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Abstract: The structural transformations, electronic structure, elastic constants, and 

absorption properties of crystalline furoxan under hydrostatic compression of 0-160 

GPa have been studied using density functional theory. The results show that furoxan 

(S1) undergoes a hydrogen transfer to form a new structure (named S2) with planar 

conformation approximately at 114-115 GPa first. Then, it goes through another 

hydrogen transfer to form the second new structure (named S3) with chair 

conformation at 124 GPa. Finally, it undergoes polymerization to form another new 

structure (named S4) with a trans-conformation at 136 GPa. An analysis of its band 

gaps and density of states under compression indicates that it changes from an 

insulator to a semiconductor in the pressure range 0-113 GPa. S2 and S4 have metallic 

properties, while S3 is an insulator. The calculated elastic constants show that the 

three new structures are mechanically stable. Its absorption spectra show that S2 has 

higher optical activity than S1. S3 has higher optical activity than S2 in far ultraviolet 

region, while S4 has weaker optical activity than S3 in this region. S4 and S2 have 

comparative optical activity. 
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1 Introduction 

Furoxan (H2C2N2O2) is an important synthetic precursor for technical and industrial 

materials 1-3 which was prepared from glyoxime by oxidizing with N2O4 in 

dichloromethane in 1994. 4 Therefore, studying its structure, properties, and synthesis 

is important to develop other electron-rich fuxoxan derivatives. Although some 

experimental 5, 6 and theoretical investigations 7-10 have been done on furoxan, many 

fundamental and practical problems are still not well understood because it possesses 

a complex chemical behavior. For instance, its behavior under high pressure is 

unknown until now.  

Furoxan is an energetic compound and its derivatives like 

7-amino-6-nitrobenzodifuroxan (ANBDF) 11 and benzotrifuroxan 12 have very good 

energetic properties and a potential use as high energy density materials. Both 

experimental studies 13-22 employing diamond-anvil-cell 15, 17-19 and theoretical studies 

23-29 using DFT (density functional theory ) on energetic molecular crystals like RDX 

(1,3,5-trinitro-1,3,5-triazinane) 15,16, FOX-7 (1,1-diamino-2,2-dintroethylene) 17, NM 

(nitromethane) 18, and TATB (triaminotrinitrobenzene) 19 reported that the pressure 

can produce an important influence on their crystal structure and properties like 

density, chemical reactivity, stability, and performance. The information under the 

pressure would be valuable and useful for the safe, effective, and cost-effective 

disposal of energetic materials. In addition, recent studies 23 reported that the crystal 

structure and properties of ANBDF changed obviously under high pressures. This 

may suggest that the effects of pressure on the crystal structure and properties of 
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furoxan and its derivatives are not negligible. Thus, a systematically study on the 

high-pressure behavior of furoxan not only is necessary for understanding its structure 

and properties clearly, but also could be helpful for well developing new 

furoxan-based energetic materials. In a word, there is a clear need to study the 

behavior of furoxan under high pressure. 

It is still a challenging task for experiment measurements to investigate the 

microscopic properties of solid energetic materials under high pressure. An alternative 

approach is theoretical simulation, an effective way to model the physical and 

chemical properties of solid materials at the atomic level as a complement to 

experimental work. Recently, DFT with pseudopotentials and a plane-wave basis set 

has been applied to study the structures and properties of energetic solids successfully 

24-29.  

In this study, we performed periodic DFT calculations to study the effects of 

pressure on the crystal and molecular structure, electronic structure, elastic constants, 

and absorption properties of crystalline furoxan under hydrostatic pressure of 0-160 

GPa. The atomic positions and unit-cell parameters were allowed to relax to the 

minimum energy configuration to investigate the crystal structure at different 

pressures. Next we examined the structure changes under compression. Finally we 

discussed the pressure effects on the electronic and absorption properties. 

2 Computational method 

The calculations performed in this study were done within the framework of DFT 

based on CASTEP code 30, using Vanderbilt-type ultrasoft pseudopotentials 31 and a 
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plane-wave expansion of the wave functions. The self-consistent ground state of the 

system was determined by using a band-by-band conjugate gradient technique to 

minimize the total energy of the system with respect to the plane wave coefficients. 

