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lowers carbon monoxide
polymerization pressure through chemical pre-
compression†

Xiuyuan Li, a Zihuan Peng, a Chongwen Jiang,a Zhihong Huang,a Nan Li,*a

Shaomin Feng,b Jun Zhangb and Changqing Jin*b

Polymeric carbon monoxide (p-CO) is one of only a few low-Z extended solids that form under high

pressure and can be recovered under ambient conditions. As an innovative carbon-based material with

potential applications, its development is restricted by the harsh synthesis conditions and metastability.

Motivated by the application of two-dimensional (2D) materials to facilitate reduction reactions of N2

and CO2, the metal-free initiators/catalysts, graphene and graphene oxide (GO), were introduced into

the carbon monoxide (CO) system under high pressure to investigate their effects. Our ab initio

theoretical study demonstrates that GO can provide chemical force to “pre-compress” the CO

molecules and greatly lower the polymerization pressure from 5 GPa to 3 GPa (a 40% decrease). The

catalytic mechanism analysis elucidates that GO can significantly reduce the free energy barrier for the

CO dimerization reaction, which is the most challenging step in the CO polymerization process.

Moreover, the introduction of GO can effectively improve the stability of p-CO via forming C–C bonds,

H-bonds and H-transfer at the GO-CO interface. Our study presents a novel approach for achieving

condensed matter under milder conditions and extends the application of 2D materials as initiators to

high-pressure synthesis, contributing to their potential application as energetic materials of p-CO.
1. Introduction

Pressure is a new dimension in scientic exploration of a wide
range of physical and chemical elds. As higher pressure has
become attainable, various new phenomena and novel mate-
rials have emerged, and the focus of high-pressure research has
progressed with time.1 Recently, of particular interest are the
low-Z extended solids produced by the high-pressure polymer-
ization of low-Z molecules (such as CO, CO2, N2, O2 and
mixtures), because they have exhibited unusual properties such
as superconductivity,2 extreme hardness,3 optically nonline-
arity4 and high energy density.5,6 As an archetypal example of
low-Z molecules, CO as well as its polymeric phases (polymeric
CO, p-CO) has been the subject of intense research for several
decades.7–18 At 5 GPa and 300 K, CO can polymerize into p-CO,
one of only a few low-Z extended solids that can be recovered
under ambient conditions.19 To date, p-CO has been considered
as an advanced energetic material with disruptive detonation
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performance20 and an ideal coating for traditional explosives.21

However, the scaled-up synthesis of p-CO encounters great
challenges due to its harsh synthesis conditions; meanwhile the
metastability (photosensitive and hygroscopic) restricts its long-
term storage and applications. All this drove intensive investi-
gations focusing on reducing the synthesis pressure and
improving the stability of p-CO over several decades.

In the past several decades, 2D materials have emerged as
revolutionary catalysts and attracted signicant research
interest,22–26 especially graphene and graphene oxide (GO). As
popular metal-free 2D catalysts, they show various exceptional
properties, including large surface area (2630 m2 g−1),27,28

strong chemical resistance,29 convenient recovery of active
phases,30 good dispersibility,31 and low-cost synthesis.32 These
properties enable graphene and GO to be utilized as initiators/
catalysts in polymerization chemistry,33–36 For example, GO can
initiate the free radical polymerization of N-vinylpyrrolidone at
95 °C, yielding poly(N-vinylpyrrolidone)-graed GO with
improved conductivity (4.7 S m−1).37 Also, GO can catalyze the
cationic ring-opening polymerization of 3-caprolactone and
lactams at 60 °C, yielding polyesters/polyamides.38 The broad
applications of graphene and GO motivate our investigation to
explore their potential roles in high-pressure synthesis, aiming
to lower the pressure in p-CO synthesis. Compared with estab-
lished CO polymerization promoters (H2,39,40 alkali metals41 and
laser irradiation10), graphene and GO exhibit two distinct
J. Mater. Chem. A, 2025, 13, 27349–27355 | 27349
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Fig. 1 Structures of graphene and GO under different pressures,
where the brown, red and white balls denote C, O and H atoms,
respectively. (a) Graphene in the CO/graphene system before simu-
lations, under 2 GPa and 3 GPa, respectively. (b) GO in the CO/GO
system before simulations, under 2 GPa and 3 GPa, respectively.
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advantages. Firstly, as chemically stable solid-phase raw mate-
rials, graphene and GO offer superior accessibility and simpli-
ed synthetic protocols of p-CO. Secondly, when graphene and
GO are mixed with p-CO, the inherent electrical, thermal, and
mechanical properties of graphene and GO could be partially
imparted to the composites,33 endowing p-CO/graphene and p-
CO/GO with exceptional properties.

