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a b s t r a c t 

Pentadiamond is a carbon allotrope consisting of hybrid sp 2 and sp 3 atoms, which has been predicted 

to be stable and synthesizable. In this work we employ first-principles calculations to explore the elec- 

tronic structure, optical characteristics, mechanical response and lattice thermal conductivity of pentadia- 

mond, performing a direct comparison with the corresponding properties in diamond. The HSE06 density 

functional predicts indirect electronic band gaps for pentadiamond and diamond with values of 3.58 eV 

and 5.27 eV, respectively. Results for optical characteristics reveal pentadiamond’s large absorption in 

the middle UV region, where diamond does not absorb light, consistent with the smaller band gap of 

pentadiamond. The elastic modulus and tensile strength of pentadiamond are found to be 496 GPa and 

60 GPa, respectively, considerably lower than the corresponding values for diamond. The lattice thermal 

conductivity is examined by solving the Boltzmann transport equation, with anharmonic force constants 

evaluated via state-of-the-art machine-learning interatomic potentials. We predict a thermal conductiv- 

ity of 427 W/m-K for pentadiamond, less than one fifth of the corresponding quantity for diamond. Our 

results provide a useful vision of the intrinsic properties of pentadiamond, but also highlight some of its 

disadvantages in mechanical strength and heat conduction when compared to diamond. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The chemical versatility of carbon atoms allows them to exist 

ith sp, sp 

2 and sp 

3 orbital hybridizations, which reflect in diverse 

ll-carbon structures. In bulk, diamond is the most stable carbon 

llotrope with its complete sp 

3 hybridized atoms. In lower dimen- 

ions, carbon atoms form fullerenes [1] , carbon nanotubes [2] and 

raphene [3–5] , all of which contain exclusively sp 

2 hybridized 

toms. Carbon nanotubes and graphene exhibit ultrahigh mechani- 

al strength and thermal conductivity, in most part due to the car- 

on sp 

2 bonds [6–10] . In spite of the superior stability of graphene, 

t is also possible to produce two-dimensional carbon structures 

hich are not limited to a full sp 

2 lattice. In fact, more than 

hree decades ago, Baughman et al. [11] predicted numerous forms 

f hybrid sp and sp 

2 carbon nanoporous 2D lattices, so called 
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raphdiynes. Indeed, since 2010, different full-carbon graphdiyne 

tructures have been experimentally realized [12,13] . 

The presence of sp, sp 

2 or sp 

3 hybridizations in 2D carbon al- 

otropes can be used to open an electronic band gap, improve their 

tretchability or modify their thermal properties [14–20] . There- 

ore, modification of hybridization states appears to be an effec- 

ive approach to tailor electronic, mechanical, optical and thermal 

roperties of carbon allotropes. In a very recent theoretical work 

ujii and coworkers [21] predicted a metastable three-dimensional 

arbon allotrope with mixed sp 

2 and sp 

3 hybridization, which they 

amed pentadiamond . Unlike pristine diamond, in which every car- 

on atom bonds with four neighboring atoms, in pentadiamond a 

arbon atom bonds with either three or four neighboring carbons, 

s illustrated in Fig. 1 . 

In their work, Fujii et al. proposed that pentadiamond could be 

roduced via copolymerization of hydrocarbon molecules contain- 

ng pentagonal rings. Their total energy calculations showed that 

he structure was stable and presented a semiconductor charac- 

er with a band gap about half of the value for diamond. They 
 under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Crystal structure of pentadiamond (a, b) and diamond (c, d). The conven- 

tional cubic cell contains 22 carbon atoms for pentadiamond and 8 atoms for dia- 

mond. In (a) and (b) the lighter color indicates sp 2 hybridized atoms. 
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lso found that pentadiamond presented remarkable mechanical 

roperties: a relatively high bulk modulus (approximately 80% of 

he corresponding value for diamond) along with a negative Pois- 

on ratio. Pentadiamond was also predicted to possess very high 

oung’s and shear moduli, surpassing those of diamond. Unfortu- 

ately, soon after publication, independent research groups were 

nable to reproduce some of the results concerning pentadia- 

ond’s remarkable mechanical properties, particularly its negative 

oisson ratio, and the manuscript has since been retracted [22] . 

onetheless, no concerns were raised in relation to the possible 

ynthetic route and thermodynamic stability of pentadiamond. 