The electronic wave functions were obtained using a density-mixing minimization 

method 32 for the self-consistent field calculation and the structures were relaxed using 

the Broyden, Fletcher, Goldfarb, and Shannon (BFGS) method 33. Geometry 

optimization is based on reducing the magnitude of calculated forces and stresses until 

they become smaller than defined convergence tolerances. Therefore, it is possible to 

specify an external stress tensor to model the behavior of the system under tension, 

compression, shear, etc. In these cases the internal stress tensor is iterated until it 

becomes equal to the applied external stress. The LDA functional proposed by 

Ceperley and Alder 34 and parameterized by Perdew and Zunder 35, named CA-PZ, 

was employed. The dispersion-corrected DFT (DFT-D) approach by the Ortmann, 

Bechstedt, and Schmidt 36 for the LDA and GGA was used to treat vdW interactions. 

The cutoff energy of plane waves was set to 380 eV. Brillouin zones sampling was 

performed using the Monkhost-Pack scheme with a k-point grid of 3×3×2. The values 

of the kinetic energy cutoff and k-point grid were determined to ensure the 

convergence of total energies.  

The enthalpies of the crystals at different pressures are calculated by eq. (1): 

                      PVEH tot +=                                 (1) 

where Etot is the total energy, P is the pressure, and V is the unit cell volume. The 

crystal structure of furoxan at ambient pressure and temperature was used as input 
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structure. The furoxan crystallizes in a monoclinic lattice with P21/n space group and 

contains four C2H2N2O2 molecules per unit cell 4. Fig. 1 displays crystal structure and 

atomic numbering of furoxan. The experimental crystal structure of furoxan4 was first 

relaxed to allow the ionic configurations, cell shape, and volume to change at ambient 

pressure. Then from this relaxed structure, we applied hydrostatic compression of 

1-160 GPa to relax the crystal structure without any symmetry constraints and the 

pressure is applied equally in all directions. All the calculations are based on the same 

crystal structure of furoxan. In the geometry relaxation, the total energy of the system 

was converged less than 2.0×10-5 eV, the residual force less than 0.05 eV/Å, the 

displacement of atoms less than 0.002 Å, and the residual bulk stress less than 0.1 

GPa. Previous studies employed the same approach to simulate the hydrostatic 

compression of other organic molecular crystals 23, 28, 29, 37 indicate that the calculated 

results are in agreement with the experiments. 

<Fig. 1 about here> 

3 Results and discussion 

3.1 Crystal and molecular structure  

As a base and a benchmark for studying furoxan, both the LDA/CA-PZ and 

GGA/PW91 (Perdew-Wang 91) 38 with or without van der Waals 36 (vdW) corrections 

were applied to fully relax the bulk furoxan at ambient pressure without any 

constraints. Table 1 lists the experimental and optimized cell parameters of furoxan 

(S1). It is found that the errors of the LDA/CA-PZ results are smaller than those of the 

GGA/PW91 results. All the three lattice parameters are underestimated significantly 
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by the LDA+vdW 36. The estimated b and c are close to the experimental values but a 

is overestimated obviously by the GGA+vdW 36. In all, the LDA/CA-PZ results are 

most close to the experimental values, indicating that the LDA functional can produce 

more reliable crystal structures, which is in agreement with previous studies on 

organic molecular crystals 23, 39. We also note in Table 2 that the internal structure 

parameters assigned by the LDA/CA-PZ bond lengths and angles are close to 

corresponding experimental data. The comparisons confirm that our computational 

parameters are reasonably satisfactory. Consequently, it is used in subsequent 

calculations. 

<Table 1 and 2 about here> 

Fig. 2 displays the perspective view of the unit cell of crystalline furoxan at 

different pressures. It can be seen that the crystal structure of furoxan at the pressures 

are different each other. When the pressure is increased from ambient pressure to 113 

GPa, the crystal structure changes little except that the hydrogen atoms are out the 

plane of the ring to some degree. However, at 114 GPa, the length of one C-H bond 

increases suddenly and the hydrogen atom in this bond tends to transfer to the 

adjacent molecule to form a new C-H bond. This hydrogen transfer take place at 115 

GPa and a new structure is formed (this new structure is denoted as S2). The S2 is still 

stable at 123 GPa. But when the pressure is increased to 124 GPa, another hydrogen 

transfers to form a new structure (denoted as S3) again. The S3 is stable until 135 GPa 

but transforms into a new structure (denoted as S4) which is caused by the 

polymerization of two adjacent furoxan molecules at 136 GPa. The structure S4 is still 
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stable at 160 GPa, which is the highest pressure investigated in this study. A simple 

changing process of the four structures is displayed in Fig. 3. Fig. 4 displays the 

perspective views of unimolecule in S1, S2, S3, and S4 from different viewpoints. 