In this study, a comprehensive theoretical investigation on
the high-pressure polymerization of CO/graphene and CO/GO
systems was carried out. The stepwise compressions simu-
lated by ab initio molecular dynamics (AIMD) revealed the
polymerization initiator roles of graphene and GO with spatial
connement and catalytic effects. Then slow-growth simula-
tions, density functional theory (DFT) calculations and elec-
tronic wavefunction analysis were used to investigate the
catalytic mechanisms. Structural analysis revealed the stabi-
lizing effects of graphene and GO on p-CO. The present work
not only paves the way for the synthesis of condensed matters
under milder conditions, but also offers new insights into the
application of 2D carbon-based materials as initiators under
high pressure.

2. Computational methods

The graphene molecule of 32 atoms was constructed based on
the graphene crystal structure in the Cambridge Crystallo-
graphic Data Centre (CCDC), and the GO molecule of 51 atoms
was acquired from ref. 32 with 8 hydroxyl groups and 3 epoxide
functions. The two molecules have both zigzag and armchair
edges, which agree well with experiments.42,43 To maintain the
intrinsic reactivity of these edges, the unsaturated valence
electrons were preserved without additional passivation or
modication. Also, according to ref. 32, the edge functionali-
zation with carboxylic functions for GO was discarded. To
balance the computational efficiency with simulation accuracy
and comprehensively simulate all the possible reactions
between graphene/GO and CO, the initial models of the CO/
graphene or the CO/GO systems were generated by placing
150 CO molecules and 1 graphene or GO molecule into a cubic
box with a side length of 20 Å using the Packmol program.44

According to the CO phase diagram,11 CO at high pressure and
300 K is always disordered, and thus the CO molecules in the
initial models were randomly packed. The density values of CO/
graphene and CO/GO initial models are 0.95 and 0.99 g cm−3,
respectively, which are close to that of a pure CO system at 2
GPa/300 K (1.06 g cm−3 from AIMD simulations45) to ensure
effective initial equilibrium.

Geometry optimizations, AIMD simulations and slow-
growth45 simulations were performed by the CP2K 8.2 package46

using Gaussian and plane-waves (GPW) approach47 at the GTH-
PBE/DZVP-MOLOPT-SR-GTH48 level of theory with a cutoff of
800 Ry. The Bohn–Oppenheimer approximation49 was applied
for all the simulations. The CO/graphene and the CO/GO
systems were optimized at 2 GPa before the simulations. The
AIMD simulations were performed in the NPT ensemble using
the DFT-D3 method,50 the canonical sampling through velocity
rescaling (CSVR) thermostat51 and the Martyna–Tobias–Klein
27350 | J. Mater. Chem. A, 2025, 13, 27349–27355
(MTK) barostat52 with a time step of 1 fs. Each system was
initially equilibrated at 2 GPa/300 K, followed by sequential
compression to 3, 4, 5, 7, and 10 GPa, with a nal equilibration
and optimization at 0 GPa. The simulations under 2–4 GPa were
performed to investigate the catalytic effects of graphene and
GO. The simulations under 10 GPa were performed to obtain
fully polymerized p-CO/graphene and p-CO/GO. The simula-
tions under 0 GPa were performed to obtain recovered p-CO/
graphene and p-CO/GO. The CO/graphene and the CO/GO
systems were respectively equilibrated for 5 ps and 8 ps at
each pressure. As for the slow-growth simulations, the repre-
sentative frames in the equilibrated trajectories at 2 GPa/300 K
of AIMD simulations were selected as the input. Taking the C–C
distance as the collective variable, the distances were changed
slowly with a rate of −0.0004 Å fs−1 from the initial distance of
3.0 Å. Each slow-growth simulation was performed for 4 ps. The
free energy proles were calculated through integrating the
gradients of potential energy. All the systems were treated with
the unrestricted Kohn–Sham (UKS) approach.

