to 
broadband UV light while being compressed and monitored by 
in situ Raman spectroscopy. Raman spectra revealed a notable 
decrease in the reaction onset pressure (from 11 GPa to 5 GPa), 
evidenced by the PL background beginning at lower pressure 
(Figure S1). However, the introduction of UV light did not im-
pact the peak position or reduce broadness, affording a spec-
trum that appeared analogous to thermal polymerization.  
 The IR spectra of products obtained from thermally and pho-
tochemically mediated compressions of the 1,3-diene featured 
subtle differences in the fingerprint region (Figure S3). In the 
photochemical sample, a broad peak appeared at 1357 cm−1 akin 
to the thermal sample (Figure S3), which was attributed to the 
formation of new C—H stretching modes. However, the photo-
chemically generated product featured several distinct modes at 
1308 cm−1, 887 cm−1, and 878 cm−1 that we tentatively assigned 
to C–H stretching and alkyl ring vibrations. Raman and IR spec-
troscopy indicate that irradiation with UV light led to the for-
mation of a sp3 hybridized product.54  In contrast to thermal 
compressions, powder X-ray diffraction of the product obtained 
using photochemically mediated polymerization shows a dif-
fuse ring at 5.2 Å (Figure 2), suggesting the photochemically 
mediated reaction selected for the more conventional [4+2]- and 
[2+2]-cycloadditions as seen in molecular systems. Thus, a 
more ordered solid was obtained wherein the d-spacing was 
consistent with a polycrystalline nanothread-like product. From 
the data obtained we cannot rule out ring-opening reactions or 
integration of ring-opened products within the final polymer 
structure. 
 Overall, UV irradiation during compression of 1,3-diene de-
creased the reaction pressure while enabling the formation of a 
semi-ordered product with high C(sp3) content. Our observa-
tions suggest that photochemistry limits the accessible 

pathways, leading to more selective polymerization reactions. 
These results align well with the molecular dimerization of 1,3-
diene. 
 
Thermally Mediated Pressure-induced Reactivity of 1,4-
Cyclohexadiene  
 Unlike 1,3-cyclohexadiene, 1,4-cyclohexadiene (1,4-diene) 
does not contain a conjugated diene, but rather a skipped diene. 
Thus 1,4-diene does not contain the generally accepted diene 
required for Diels-Alder cycloadditions that often characterize 
nanothread formation.13, 15 Without a conjugated system, the 
1,4-diene may realize new architectures from polymerization 
through reactions such as pericyclic and radical [2+2]-cycload-
ditions. We calculated the reaction free energies associated with 
oligomerization through theoretical reactions (see SI) resulting 
in partially and fully saturated structures attainable through Zig-
zag (ZZ), Armchair (AC), and Cyclobutane (CB) pathways 
(Figure 3). Our calculations suggest that propagation through 
[2+2]-cycloadditions toward cyclobutane-linked structures is 
thermodynamically favorable when the reacting molecules of 
1,4-diene are staggered.  Further, the radical mechanistic path-
ways that AC or ZZ architectures would encounter are disfa-
vored upon initiation, although lower relative energies occur 
upon further oligomerization. The results of these calculations 
are shown in Figures S27 and S28. 

 

 

 

 

 

 

 

Figure 3. Possible structural outcomes from a one-dimensional 
polymerization of 1,4-cyclohexadiene with different connectivity 
patterns. 

 The pressure-induced polymerization of 1,4-diene was first 
investigated at 20–22˚C in a DAC without UV irradiation. 
Loaded 1,4-diene solidified at approximately 1.5 GPa into a 
polycrystal. Attempts to grow single crystals in the DAC 
through annealing at low pressure or cooling still resulted in 
polycrystalline samples. Samples of polycrystalline 1,4-diene 
were compressed to a maximum pressure of 21 GPa and held at 
this pressure overnight. Upon decompression a white solid was 
recovered (Figure S8).  
 In situ IR spectroscopy showed broadening and shifting of 
C–H stretching modes at increased pressures (Figure 4). In ad-
dition, all vibrational modes broadened with increased pressure, 
while the sp2 stretching modes decreased in intensity between 
14 and 15 GPa, indicating the start of a reaction. This observa-
tion suggests that the skipped diene required higher pressures 
compared to the conjugated diene, in line with our expectations.  
After decompression, stretching in the C–H sp2 region softened 
to lower wavenumbers (from 3054 to 3017 cm−1) while the sp3 
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stretching modes from 2948 to 2881 cm−1 merged into a broad 
peak centered at 2917 cm−1. Additional vibrational modes were 
observed at 1035 and 1475 cm−1 which likely correspond to ring 
breathing modes and new sp2-sp3 bending modes, consistent 
with a reaction under pressure (Figure S4). The prominent 
HC=CH bending modes of the precursor at 617 and 1160 cm−1 
were absent in the recovered spectrum at 0 GPa, which con-
firmed consumption of the skipped diene reactant. The IR spec-
trum of the product suggested that ~80% of the carbon atoms 
are sp3 hybridized.2 