In the present study we aim to investigate the structural sta- 

ility as well as electronic, mechanical, and optical properties of 

entadiamond via extensive density functional theory (DFT) cal- 

ulations. In order to provide a broader vision, those properties 

ere directly compared to the predicted properties of pristine di- 

mond. We also employ state-of-the-art machine-learning inter- 

tomic potentials to estimate and compare the thermal conductiv- 

ty of pentadiamond and diamond. Our results reveal that by alter- 

ng the full sp 

3 hybridization in pristine diamond to a mixture of 

p 

2 and sp 

3 hybridizations in pentadiamond, the mechanical prop- 

rties and thermal conductivity are substantially suppressed. How- 

ver, we confirm that this novel bulk carbon allotrope is indeed a 

emiconductor, and predict high absorption of visible light due to 

he smaller electronic band gap when compared to diamond. 

. Methods 

Density functional theory calculations in this work were per- 

ormed in the Vienna Ab-initio Simulation Package (VASP) [23–

5] , implementing the Perdew-Burke-Ernzerhof generalized gra- 

ient approximation (GGA/PBEsol) functional, which provides im- 

roved equilibrium properties for densely-packed solids [26,27] . 

ll calculations were carried out with an energy cutoff of 500 eV 

or the plane waves. Energy minimization was achieved with the 

onjugate gradient approach with convergence criteria of 10 −4 eV 

nd 0.005 eV/ ̊A for energy and forces, respectively, employing a 

 ×9 ×9 Monkhorst-Pack k-point grid [28] . Electronic and optical 

eatures were calculated with a convergence criterion of 10 −6 eV 

or the electronic self-consistent-loop. Since GGA/PBESol underes- 

imates the position of conduction band maxima and systemati- 

ally underestimate the band gap, the screened hybrid functional 

f HSE06 [29,30] was employed to provide more accurate estima- 

ions for the electronic and optical properties. HSE06 calculations 
2 
mployed 8 ×8 ×1 and 18 ×18 ×1 k-point meshes for pentadiamond 

nd diamond, respectively. 

We examined the light absorption properties of both materials 

y calculating their frequency-dependent complex dielectric func- 

ion ε = ε1 + ıε2 , neglecting local field effects. The imaginary part 

s given by direct interband transitions through Fermi’s golden rule, 

2 (ω ) = 

4 π2 

�ω 

2 

∑ 

i ∈ VB , j∈ CB 

∑ 

k 

W k | ρi j | 2 δ(ε k j − ε ki − h̄ ω ) , (1) 

here VB and CB denote the valence and conduction bands, ω is 

he photon frequency, � is the unit cell volume, and ρi j is the 

ipole transition matrix element. W k is the weight of the respec- 

ive k-point in the reciprocal space. For the real part, we recall that 

1 and ε2 are related through the Kramers-Kronig relation [31] 

1 (ω) = 1 + 

1 

π
P 

∫ ∞ 

0 

dω 

′ ω 

′ ε2 (ω 

′ ) 
ω 

′ 2 − ω 

2 
, (2) 

here P denotes the principal value. Finally, the absorption coeffi- 

ient α, can be calculated as 

(ω) = 

√ 

2 ω 

[ √ 

ε2 
1 
(ω) + ε2 

2 
(ω) − ε1 (ω) 

] 
1 / 2 . (3) 

The mechanical response was probed by conducting uniaxial 

ensile deformations on rectangular unit cells including 88 and 

 atoms, with 3 ×3 ×3 and 9 ×9 ×9 k-point grids, respectively, for 

entadiamond and diamond. The stress-free geometry-optimized 

exagonal and rectangular unit cells in the VASP POSCAR format 

re included in the Supplementary Information. Density functional 

erturbation theory (DFPT) calculations with 2 ×2 ×2 and 5 ×5 ×5 

upercells were carried out to acquire the harmonic force constants 

or pentadiamond and diamond, respectively. From the DFPT in- 

uts, phonon dispersion relations were computed with PHONOPY 

32] . 