First, the unimolecule in S1 has a planar conformation and all of the atoms in furoxan 

are approximately coplanar. Then, the unimolecule in S2 is also with a planar 

conformation approximately except that the two hydrogen atoms are above and below 

the plane, respectively. However, the unimolecule in S3 has a quite different 

conformation compared with that in S1 and S2, which can be named as a chair 

conformation approximately. Finally, the two rings in S4 are in the opposite positions 

and the unimolecule has a trans-conformation.  

Fig. 5 displays the differences of the enthalpies (∆H) of crystalline furoxan 

between different pressures and ambient pressure. It can be seen that ∆H decreases at 

114 GPa and 115 GPa, which are caused by the occurrence of hydrogen transfer and 

the formation of S2. Then it also decreases irregularly both at 124 and 136 GPa, 

which are caused by the formation of S3 and S4, respectively. The enthalpy change of 

furoxan at different pressures supports our above-mentioned structural variations 

completely. 

<Figs. 2, 3, 4 and 5 about here> 

The relaxed lattice constants (a, b, c), unit cell angle, and unit cell volume of 

furoxan under different pressures are depicted in Fig. 6. First, a, b, and c change very 

irregularly at 114-115, 124, and 136 GPa with the formation of S2, S3, and S4, 

respectively. Then the formation of S2, S3, and S4 make the unit cell angle decrease 
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fast. Finally, the volume decreases obviously with the formation of S2 and S3, 

especially for the former, while the formation of S4 makes the volume increase 

significantly. The reason why S4 has larger volume than S3 may be that when S3 

transforms into S4, two small molecules of S3 polymerizes to form one big molecule 

which leads to the significant increase of unimolecular volume. The formation of the 

big molecule can reduce the space utilization percentage obviously and so leads to the 

increase of unit cell volume. 

<Fig. 6 about here> 

Fig. 7 displays the bond lengths, bond angles, and torsion angle of furoxan under 

different pressures. By and large, the geometrical parameters change irregularly at 

114-115, 124, and 136 GPa, which are caused by the formation of new structures 

through hydrogen transfers or polymerization. For instance, the C2-H3 bond length 

shortens from 2.00 to 1.16 Å, while the C1-H1 bond length elongates from 1.08 to 

2.16 Å when the pressure is increased from 113 to 115 GPa. The C1-N1-O1 and 

C1-C2-N2 bond angles decrease about 9.0 ° and 7.2 ° at 124 GPa, respectively, while 

the C1-C2-N2-N1 torsion angle changes from -2.2 ° to -24.4 ° and from -24.5 ° to 

0.4 °, respectively, when the pressure is increased from 123 to 124 GPa and from 135 

to 136 GPa, respectively.  

Overall, first, the furoxan undergoes a hydrogen transfer and forms a new structure 

(S2) with planar conformation approximately at 114-115 GPa. Then, it goes through 

another hydrogen transfer and forms the second new structure (S3) with a chair 

conformation at 124 GPa. Finally, it undergoes polymerization and forms the new 
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 9

structure (S4) with a trans-conformation at 136 GPa. 

<Fig. 7 about here> 

3.2 Electronic structure 

In this section, we turn to investigate the effects of pressure on the electronic structure 

by analyzing the variation trend of band structure and density of state (DOS) with the 

increasing pressure. Previous studies reported that the electronic band structure of 

organic molecular crystals have a great influence on their physical and chemical 

properties like impact sensitivity 27, 40-42. Fig. 8 displays the band gaps of furoxan 

under different pressures using the LDA and GGA-PBE. It is found that the band gaps 

calculated by the GGA-PBE are slightly higher than those by the LDA, but the LDA 

and GGA-PBE present very similar pressure-induced variation trends. Thus, the 

results by the LDA are discussed here. In comparison with experiments, band gaps are 

generally underestimated in DFT calculations, but these errors are close to being 

shifts of band energies. Therefore, these band gaps are right qualitatively and are 

regarded as the lower limits. 