 

Figure 4. In situ monitoring of separate compressions of 1,4-diene 
to 21 GPa through (left) IR spectroscopy and (right) synchrotron 
powder X-ray diffraction. Red spectra were collected on decom-
pression (also denoted with downward arrows) and asterisks denote 
new peaks. 

 In a separate experiment, in situ Raman spectra were rec-
orded to monitor the reaction progress of a polycrystalline sam-
ple of 1,4-diene held at the maximum pressure of 21 GPa for 24 
hours. An increased PL background was observed between 11 
and 15 GPa (Figure S2), which is often indicative of a chemical 
change. Above 15 GPa no vibrational modes could be discerned 
over the PL background. A phase transition was seen with in 
situ Raman spectroscopy. This was supported by new vibra-
tional modes appearing as low as 1.5 GPa and continuing to 6 
GPa, at which point the sample no longer matched the reported 
ambient pressure Raman spectra for 1,4-diene.55 Synchrotron 
XRD of the recovered sample showed two interplanar spacings 
with d24-hour = 6.04 and 5.83 Å (Figure 5, right panel).  

Figure 5. Recovered gasket diffraction from experiments that pol-
ymerized at the max pressure for 96 hours and 24 hours. 

 To further investigate the polymerization of the 1,4-diene, a 
powder sample was monitored through in situ synchrotron pow-
der X-ray diffraction (Figure 4). The 1,4-diene was compressed 
at a controlled rate of 5 GPa per hour to a final pressure of 21 
GPa, followed immediately by decompression to ambient 

pressure at the same rate. New diffraction peaks emerged on 
decompression at approximately 10 GPa. Peaks corresponding 
to three distinct interplanar spacings (that are inconsistent with 
solidified 1,4-diene) increased in intensity as the pressure 
dropped. The product of the in situ powder experiment was 
crystalline on decompression until 4.8 GPa, where the sample 
lost order (Figure S7). The loss of order might be owing to in-
complete polymerization and/or the formation of shorter less 
stable structures. We, thus, sought to investigate an additional 
compression using in situ XRD, wherein the sample was held at 
the maximum pressure for an extended time prior to decompres-
sion.  
 Polycrystalline 1,4-diene was compressed to 21 GPa and held 
at that pressure for 96 hours. The decompression was monitored 
through XRD, with scans being recorded every 1–2 GPa (Figure 
7). Here, we observed the expansion of the interplanar spacings, 
along with significant relative expansion observed over the last 
2 GPa. We recovered a crystalline product with two interplanar 
spacings, d96-hour = 6.14 Å and 4.90 Å (Figure 5). The recovery 
of one large and one small d-spacing suggests a product with 
anisotropic packing (Figure 6).  

Figure 6. Simulated structures and anisotropic packings relaxed at 
0 K and 0 GPa. The number of consecutive hydrogens (shown with 
brackets) along the backbone is used to differentiate CB-syn pack-
ings. The anti-pair of hydrogens is circled in the CB-anti structure.  