Finally, we have also developed state-of-the-art machine- 

earning interatomic potentials to evaluate phonon group velocities 

nd lattice thermal conductivities. To this aim we trained moment 

ensor potentials (MTPs) [33] , which are accurate and computa- 

ionally efficient models to describe the interatomic forces [34–36] . 

he training sets were prepared by conducting ab-initio molecular 

ynamics (AIMD) simulations at 50, 300 and 800 K, each for 1000 

ime steps over rectangular supercells including 176 and 144 car- 

on atoms for pentadiamond and diamond, respectively, employing 

 2 ×2 ×2 k-point grid. MTPs with 901 parameters were then pas- 

ively fitted using the procedure described in our recent studies 

37,38] . Once again, PHONOPY was employed to obtain phonon dis- 

ersion relations using the trained MTPs for the interatomic force 

alculations, and compared to the DFPT dispersions. 

Anharmonic interatomic force constants were calculated using 

he trained MTPs over 2 ×2 ×2 and 5 ×5 ×5 supercells for pentadi- 

mond and diamond, respectively, taking into account the inter- 

ctions up to fourth nearest neighbors. In total, anharmonic force 

onstants required 572 calculations with 176 atoms for pentadia- 

ond and 80 calculations with 250 atoms for pentadiamond. The 

omputational cost to perform those calculations fully ab-initio, i.e. 

ithout the MTPs, would be essentially prohibitive for most re- 

earch groups worldwide. Lattice thermal conductivities were cal- 

ulated from a full iterative solution of the Boltzmann transport 

quation using the ShengBTE package [39] , with harmonic and an- 

armonic interatomic force constants from DFPT and MTP. In order 

o estimate the thermal conductivity of naturally occurring struc- 

ures, isotope scattering is considered in the Boltzmann transport 

olution. Complete computational details for the MTP/ShengBTE 

oupling can be found in [38] . 
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Fig. 2. Electronic band structure and projected density of states of (a) pentadia- 

mond and (b) diamond crystal structures calculated using PBE (dashed blue lines) 

and HSE06 (solid black lines) functionals. 
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Fig. 3. Charge density distribution of VBM and CBM states of pentadiamond and 

diamond. In the upper diagrams, orange and green spheres indicate carbon atoms 

with sp 2 and sp 3 orbital hybridizations, respectively. The isosurface values are 0.01 

and 0.06 e/ ̊A 3 for pentadiamond and diamond, respectively. 

Fig. 4. Absorption coefficients of pentadiamond and diamond calculated using 

HSE06 functional. Pentadiamond shows large absorption in the middle UV range. 

t

p

f

i

c

i

fi

g

a

I

a

s

b

c

d

s

e

[

a

t

s

a

r

(

f

e

. Results and Discussion 

We begin by calculating the lattice constants for diamond and 

entadiamond, both of which present cubic symmetry. In the case 

f diamond we obtain a lattice constant of 3.557 Å, which is an 

xcellent agreement with the experimentally measured value of 

.567 Å. Meanwhile, for pentadiamond we obtain a lattice constant 

qual to 9.153 Å, consistent with the larger size of its unit cell in 

omparison to diamond, and in good agreement with recent stud- 

es [40,41] . 