First, furoxan is an insulator at ambient pressure because its band gap is more than 

3 eV. But its band gap decreases to less than 2 eV when the pressure is increased to 60 

GPa, indicating that it transforms into a semiconductor here. Then, the band gap 

decreases consistently until 123 GPa, especially at 115 GPa, where occurs a hydrogen 

transfer and forms a new structure S2. The band gap of S2 at 115 GPa is 0.07 eV, 

indicating that molecular crystal furoxan undergoes an electronic phase transition 

from a semiconductor to a metallic system due to the high degree of compression and 
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 10

the formation of S2. When the pressure is increased from 123 to 124 GPa, its band 

gap increases from 0 eV to 2.8 eV with the formation of S3, indicating that S3 is a 

insulator. Finally, its band gap drops to 0 eV with the formation of S4 when the 

pressure is increased from 135 to 136 GPa, suggesting that furoxan transforms into a 

metal at 136 GPa. According to the first-principles band gap criterion of impact 

sensitivity 43 and some previous studies 31, 41, 42, it may be concluded that furoxan 

crystal becomes more and more sensitive with the reducing of band gap under 

compression. But it becomes much more insensitive at 124 GPa with the obvious 

increase of its band gap. Then, it becomes a little less sensitive when the pressure is 

increased till 135 GPa due to the slight increase of its band gap. Finally, it becomes 

greatly more sensitive at 136 GPa due to the decrease of its band gap to 0 eV. Thus, it 

may be inferred that S2 and S4 are much more sensitive than S1 and S3.    

  To understand the bond nature and electronic structure of furoxan at different 

pressures, we investigated its total density of states (TDOS) and partial density of 

states (PDOS). Fig. 9a displays the TDOS and PDOS of the C1 states (the C atom 

linked with NO), C2 states (the C atom linked with NOO), N1 states (the N atom 

linked with oxygen atom in the ring), N2 states (the N atom linked with two oxygen 

atoms), O1 states in the ring, and O2 states out of the ring of furoxan at 0 GPa. First, 

the PDOS peaks of these states in the valence band almost occur at the same energy. 

Thus, it can be expected that the adjacent atoms are bonded strongly and furoxan has 

good conjugation. Then, the PDOS of the C2 states, N1 states, and O2 states near the 

Fermi energy level are much larger than other states, suggesting that the C atom 
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linked with NOO, N atom with one oxygen atom, and O atom out of the ring may act 

as active centers. Finally, the PDOS of the six states in the conduction band are all 

two peaks and the peaks occur in the same energy. Fig. 9b depicts the DOS of furoxan 

under different pressures. First, the DOS at 115, 124, and 136 GPa are quite different 

with those at 113, 123, and 135 GPa, respectively, indicating that the structures of 

furoxan are changed completely at 115, 124, and 136 GPa. Then, the peaks become 

more and more wide and dispersed and have a tendency of shifting to the lower 

energy with the increasing pressure from 0 to 113 GPa, indicating that the band 

splitting and band dispersion increase accompanied by a broadening of DOS, which is 

caused by the increased intermolecular interactions under compression. Therefore, the 

electronic delocalization in bulk furoxan improves. Also, the DOS peaks join together 

near the Fermi energy level in the pressure range of 115-123 GPa and 136 GPa, 

indicating that furoxan has metallic character at the pressures. However, it becomes 

separated completely at this energy level in the pressure range of 124-135 GPa, 

suggesting that the electronic character of furoxan transforms from a metallic system 

to an insulator. This is in agreement with the results observed from the variation of the 

band gaps under compression.  

<Fig.s 8 and 9 about here> 

3.3 Elastic constants  

To understand the mechanical stability of four different pressure-induced structures of 

furoxan, the elastic constants were calculated. It is known that the mechanical stability 

of crystal requires the strain energy to be positive, which implies that the whole set of 
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elastic constant Cij satisfies the Born stability criterion. 44 And for the monoclinic 

phase crystal, the independent elastic stiffness tensor consists of thirteen components 

C11,C22, C33, C44, C55, C66, C12, C13, C15, C23, C25, C35, and C46 in the Voigt notation. 