 
Simulated Diffraction and Nanothread Packings for 
Thermal Compressions of 1,4-Cyclohexadiene 
 To further investigate the resulting sp3-hybridized and crys-
talline product, decompression data from the in situ XRD ex-
periment (the 96-hour sample) was compared to the simulated 
diffraction of 1,4-diene-derived materials geometrically opti-
mized through ab-initio computation with PBE functional,56 
DFT-D3/BJ van der Waals correction,57, 58 and plane wave basis 
set, implemented in the VASP package.59-63 All possible 
nanothread structures with an axial unit cell containing one or 
two precursor molecules without significant strain, hydrogen 
migration, or intramolecular bond breaking were considered. 
The simulated structures included both degree-2 (unsat) and de-
gree-4 (sat) nanothreads of Zigzag (ZZ-unsat and ZZ-sat) and 

1.2 GPa
2.0
2.9
4.4
5.4
7.5
8.7

10.5
11.6
13.1
14.3

19.4

0.0 ↓

*
*
*
*

*

*

15.5

0.2 ↓

2.1 ↓
6.0 ↓

12.6 ↓

*

* *
*

4.4 GPa

5.2

6.1

7.7

9.2

10.3

11.0

12.2

14.1

16.1

19.1

21.0

4.8 ↓

https://doi.org/10.26434/chemrxiv-2024-94t4d ORCID: https://orcid.org/0000-0002-1239-9560 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-94t4d
https://orcid.org/0000-0002-1239-9560
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

Armchair (AC-unsat and AC-sat) connectivity, along with cy-
clobutane (CB)-links, and crosslinked materials. Sixteen differ-
ent packing geometries were randomly generated for each 
thread species. After geometry relaxation, those initial packing 
geometries converged to one or two low-enthalpy packings for 
each thread species, which are then compared to the experi-
mental d-spacings. (See SI for simulated structures and pack-
ings not included in Figure 7).  

 

Figure 7. Experimental (96-hour sample) and simulated X-ray dif-
fraction data for 1,4-diene: (top left) overlay tracing decompression 
of polymerized 1,4-diene with blue circles, blue squares, and blue 
triangles highlighting relevant peaks and comparison of experi-
mental d-spacing to simulated diffraction data for (top left) CB-syn-
2 packing, (bottom left) ZZ-sat packing, and (bottom right) AC-sat 
packing. 

 Some categories of structural candidates are easily eliminated 
due to significant disagreement between simulated d-spacings 
and the experimental data. For example, the simulated diffrac-
tion for sheet-like products (Figure S25 and S26) deviated sig-
nificantly from the experimental decompression data, so struc-
tures of this dimensionality could be excluded. To examine the 
nanothread candidates, we assume the observed reaction prod-
uct Friedel pairs are associated with the two-dimensional lattice 
of thread packing; such peaks are typically much more easily 
observed than those from axial periodicity, presumably due to 
longer-ranged structural order in the packing direction. The 
non-rigid degree-2 (unsat) structures each have two distinct 
conformations (eclipsed and staggered). The unsat staggered 
conformations yield one d-spacing exceeding 7.0 Å, which is 
excluded by the experimental data. The unsat eclipsed confor-
mations are more than 0.7 eV higher in enthalpy per precursor 
than the staggered conformations (a difference not overcome by 
PΔV enthalpy differences at the reaction pressure). Further-
more, these two structures are conformational isomers and thus 
eclipsed may convert to staggered at ambient pressure, so the 
unsat eclipsed conformation is also ruled out.  
 The remaining possible thread candidates include the CB-
syn, CB-anti, ZZ-sat, and AC-sat structures. CB-syn threads 
would be formed from propagating [π2s + π2s]-cycloadditions 
which are traditionally understood as symmetry-forbidden.64 In 