To elucidate the inuence of p-conjugation on CO adsorp-
tion, two simplied models (namely “conjugated” and “non-
conjugated”) were constructed for electronic structure analysis.
By selectively cleaving several C–C bonds, the “non-conjugated”
model was obtained from the CO/GO structure under 2 GPa
(Fig. 1a), and the “conjugated” model was obtained from the
CO/graphene structure under 2 GPa (Fig. 1b). Both models have
3 absorbed CO molecules and 4 fused rings with the edges
passivated by H atoms. The simplied models were optimized
by ORCA 6.0,53–55 at the B3LYP-D3/def2-TZVP(-f) level of
theory56–58 with the unrestricted Kohn–Sham (UKS) approach.
No imaginary vibrational frequency was found. The single point
calculations were performed at the wB97M-V/def2-TZVP level of
theory.59 The same computational protocol was also applied to
evaluated the reaction energy for H-transfer between GO and p-
CO. Based on the truncated models of p-CO and GO from
recovered p-CO/GO, the H-bond energy was calculated by the
symmetry adapted perturbation theory (SAPT)60 implemented in
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The dimerization reactions of CO simulated by the slow-
growth method. (a) CVs of the CO, CO/graphene and CO/GO systems
(C–C distance), where the brown, red and white balls denote C, O and
H atoms, respectively. (b) Free energy as a function of CVs.

Fig. 3 Evolution of corresponding chemical bonds with respect to the
CV (the C1–C2 distance) during the dimerization reaction in the CO/
graphene and the CO/GO systems.
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the PSI4 1.3.2 code61 at the sSAPT0/jun-cc-pVDZ62 level of theory.
Multiwfn 3.863 was applied to prepare the input les of CP2K
and ORCA programs and calculate the Mayer bond order
(MBO),64 s-MBO, p-MBO and p electron density.65 The VESTA
3.5.766 and VMD 1.9.367 programs were used to visualize the
structure data and trajectories.

3. Results and discussion

Aer the optimizations under 2 GPa, the initial models of CO/
graphene and CO/GO were condensed to 1.46 and 1.48 g
cm−3, respectively. Then the AIMD simulations of stepwise
compression were performed. The simulations at 2 GPa
revealed that CO molecules were adsorbed on the edges of
graphene and GO. The density values of CO between the gra-
phene and GO layers are 1.611 and 1.485 g cm−3, respectively
higher than that of the pure CO system of 1.358 g cm−3. Similar
spatial connement effects of 2D graphene-based materials
were observed for other systems.68 When the pressure reached
3 GPa, for the CO/GO system, the adsorbed CO forms C–C bonds
with free CO and produces a C2O2 dimer, which further grew
through the successive formation of C–C bonds with adjacent
CO to generate adsorbed CnOn chains, as shown in Fig. 1a. A
similar polymerization process occurred for the CO/graphene
system when the pressure reached 4 GPa, as shown in Fig. 1b.
According to our previous simulations,69 the transition pressure
from CO to p-CO is 5 GPa, which is signicantly higher than
3 GPa observed in the CO/GO system, suggesting that GO and
graphene likely serve as effective initiators for p-CO
polymerization.

During the polymerization from CO to p-CO, the dimeriza-
tion of CO represents the most challenging and rate controlling
step as it is the only reaction step where no radical is involved.69