We then move on to the calculation of the electronic struc- 

ure for both carbon allotropes. Electronic band structures and pro- 

ected density of states (PDOS) calculated with the HSE06 func- 

ional are shown in Fig. 2 . From these results it is apparent that 

entadiamond is a wide-band gap semiconductor with an energy 

ap of 3.58 eV. For comparison, we find a PBESol band gap of 2.48 

V, in a very good agreement with the value of 2.52 eV reported 

y Fujii et al in the original (now retracted) pentadiamond work 

21,22] . In the case of diamond, HSE06 yields a 5.27 eV band gap, 

lso remarkably close to the experimentally reported value of 5.5 

V [42] . Both allotropes present an indirect band gap, and for pen- 

adiamond the valence band maximum (VBM) is located at the L 

oint while the conduction band minimum (CBM) is at the X point 

f the first Brillouin zone. 

Comparing the electronic structure of pentadiamond and dia- 

ond, two major differences can be observed at first glance. First, 

he computed band gap of pentadiamond (3.58 eV) is smaller 

han that of diamond (5.27 eV), but still within the semiconduc- 

or range. Second, in diamond both valence and conduction bands 

how sharper peaks, indicating higher electron and hole mobilities. 

ndeed, diamond has been shown to have the highest electron and 

ole mobilities at room temperature among wide-band gap semi- 

onductors [43] . 

In order to rationalize the observed differences, we compute 

he partial charge density distribution at VBM and CBM for both 

llotropes, as shown in Fig. 3 . In the case of pentadiamond both 

BM and CBM are almost exclusively formed by contributions from 

solated sp 

2 carbon pairs in a way that VBM represents a bonding 

(C-C) state, while CBM is an antibonding π ∗(C-C) state. Our PDOS 

nalysis (shown in Fig. 2 ) reveals that electronic states in the en- 

rgy range from -2 eV to 6 eV are also mainly due to isolated sp 

2 

arbon pairs with bonding (below the Fermi level) and antibonding 

above the Fermi level) π character. For diamond, however, both 

BM and CBM are fully delocalized states, extending over the en- 

ire crystal lattice in a way that VBM represents a bonding σ (C-C) 

tate, while CBM is an antibonding σ ∗(C-C) state. 

From the general chemistry of carbon we know that π (C-C) 

onds are weaker than σ (C-C) bonds and they appear at higher 

nergies, while the corresponding antibonding π ∗(C-C) states lie 

t lower energies compared to the antibonding σ ∗(C-C). This re- 

ults in a smaller band gap for pentadiamond, when compared 
3 
o diamond. In addition, since both valence and conduction bands 

resent contributions from isolated sp 

2 carbon pairs, they lack ef- 

ective intercell-interaction, resulting in much less dispersed states 

n pentadiamond. We have also considered the effect of a mechani- 

al strain on the electronic band gap of pentadiamond, by applying 

sotropic compression and expansion from -4% up to +4% [ 44 ]. We 

nd that the general features of the band structure, including band 

ap transition k-points and band edge dispersions, remain invari- 

nt with strain. However, as shown in Fig. S1 of the Supplementary 

nformation, the band gap increases almost linearly from 3.41 eV 

t -4% compression to 3.78 eV at a 4% expansion. This is the oppo- 

ite of what we have previously found in two-dimensional carbon- 

ased materials [45] . 

We also investigate the optical properties of pentadiamond and 

ompare it with diamond. To this aim we calculate frequency- 

ependent absorption coefficients using the HSE06 functional, as 

hown in Fig. 4 . Due to their symmetry, the absorption spectra of 

ach allotrope is independent of the polarization of light along the 

100], [010], and [001] crystallographic orientations. For pentadi- 

mond the first absorption peak appears at 4.25 eV which is in 

he ultraviolet energy range and it is due to π (C-C)- π ∗(C-C) tran- 

itions. Meanwhile, the first absorption peak for diamond occurs 

t 7 eV, with the remaining absorption peaks farther into the UV 

egion. Pentadiamond exhibits a remarkable absorption coefficient 

10 5 cm 

−1 ) in the middle UV region of the spectrum, as expected 

rom its much smaller band gap (3.58 eV) relative to diamond (5.27 

V). Nonetheless, it should be noted that the absorption edge cor- 
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Fig. 5. Uniaxial stress-strain response of pentadiamond and diamond. The tensile 

strength of pentadiamond in 60.3 GPa, much smaller than 215 GPa for diamond. 