contrast, CB-anti threads would be formed from [π2s + π2a]-
cycloadditions, which are symmetry-allowed under thermal 
conditions. However, they are 0.25 to 0.5 eV higher in enthalpy 
per precursor and more than 0.4 eV higher in gas phase dimeri-
zation reaction barrier than CB-syn threads. The dimerization 
barrier is computed by slow-growth method [ref] implemented 
through VASP.65-67 The alignment needed for [π2s + π2a] reac-
tion is also hard to achieve due to steric constraints at high pres-
sure. Therefore, the CB-anti outcome is less likely than CB-syn 
despite CB-anti having a symmetry-accessible [π2s + π2a] re-
action trajectory. For the CB-syn structures simulated, the num-
ber following the conformation indicates the number of consec-
utive hydrogen pairs along one side of the nanothread back-
bone. For instance, CB-syn-3 has three consecutive hydrogen 
pairs along one side of the thread, accumulating curvature and 
thus manifesting a more circular nanothread cross-section in 
projection along the axis (Figure 6). The lack of curvature ac-
cumulation in the CB-syn-1 thread produces a more elliptical 
cross-section.  
 We compare the remaining structures and their simulated dif-
fraction data with the in situ XRD data for decompression from 
21 GPa (Figure 7). Unmarked peaks at approximately 8 and 9 
2θ were attributed to the precursor and not analyzed further. The 
d-spacings marked by solid blue circles and solid blue squares 
are taken to arise from the two-dimensional lattice of thread 
packing. The combination of a long (blue circle) and short (blue 
square) d-spacing indicated a degree of ellipticity only achiev-
able by CB-threads with one or two consecutive hydrogens al-
ternating sides along the thread (Figure 5). A weak set of Friedel 
pairs with the same d-spacing as the blue squares was observed 
at 21 GPa but not at ambient pressure. Having two sets of sim-
ilarly spaced Friedel pairs is consistent with the CB-threads 
having two short d-spacings in simulations (Figure 7 and S10). 
A weaker and broader peak marked with a hollow blue triangle, 
which is close to a peak of the precursor molecular crystal, dis-
appeared at ambient pressure (Figure 7). Its variation in d-spac-
ing under decompression also differs from those of d-spacings 
associated with thread packing. Therefore, this hollow triangle 
peak was not included in the analysis of thread packings. Con-
sidering the solid circle and square peaks, the d-spacings from 
the 96-hour sample matched well, at all pressures, with the sim-
ulated CB-threads whose ellipticity corresponded to having one 
or two consecutive hydrogens alternating on the two sides of a 
thread (Figures S13 to S26). The abrupt expansion step as pres-
sure is released is characteristic of other nanothread samples16 
and is attributed to a release of pressure-induced straightening 
of the threads around on-thread structural defects (the disorder 
associated with this “destraightening” may account for the un-
observability of the second short d-spacing upon recovery). 
 The XRD obtained on the 24-hour sample (Figure 5), lacked 
short d-spacings, suggesting a reaction product different from 
the 96-hour sample. Such d-spacings are consistent with threads 
with less elliptical cross-section, such as AC-sat, ZZ-sat, and 
CB-threads with at least three consecutive hydrogen pairs along 
one side (e.g., CB-syn-3). Although the AC-sat thread aligns 
best with the two observed d-spacings, the absence of an ex-
pected third set of quasi-hexagonal Friedel pairs and the lack of 
in-situ XRD data for this 24-hour sample prevent a more confi-
dent identification of its reaction product. 
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 Overall, the thermally mediated polymerization of 1,4-cyclo-
hexadiene likely produced either CB-nanothreads with incom-
plete XRD peaks (as in the 96-hour sample) or other distinct 
reaction products (as in the 24-hour sample). In contrast, we 
will show that the high-pressure polymerization under photo-
chemically mediated conditions produced a more ordered 
thread that retains all Friedel pairs to ambient pressure and 
showed a highly elliptical cross-section associated with CB-
threads. 
 
Photochemically Mediated Pressure-induced Reactivity 
of 1,4-Cyclohexadiene  
 To explore alternate reaction pathways, and/or reduce reac-
tion pressures photochemically, polycrystalline samples of 1,4-
diene were compressed while being irradiated with UV light in 
a DAC. Several conditions were explored, with variations in-
cluding changing the maximum pressure (GPa) and exposure 
time (hours) for the samples. Methods introducing UV irradia-
tion for a specific amount of time at various pressure points or 
continuous UV light exposure throughout slow compression 
were investigated. Experiments which used three hours of 
broadband UV irradiation at various pressure points throughout 
the experiment afforded the most crystalline solids. Recovered 
samples from these experiments to 12, 14, 15, and 18 GPa pro-
duced semi-crystalline solids; however, the 12 GPa samples did 
not diffract (Figure S7). Those compressed to 10 GPa or below 
crystallized under pressure but reverted to a liquid after UV 
light exposure and decompression.  
  

 

Figure 8. In situ Raman spectral overlay of the photochemically 
mediated compression of 1,4-diene to 18 GPa along with subse-
quent Raman scans after each 1-hour irradiation period. 