The Born stability criteria for monoclinic crystal are given as follows:  
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    (2) 

The elastic constants of furoxan calculated at 0 GPa (S1), 115 GPa (S2), 124 GPa 

(S3), and 136 GPa (S4) by the LDA and GGA-PBE are listed in Table 3. It is found 

that all the elastic constants by the LDA and GGA satisfy the Born stability criteria 44, 

which suggesting that the four structures are mechanically stable. It is found that the 

results by the LDA and GGA are similar. Therefore, the results by the LDA are 

discussed here.  

Fig. 10 displays the changing trend of elastic constants of furoxan under pressures. 

First, when S1 at 113 GPa transforms into S2 at 115 GPa, all of the elastic constants 

increase except for C35 which decreases obviously. The above behavior can be 

attributed to the increase of most of the C1-C2, C1-N1, N1-O1, and C2-C3 bond 

lengths and the formation of a new C2-H3 covalent bond. Then, when S2 at 123 GPa 

transforms into S3 at 124 GPa, some elastic constants (C11, C33, C23, C55, C44, C35, 

and C12) increase, while the others (C22, C44, C66, C15, and C25) decrease. This 

may be due to the decrease of some of the C2-N2 and C1-H4 bond lengths and the 
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increase of the C1-C2 and C2-H3 bond lengths. A similar changing trend can be seen 

when S3 at 135 GPa transforms into S4 at 136 GPa. It should be notable that S4 has 

much higher C35 than S3. This behavior can be attributed to the polymerization of 

furoxan and the formation of two C2-C3 and C1-C4 covalent bonds (as shown in Fig. 

7). Overall, an analysis of elastic constants indicates that the three new structures are 

mechanically stable and their changing trends are in agreement with the results 

observed from the variation of the bond lengths under compression. 

 <Fig. 10 about here>  

3.4 Optical absorption spectra 

In this section, we turn to investigate the optical absorption coefficients of furoxan at 

different pressures. The interaction of a photon with the electrons in the system can 

result in transitions between occupied and unoccupied states. The spectra resulting 

from these excitations can be described as a joint density of states between the 

valence and conduction bands. The imaginary part ε2(ω) of the dielectric function can 

be obtained from the momentum matrix elements between the occupied and 

unoccupied wave functions within the selection rules, and the real part ε1(ω) of 

dielectric function can be calculated from imaginary part ε2(ω) by Kramer-Kronig 

relationship. Absorption coefficient α(ω) can be evaluated from ε1(ω) and ε2(ω) 45. 

( ) ( ) ( ) ( )( ) 21

1
2
2

2
12 ωεωεωεωωα −+=                          (3) 

The absorption coefficients α(ω) of furoxan at different pressures are shown in 

Fig. 11. The absorption spectra are active over various regions corresponding to the 

molecular or lattice structures of the individual material. The evolution pattern of 
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absorption spectra for furoxan at different pressures have an absorption band covering 

from 0 to 37.5 eV and more strong optical absorption from 2.5 to 25.0 eV. The 

magnitude of the absorption coefficients of the peaks allows an optical transition 

maybe due to excitons. This is since the large absorption coefficient would lead the 

material to absorb more energy and then increase the possibility of electron transition. 

It can be seen that the absorption spectra at 115, 124, and 136 GPa are totally different 

with those at 113, 123, and 135 GPa, respectively, indicating that furoxan undergoes 

huge changes in the structure at 115, 124, and 136 GPa, respectively. This agrees with 

the structural variation under compression. At ambient pressure, furoxan exhibits a 

relatively few, closely spaced bands with relatively high absorption coefficients. Four 

strong peaks are observed at 5.85, 11.06, 13.13, and 16.45 eV. In the energy below 

3.19 eV or above 18.08 eV, the absorption coefficients are close to zero, indicating 

that furoxan is transparent in the wavelength range higher than 388 nm or lower than 

68 nm. This suggests that the absorption regions of furoxan at ambient pressure are 

located in ultraviolet region. In the pressure range of 0-113 GPa, the absorption 

coefficients of several main peaks enhance consistently, indicating that furoxan has 

relatively high optical activity at high pressures. When the pressure is increased from 

113 to 115 GPa, the absorption coefficients of main peaks are improved greatly, 

suggesting that S2 has much higher optical activity than S1. When the pressure is 

increased from 123 to 124 GPa, the absorption coefficients in the energy range of 