Fig. 6. Phonon dispersion relations of (a) diamond and (b) pentadiamond obtained 

with the DFPT method (black circles) and state-of-the-art machine-trained MTPs 

(continuous lines). 
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Fig. 7. Phonon group velocities and lifetimes as a function of frequency for dia- 

mond and pentadiamond at room temperature. 
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esponding to the bulk band gaps of pentadiamond and diamond 

re suppressed due to their indirect transition nature. 

We next examine the mechanical properties of diamond and 

entadiamond. It is worth noting that the mechanical properties 

re evaluated at the ground state and thus temperature effects are 

ot considered. For diamond the elastic constants are C 11 = 1058.3 

Pa and C 12 = 132.2 GPa, while for pentadiamond we obtain C 11 = 

39.5 GPa and C 12 = 108.8 GPa. Therefore, it is clear that the elas- 

ic constants of pentadiamond are smaller than the corresponding 

nes in diamond. For the elastic moduli, we obtain 1025.3 GPa for 

iamond and 495.6 GPa for pentadiamond. Once again, diamond 

ppears to remain the toughest bulk carbon allotrope. 

We further probe the mechanical properties of pentadiamond 

y investigating its stress-strain behavior under uniaxial deforma- 

ion. In this case, after applying the loading strain, the simulation 

ox was relaxed along the other two Cartesian directions to reach 

 negligible stress after a geometry optimization. According to the 

esults shown in Fig. 5 , the tensile strength of pentadiamond is just 

0.3 GPa, much smaller than the 215 GPa found for diamond. Fur- 

hermore, the ultimate strain of pentadiamond is almost half of the 

orresponding value for diamond. These results clearly show that, 

lthough pentadiamond might present interesting physical prop- 

rties, its mechanical strength is not comparable to diamond’s, as 

riginally claimed in the work of Fujii et al [21] . 

We now study the phononic properties of pentadiamond and 

ompare it with those of diamond. Phonon frequencies were cal- 

ulated with the DFPT method and well as machine-trained MTPs, 

ith a remarkable agreement between methods as shown in Fig. 6 . 

entadiamond does not present imaginary frequencies, which fur- 

her corroborates its structural stability. Comparing the phonon 

ispersion curves for both allotropes, we observe two major differ- 
4 
nces between them. First, the acoustic modes in diamond show 

teeper dispersion and reach higher frequencies when compared 

o the acoustic modes in pentadiamond. Second, pentadiamond 

resents a large number of optical phonon modes with almost flat 

ispersion. These observations are consistent with higher phonon 

cattering in pentadiamond which should lead to a lower thermal 

onductivity when compared to diamond. 

We have also compared the phonon group velocities and life- 

imes of diamond and pentadiamond, as shown in Fig. 7 . In the 

ase of diamond, the maximum group velocity for acoustic modes 

s 17.28 km/s, while for pentadiamond it is 13.14 km/s. Moreover, 

ll acoustic modes in diamond show higher group velocities than 

he corresponding ones in pentadiamond. As expected, the high- 

requency optical modes in pentadiamond present very low group 

elocities, contributing to larger scattering rates and a lower ther- 

al conductivity. Comparing the phonon lifetimes we find that 

hey are longer in the case of diamond throughout the frequency 

pectrum. 