 In our optimal experiments, samples of liquid 1,4-diene were 
compressed to 18 GPa over three hours and allowed to equili-
brate overnight. In situ Raman spectroscopy was used to moni-
tor reaction progress. At 18 GPa, the sample was exposed to UV 
light in one-hour increments after which Raman scans were 
taken immediately; samples were irradiated for a total of three 
hours at that pressure. Raman spectra showed broadening of the 

1,4-diene vibrational modes under pressure, with a slight in-
crease in the PL background being observed at the maximum 
pressure of 18 GPa (Figure 8). Scans after each hour of UV ir-
radiation showed a large increase in the PL background, likely 
resulting from chemical transformation. 
 IR spectra of the recovered solid featured an intense C–H 
stretching peak below 3000 cm−1 (Figure S4), along with new 
vibrational modes at 1035 and 1475 cm−1 which likely corre-
spond to a ring breathing mode and new sp2-sp3 bending modes.  
Collectively, these suggest that the sample underwent a suc-
cessful reaction.  
 Synchrotron X-ray diffraction of recovered gasket samples 
shows a pseudo-hexagonal diffraction pattern with d-spacings 
belonging to the nanothread lattice at 6.24, 5.04, and 4.86 Å 
(Figure 9). Recent accounts of photochemically mediated 
nanothread synthesis saw a reduction in reaction pressure but 
yielded the same or very similar d-spacings as/to those of non-
irradiated samples.9, 31 Here, the introduction of photochemistry 
resulted in a product with d-spacings which are distinct from 
those obtained through thermal compressions.  

 

Figure 9. Synchrotron X-ray diffraction of 1,4-diene compressed 
to 18 GPa with 3 hours of UV light (accumulation of steps 80 scans 
highlighting Friedel pairs (scans 14-24 and 27-48)) and comparison 
of experimental and simulated d-spacings. The shaded bands show 
a 0.5–0.8 Å adjustment accounting for destraightening and thermal 
expansion (see main text). 

 These obtained d-spacings can be compared to the simulated 
candidate structures and packings (Figure 9). The observation 
of one large and two smaller d-spacings in the experimental data 
suggested that nanothreads with elliptical cross-sections and 
CB linkages are the reaction product. The diffraction image of 
the reaction product shows the three Friedel pairs expected for 
the first-order diffraction spots of a quasi-hexagonal thread 
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packing, in contrast to the thermal reaction product which only 
shows two pairs. Thus, an increase in structural order is ob-
tained under photochemical conditions. The photochemical re-
action product also lacks the 5.83 Å peak that was observed in 
the thermal reaction product (Figure 5, 24-hour sample). The 
combined data suggests that the photochemical conditions se-
lect a singular mechanistic pathway toward cyclobutane for-
mation, while the thermal conditions – which still may afford 
predominantly cyclobutanes – are unable to follow a single 
pathway to product formation, and may also favor multiple 
products and/or stereo/regiochemistry. We attributed the com-
bined results to the ability of UV light to affect the polymeriza-
tion mechanism in the wake of monomeric units already being 
geometrically confined under extreme conditions. 

The “destraightening” seen upon pressure release for ther-
mally produced threads is expected to operate also in photo-
chemically produced threads, likely with a somewhat smaller 
size due to the better structural order of the photochemical ma-
terial.  Taking this into account (and also noting the absence of 
thermal expansion in the theoretical thread packing geome-
tries), we apply a 0.5–0.8 Å shift to the experimental d-spacings 
in comparing to theory predictions for defect-free threads at 
zero pressure (Figure 9). With this correction, the experimental 
d-spacings are consistent with those of the simulated CB-linked 
syn-1 and syn-2 threads. The stereochemistry of the syn threads, 
meaning cis hydrogens along the backbone, is consistent with 
the photochemically mediated [π2s + π2s] cycloaddition out-
comes seen in small molecules. Such [π2s + π2s] cycloaddition 
reaction is favored not only by strain minimization but also by 
orbital symmetry under photochemical conditions, consistent 
with production of a more ordered product than for the non-
photochemical counterpart. While anti-threads consist of pho-
tochemically symmetry forbidden [π2s + π2a] cycloaddition, it 
cannot be ruled out by comparing d-spacings between simula-
tion and experiment, anti-threads tend to be 0.25 to 0.5 eV per 
precursor higher in enthalpy than CB-syn-threads from 0 to 20 
GPa due to the strain of [π2s + π2a] bonds. CB-syn-threads are 
much more likely to be the reaction product under photochem-
ical conditions.  