7.9-24.0 eV (52-157 nm) are enhanced obviously, indicating that S3 has higher optical 

activity than S2 in far ultraviolet region. But the absorption coefficients below 7.8 eV 
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at 124 GPa are lower than that at 123 GPa obviously and the absorption coefficients 

below 2.5 eV is zero at 124 GPa, indicating that S3 narrows the absorption range 

down to near ultraviolet, visible, and infrared light region compared with S2. When 

the pressure is increased from 135 to 136 GPa, the absorption coefficients in the 

energy range of 7.3-27.5 eV (45-170 nm) decrease significantly, suggesting that S4 

has much weaker optical activity than S3 in far ultraviolet region. But the absorption 

coefficients of S4 below 7.2 eV (172 nm) are higher than those of S3, indicating that 

S4 broadens the absorption range to near ultraviolet, visible, and infrared light region 

compared with S3. The absorption coefficients of S4 are close to those of S2 in all 

energy range, indicating that S4 and S2 have comparative optical activity. 

In all, furoxan has relatively high optical activity at high pressures in the range of 

0-113 GPa. S2 has higher optical activity than S1. S3 has higher optical activity than 

S2 in far ultraviolet region, but it narrows the absorption range down to near 

ultraviolet, visible, and infrared light region. S4 has weaker optical activity than S3 in 

far ultraviolet region, but it broadens the absorption range to near ultraviolet, visible, 

and infrared light region. S4 and S2 have comparative optical activity. The differences 

in optical activity are caused by different structural transformations under pressures.  

<Fig. 11 about here> 

4 Conclusions 

In this work, DFT calculations have been performed to study the structural 

transformations, electronic structure, elastic constants, and absorption properties of 

crystalline furoxan (S1) under hydrostatic compression of 0-160 GPa. The results 
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show that furoxan undergoes a hydrogen transfer to form a new structure (S2) with 

approximate planar conformation at 114-115 GPa first. Then, it goes through another 

hydrogen transfer and forms the second new structure (S3) with chair conformation at 

124 GPa. Finally, it undergoes polymerization and forms another new structure (S4) 

with a trans-conformation at 136 GPa. Both hydrogen transfers and polymerization 

make the geometrical parameters change irregularly.  

An analysis of its band gap and density of states under compression indicates that 

it becomes more and more sensitive and its electronic delocalization is improved in 

the pressure of 0-113 GPa. The first hydrogen transfer occurs at 114-115 GPa makes it 

transform from a semiconductor into a metal. The second hydrogen transfer at 124 

GPa makes it change to a insulator. The polymerization at 136 GPa makes it undergo 

a transition from a insulator to a metal.  

The calculated elastic constants indicate that the three new structures are 

mechanically stable and their changing trends are in agreement with the results 

observed from the variation of the band lengths under compression. Its absorption 

spectra show that it has relatively high optical activity at high pressure in the range of 

0-113 GPa. S2 has higher optical activity than S1. S3 has higher optical activity than 

S2 in far ultraviolet region, but it narrows the absorption range down to near 

ultraviolet, visible, and infrared light region. S4 has weaker optical activity than S3 in 

far ultraviolet region, but it broadens the absorption range to near ultraviolet, visible, 

and infrared light region.  

This work may provide useful information in understanding how furoxan behaves 
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under high pressure and may be helpful for understanding some new structures that 

are not observed at the ambient conditions.     
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Fig. 1 The crystal structure and atomic numbering of furoxan (S1). 
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Fig. 2 The perspective view of the unit cell of furoxan at different pressures. 

Fig. 3 A simple variation process of S1, S2, S3, and S4.  

Fig. 4 The perspective views of the unimolecule in S1, S2, S3, and S4 from different 

viewpoints. 

Fig. 5 The differences of the enthalpies of furoxan between different pressures and 

ambient pressure. 

Fig. 6 The relaxed lattice constants (a, b, c), unit cell angle, and unit cell volume of 

furoxan under different pressures.  

Fig. 7 The bond lengths, bond angles, and torsion angle of furoxan under different 

pressures. 

Fig. 8 The band gaps of furoxan under different pressures by the LDA and GGA-PBE. 

Fig. 9 Total and partial density of states (DOS) of furoxan under different pressures. 