At last, we present the room temperature thermal conductiv- 

ty of pentadiamond and compare it with diamond. One impor- 

ant factor in the solution of the Boltzmann equation implemented 

n ShengBTE is the Brillouin zone sampling density, defined by 

he number of q-points along each direction. We begin from very 

oarse grids with 3 ×3 ×3 q-points and go up to finer grids of 

3 ×13 ×13 q-points for pentadiamond and 27 ×27 ×27 for diamond. 

entadiamond has a larger number of phonon modes, as seen from 

he phonon dispersion curves, and the calculation for denser grids 

ecome prohibitive. Therefore, in order to estimate the thermal 

onductivity of pentadiamond in the fully converged limit, we rely 

n an extrapolation proposed in the original ShengBTE publication 

39] . Considering a N q × N q × N q grid, the thermal conductivity can 

e written as κ(N q ) = κ[1 − exp (−N q /a )] , where a is a numerical

onstant and κ is the intrinsic conductivity. 

Fig. 8 shows the data points obtained with force constants from 

he MTP, as well as the extrapolation function. We obtain κ = 2490 

/m-K for diamond and κ = 427 W/m-K for pentadiamond, con- 

istent with the diferences in phonon dispersions, group velocities 

nd lifetimes, as discussed above. For comparison, the thermal con- 

uctivity of diamond calculated with the Green-Kubo formula in 

lassical molecular dynamics based on the Tersoff potential yields 
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Fig. 8. Room temperature lattice thermal conductivity of diamond and pentadia- 

mond as a function of the number of q-points. The sampling grid is N q × N q × N q . 
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 value of 1950 ± 40 W/m-K [46] . The lower value in the latter case

s to be expected, since the Green-Kubo method allows for scat- 

ering processes involving more than 3 phonons. Finally, we notice 

hat even though the lattice thermal conductivity of pentadiamond 

s less than one fifth of the corresponding value for diamond it is 

till among the highest for bulk materials, being comparable to the 

hermal conductivity of copper. 

. Conclusions 

In summary, we performed first-principles calculations to ex- 

lore the electronic structure, optical characteristics, mechanical 

esponse and lattice thermal conductivity of pentadiamond, per- 

orming a direct comparison with diamond. Electronic structure 

alculations based on the hybrid HSE06 functional yield an indirect 

and gap of 3.58 eV for pentadiamond, well within the wide band 

ap semiconductor domain. The absorption spectra of diamond and 

entadiamond, also calculated with HSE06, reveals pentadiamond’s 

arge absorption in the middle UV region, where diamond does 

ot absorb light. The elastic modulus and tensile strength of pen- 

adiamond were found to be 496 GPa and 60 GPa, respectively, 

onsiderably lower than the corresponding values for diamond. Fi- 

ally, solving the Boltzmann transport equation, with anharmonic 

orce constants evaluated via machine-learning interatomic poten- 

ials, the thermal conductivity of pentadiamond was found to be 

27 W/m-K, which amounts to less than one fifth of that for di- 

mond. Our results highlight that pentadiamond shows appealing 

eatures for applications in electronics and optical devices. More- 

ver, despite exhibiting lower thermal conductivity and mechani- 

al strength than diamond, these properties of pentadiamond are 

mong the highest in comparison with other bulk structures. 

Finally, let us not forget that although pentadiamond has not 

een synthesized yet, it could be produced via standard copoly- 

erization of hydrocarbon molecules containing pentagonal rings. 

nce pentadiamond samples are obtained, many of the experimen- 

al techniques employed to measure phonon properties in diamond 

ould be readily available. For example, neutron scattering could 

e used to obtain the phonon dispersion relations in Fig. 6 . Fur- 

hermore, techniques such as thermal conductivity spectroscopy 

47,48] could be employed to directly compare the mean free path 

f phonons in diamond and pentadiamond, which are directly re- 

ated to the group velocities and lifetimes presented in Fig. 7 . We 

xpect that our results will serve as motivation to experimentalists 

nterested in electronic, optical, mechanical and thermal transport 

roperties of novel carbon allotropes. 
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