CONCLUSIONS 
Herein, we disclose the synthesis of cyclobutane-linked 
nanothreads, derived from the non-planar and non-aromatic sp2-
rich precursor cyclohexadiene. Whereas each cyclohexadiene 
isomer is separately compressed at ambient temperature, afford-
ing sp3-enriched polymers, only the 1,4-diene achieved prod-
ucts that are one-dimensional and crystalline, likely owing to 
fewer viable reaction pathways being plausible. X-ray diffrac-
tion obtained on the products of thermal activation demon-
strated two visible interplanar spacings (d24-hour = 5.83 and 6.04 
Å and d96-hour = 4.90 and 6.14 Å). Comparison to simulated dif-
fraction data supports multiple fully saturated products bearing 
zigzag and armchair arrangements, with the more elliptical 
cross-section supporting cyclobutane linkages.  
 The reactivity of 1,4-cyclohexadiene was further investigated 
using photochemistry. While photochemical activation lowers 
the required pressure, it also enables a single reaction pathway 
to emerge: an architecture that propagated through solely [2+2]-
cycloadditions is favored, as evidenced by three experimentally 
observed Friedel pairs (dphoto = 4.86, 5.04, and 6.24 Å) that cor-
relate with a highly elliptical cross-section formed from succes-
sive cyclobutane formation. The combined provides strong 

support for the photochemically directed polymerization of 1,4-
cyclohexadiene to enable a single reaction pathway to be se-
lected, in close analogy to molecular systems.  
 Looking forward, the ability to utilize both thermal and pho-
tochemical activation modes to direct mechanism and thus, con-
trol chemical reactivity under pressure has significant implica-
tions for polymer backbone design. Moreover, the integration 
of both non-aromatic and non-planar monomers into kinetically 
controlled polymerizations enables a rich variety of hydrocar-
bon-based materials to be discovered based on commodity 
chemicals and natural resources. While we demonstrate the 
ability to dictate reaction mechanism and product formation us-
ing photochemistry (in contrast to the observed mixture of prod-
ucts arising from thermal polymerization), we expect many sp2-
rich non-aromatic precursors to demonstrate preferential reac-
tion selectivity under pressure, consistent with traditional or-
ganic synthesis.  

EXPERIMENTAL METHODS 
Materials and Synthesis 

A symmetric diamond anvil cell (DAC) with 400 μm culets (type 
IIA diamonds) were utilized for in situ Raman and infrared spectros-
copy experiments. Additionally, a spherical seat DAC with 300 μm cu-
lets (Washington diamonds) was utilized for in situ diffraction experi-
ments. Stainless steel gaskets were indented to 45-55 μm thickness. 
Sample holes of 127 μm in the symmetric DAC and 100 μm in the 
spherical seat DACs were drilled in the center of the indent using elec-
trical discharge machining and laser drilling.68 Ruby fluorescence was 
used as a pressure standard in the in situ experiments.69  

Prior to use, liquid 1,3-cyclohexadiene (97% from Sigma Aldrich) 
was filtered through basic alumina to remove the butylated hydroxytol-
uene (BHT) used as an inhibitor. A drop of the liquid was added to the 
sample hole and quickly closed and pressurized to 1-2 GPa to avoid 
evaporation. 1,3-Cyclohexadiene freezes into an amorphous sample 
under pressure and was compressed in the glassy phase. Liquid 1,4-
cyclohexadiene (97% from Sigma Aldrich) was used without further 
purification. 1,4-Cyclohexadiene solidified by approximately 1.5 GPa 
and undergoes a molecular phase transition at approximately 4-6 GPa, 
resulting in a phase distinct from the low-temperature crystal structure. 
This phase transition results in a polycrystalline sample which was then 
compressed for the in situ Raman spectroscopy, IR spectroscopy ex-
periments, and nanothread decompression XRD experiments. Cycles 
of partially melting and recrystallizing the 1,4-cyclohexadiene poly-
crystals resulted in a powder sample which was compressed for the in 
situ PXRD experiment. 
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