Therefore, it was speculated that both graphene and graphene
oxide (GO) can catalyze the dimerization reaction to promote
the formation of p-CO at lower pressure. To prove this point, the
slow-growth simulations were performed to calculate the
evolution of free energy for the dimerization reactions in CO,
CO/graphene and CO/GO systems, as shown in Fig. 2. In each
system, the collective variable (CV) is dened as the C–C
distance, as illustrated in Fig. 2a. The dimerization reactions
were simulated by shortening the CVs from 3.00 Å to 1.40 Å.
According to the free energy proles in Fig. 2b, the pristine CO
system has the highest free energy barrier (91.46 kJ mol−1),
followed by the CO/graphene system (69.31 kJ mol−1), while the
CO/GO system shows the lowest barrier (52.81 kJ mol−1). These
results indicate that both graphene and GO can catalyze the
dimerization reactions of adsorbed CO. Meanwhile, the C–C
distances corresponding to the free energy maximum for the
CO/graphene and the CO/GO systems are∼1.90 Å, related to the
transition states for dimerization reactions (Fig. S2†). That
distance in the pristine CO system is ∼1.60 Å, and there is no
corresponding transition state, indicating evident differences in
the reaction pathways among these systems. According to the
simulation trajectories, when the CV reaches ∼1.60 Å, free CO
molecules in the CO system successively participate in the
formation of adsorbed CnOn chains, leading to a decrease in free
This journal is © The Royal Society of Chemistry 2025
energy. However, both CO/graphene and CO/GO systems exhibit
earlier reaction initiation at a longer CV of ∼1.90 Å, suggesting
that both graphene and GO can facilitate the chain elongation
reactions of adsorbed CO (OCc–(C]O)n−1–CcO + CO /

OCc–(C]O)n–CcO).
To further investigate the catalytic mechanisms of graphene

and GO, structural analysis was performed based on the simu-
lation trajectories. During the dimerization reaction in the CO/
graphene and the CO/GO systems, the evolution of chemical
bonds with respect to the CV is shown in Fig. 3. Herein, C1O3 is
the CO molecule adsorbed on the edges of graphene or GO, C0
is the adsorption site of graphene or GO, and the C1–C2
distance is the CV. When the CV is 3.00 Å, the C0–C1 bond
length (∼1.35 Å) in both systems is close to the typical C]C
J. Mater. Chem. A, 2025, 13, 27349–27355 | 27351
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Fig. 4 Geometric and electronic structures of simplified models,
where the brown, red and white balls denote C, O and H atoms,
respectively. (a) The “conjugated” model based on graphene and
adsorbed CO. (b) The “non-conjugated” model based on GO and
adsorbed CO. (c) Length, MBO, sMBO and pMBO of the C]C bonds
of simplified models. (d) Isosurface map of p electron density of the
“conjugated” model (isovalue = 0.04 a.u.). (e) Isosurface map of p

electron density of the “non-conjugated”model (isovalue = 0.04 a.u.).
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bond length (1.35 Å), and the C1–O3 bond length (∼1.15 Å) is
close to the typical C^O bond length (1.15 Å). When the CV
decreases to 1.40 Å, the C0–C1 bond length in both systems
extends to 1.45–1.50 Å, close to the typical C–C bond length
(1.52 Å), while the C1–O3 bond length extends to 1.25 Å, close to
the typical C]O bond length (1.21 Å). Here, the typical bond
lengths were from our previous simulations.69 In a word, during
the dimerization reaction, the adsorbed C]C bond between C0
and C1 transforms into a C–C bond, while the C^O bond of
C1O3 transforms into a C]O bond. More importantly, in the
CO/graphene system, the average bond length between C0 and
C1 is always longer, indicating that the adsorbed C]C bond is
relatively weaker. As a result, the transformation of the adsor-
bed C]C bond is easier, accounting for the lower free energy
barrier for the dimerization reaction. Although the average
length of the C1–O3 bond in the CO/GO system is smaller than
that in the CO/graphene system, which is unfavorable for the
transformation of C1O3 from the C^O bond into a C]O bond,
the extension of the C1–O3 bond length (0.02 Å) during the
dimerization process (the CV from 3.0 Å to 1.9 Å) is much
smaller than that of the C0–C1 bond (0.05 Å). These results
suggest that the C0–C1 bond plays a predominant role in gov-
erning the free energy evolution, whereas the C1–O3 bond
exhibits a negligible inuence on the free energy.

To elucidate the superior catalytic performance of GO over
graphene, a comprehensive analysis of their electronic proper-
ties was conducted on two simplied models (namely “conju-
gated” and “non-conjugated”), as shown in Fig. 4. The
fundamental distinction between graphene and GO in cata-
lyzing the CO dimerization reaction primarily resides in the
presence or absence of extended p-conjugation near the
adsorption sites. It is well known that graphene exhibits
complete sp2 hybridization of all carbon atoms, with their
singly-occupied pz orbitals collectively forming a delocalized/
global p-conjugation,70 which is represented by the 4 conju-
gated rings of the “conjugated” model (Fig. 4a). Comparatively,
the structural modication of graphene oxide (GO) through the
introduction of oxygen-containing functional groups (hydroxyls
and epoxides) signicantly alters its electronic structure. The
extensive distribution of these functional groups results in
a substantial proportion of sp3-hybridized carbon atoms (at
least 33%),32 consequently causing a limited and localized p-
conjugation, which is represented by the 4 non-conjugated
rings of the “non-conjugated” model (Fig. 4b). A comprehen-
sive analysis was performed on the adsorbed C]C bonds (B1
and B2) in both models (Fig. 4c–e), focusing on the length,
Mayer bond order (MBO), its respective contributions from s-
and p-electrons (MBO= s-MBO + p-MBO) and electron density.
The length of B1 (1.34 Å) and B2 (1.37 Å) are in great accordance
with that in the AIMD simulations under 3 GPa (CO/graphene:
1.35 Å, CO/GO: 1.36 Å, see Fig. S1†), suggesting that the AIMD
trajectories are reliable. The length of B2 is 0.03 Å longer than
that of B1, and its MBO is 0.19 smaller, indicating that B2 is
weaker than B1. Notably, the s-MBO of B2 is nearly the same as
that of B1, but the p-MBO of B2 is 0.23 smaller, suggesting that
B2 has a weaker p orbital interaction compared with B1. Further
analysis of p electron density is shown in Fig. 4d–e. For the
27352 | J. Mater. Chem. A, 2025, 13, 27349–27355
“conjugated” model (Fig. 4d), the adsorption site (C0) has
a strong p-conjugation with adsorbed CO (C1O1) and a weak p-
conjugation with adjacent atoms (C2 and C3) in the substrate.
In contrast, for the “non-conjugated” model (Fig. 4e), a weak p-
conjugation between C0 and C1O1 is revealed compared to that
among C0, C2 and C3. This phenomenon can be explained by
the fundamental principle of conjugated systems: when a C]C
bond conjugates with more double bonds to form more delo-
calized p-conjugation, it tends to be longer and weaker. For
example, the C]C bond length in benzene (1.391 Å)71 is longer
than that in s-trans-1,3-butadiene (1.338 Å).72 Compared with
graphene, the C]C bonds of GO are shorter and stronger due to
the localized p-conjugation, and thus the p-conjugation among
C0, C2 and C3 is stronger, forcing B2 to be weaker. As a result,
the transformation from B2 to a C–C bond is easier for the “non-
conjugated”model. In other words, the localized p-conjugation
of GO serving as the chemical force causes a weakening of the
adsorbed C]C bonds, which facilitates the dimerization reac-
tion of adsorbed CO.

To investigate the interactions between p-CO and graphene
or GO, the CO/graphene and the CO/GO systems were further
compressed and recovered to 0 GPa to obtain p-CO/graphene
and p-CO/GO. The polymer structures under different
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Polymer structures under different pressures, where the brown,
red and white balls denote C, O and H atoms, respectively. (a) A chain-
like CO oligomer grows from the absorbed CO on GO under 4 GPa. (b)
A CO oligomer with various rings grows from the absorbed CO on GO
under 5 GPa. (c) p-CO/graphene and p-CO/GO under 10 GPa and
0 GPa.

Fig. 6 Snapshots of graphene and GO in recovered p-CO/graphene
and p-CO/GO, where the brown, red and white balls denote C, O and
H atoms, respectively. The black circles refer to the connection
between p-CO and graphene or GO, the blue circle refers to the H-
bond between GO and p-CO, and the red circle refers to the H-
transfer from GO to p-CO.
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pressures are shown in Fig. 5. Although graphene and GO can
facilitate the initialization of polymerization, i.e., dimerization
of CO, they have little inuence on the following polymerization
process. The polymerization mechanism of p-CO with graphene
or GO is the same as that of pure p-CO, which has been eluci-
dated by our previous work.69 Under 4 GPa, several chain-like
CO oligomers (Fig. 5a) grow from the absorbed CO on gra-
phene or GO through chain elongation reactions, which can be
concluded as Gr/GO–(C]O)n−1–CcO + CO / Gr/GO–(C]O)n–
CcO. Under 5 GPa, the ring closure reactions take place for the
oligomers to produce diverse rings, mainly lactonic rings
(Fig. 5b). Under 7 and 10 GPa, the 3D covalent network of p-CO
is constructed via chain crosslinking reactions between the
oligomers (Fig. 5c). When p-CO/graphene and p-CO/GO are
decompressed to 0 GPa, the expansion of their inner cavities
leads to a reduction in density, and there is no cleavage of
chemical bonds. The nal structures of p-CO in p-CO/graphene
and p-CO/GO are similar to that of pure p-CO, which is
a disordered network composed of chain-like oligomers and
various rings.69 The structure of p-CO is predominantly
composed of C]O and C–C bonds (∼80%) with a minor
proportion of C–O and C]C bonds (∼20%). Notably, the p-CO
in p-CO/GO has a unique O–H bond arising from the H-transfer
This journal is © The Royal Society of Chemistry 2025
from GO to p-CO under high pressure. Moreover, the density of
p-CO/graphene is almost the same as that of p-CO/GO under
10 GPa, because the density difference between graphene and
GO is neglectable under high pressure. This density becomes
higher than that of p-CO/GO under 0 GPa, because graphene
has more unsaturated C atoms than GO and can formmore C–C
bonds with p-CO.

The interfacial structures of p-CO/graphene and p-CO/GO
systems are shown in Fig. 6. Both graphene and GO are con-
nected to p-CO through the C–C bonds on the edge (indicated
by black circles), which can enhance the stability of p-CO by
saturating its dangling bonds. For the p-CO/GO system, there
are more interactions. Firstly, there are two intermolecular H-
bonds between the hydroxyls of GO and the carbonyls of p-
CO. One H-bond is indicated by the blue circle, and the bond
energy is 36.27 kJ mol−1, calculated on the truncated models of
p-CO and GO (Fig. S3†). Secondly, during the compression
simulations, H-transfer occurs twice from GO to p-CO (GO–H +
p–COc / GOc + (p–CO)–H), leading to the formation of intra-
molecular H-bonds in p-CO and saturation of dangling bonds.
One H-transfer is indicated by the red circle, and the reaction
energy is −15.06 kJ mol−1, calculated on a truncated GO model
and a COmolecule (Fig. S4†). It has been experimentally proven
that the doping of H2 improves the stability of p-CO,40 and thus
the H-transfer to p-CO should also do this. In conclusion, GO
can stabilize p-CO via the formation of C–C bonds, H-bonds and
H-transfer, while graphene may be less effective via only C–C
bonds. Since the basal planes of graphene and GO are
J. Mater. Chem. A, 2025, 13, 27349–27355 | 27353
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maintained aer the compression and decompression
processes, the recovered p-CO/graphene and p-CO/GO may
partially possess the exceptional properties of graphene and
GO.
4. Conclusions

In this study, the comprehensive calculations revealed that
graphene oxide (GO) has superior catalytic effects compared to
graphene in activating the CO dimerization reaction, func-
tioning as effective initiators and lowering the CO polymeriza-
tion pressure from 5 GPa to 3 GPa. The catalytic mechanism
analysis demonstrates that when COmolecules are adsorbed on
GO, the relatively localized p-conjugation of GO serving as the
chemical force causes a weakening of the adsorbed C]C bonds,
thereby facilitating the transformation from C]C bonds into
C–C bonds. Then the chain elongation reactions proceed
successively and induce further polymerization reactions under
lower pressure. Besides, GO can effectively stabilize p-CO via the
GO-CO interfacial interaction by forming C–C bonds, H-bonds
and H-transfer. The present work provides a novel approach
to polymerize the low-Z molecules under milder conditions
through 2D graphene-based materials, and can be applied to
the high-pressure synthesis of some emergent energetic mate-
rials like p-CO.
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