The Fermi energy is shown as a vertical dashed line. 

Fig. 10 The elastic constants of furoxan under different pressures. 

Fig. 11 The absorption coefficients α(ω) of furoxan under different pressures. 

 

 

 

 

 

 

Table 1. Comparison of optimized lattice parameters for furoxan with experimental 
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data at ambient pressure [a, b] 

 a(Å) b(Å) c(Å) β(°) cell volume 

Expt. 8.249 5.004 8.675 104.72 346.3 

LDA/CA-PZ 7.955(-3.6) 5.017(0.3) 9.090(4.8) 105.94(1.2) 348.8(0.7) 

LDA/CA-PZ+vdW 7.437(-9.8) 4.565(-8.8) 8.300(-4.3) 101.67(-2.9) 275.9(-20.3) 

GGA/PW91 8.720(5.7) 5.320(6.3) 9.187(5.9) 106.78(2.0) 408.1(17.8) 

GGA/PW91+vdW  8.852(7.3) 5.090((1.7) 8.695(0.2) 107.04(2.2) 374.5(8.1) 

[a] Values in parentheses correspond to the percentage differences relative to the 

experimental data. [b] The vdW corrections by the Ortmann, Bechstedt, and Schmidt 

36 to the LDA/CA-PZ and GGA/PW91 were used.  

 

Table 2. Calculated and experimental bond lengths (Å) and bond angles (°) for 

furoxan. 

 LDA Expt.  LDA Expt. 

C1-C2 1.398 1.402 C1-C2-N2 111.1 111.8 

C2-N2 1.314 1.292 C2-N2-O1 107.6 106.6 

N1-C1 1.320 1.302 N1-O1-N2 107.5 107.1 

N1-O1 1.474 1.441 H2-C2-N1 162.6 163.2 

N1-O2 1.244 1.240 O2-N1-C2 173.3 174.3 

O1-N2 1.352 1.379 C1-C2-N2-N1 -0.04 0.20 

 

Table 3. The calculated elastic constants (GPa) of S1 at 0 GPa, S2 at 115 GPa, S3 at 
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124 GPa, and S4 at 136 GPa. 

P 

(GPa) 

 

C11 C22 C33 C44 C55 C66 C12 C13 C15 C23 C25 C35 C46 

0 
GGA 18.8 22.9 16.0 5.3 5.1 8.1 12.8 10.6 1.7 9.7 -3.1 3.9 0.9 

LDA 9.0 4.3 -0.8 4.8 -2.9 2.1 4.7 -1.6 -1.1 -1.5 5.0 -1.1 1.7 

115 
GGA 708.0 1732.8 746.2 209.6 312.3 320.5 345.1 516.7 52.2 308.9 127.5 -44.8 222.1 

LDA 722.5 1702.9 767.4 211.5 306.7 324.5 340.9 466.4 71.2 294.7 133.9 -53.1 208.9 

124 
GGA 843.3 1453.8 826.4 348.2 352.9 306.4 391.8 450.8 -12.9 367.1 79.3 16.5 121.2 

LDA 792.1 1429.5 812.7 333.2 340.0 308.2 367.7 427.2 -9.4 338.6 96.0 23.4 117.7 

136 
GGA 960.1 853.9 914.4 195.4 211.8 203.0 432.4 480.7 35.4 492.8 -173.5 198.3 105.7 

LDA 923.4 878.2 920.0 178.9 262.7 213.6 455.0 452.7 37.0 461.2 -88.2 157.4 66.5 
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Fig. 1 The crystal structure and atomic numbering of furoxan (S1). 

 

 

 

 Fig. 2 The perspective views of the unit cell of furoxan at different pressures. 

Page 22 of 28RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 23

O

N+

N

H

H

N

O

N+H

H

+

S1: planar conformation

O

N+
C-

C+N

H

C-

C+ N

O

N+

H

H

H

+

O

N

N+
H

H

-O

N+

O

NH

H

O-

+

S3: chair conformation

O

N

C-

C+
N+

O-C-

C+
N+

O

N

-O

S4: anti conformation

H

H

H

H

hydrogen transfer

114-115  GPa

hydrogen transfer

124 GPa

polymerization

136 GPa

O-

-O
-O

O-

S2

 Fig. 3 A simple variation process of S1, S2, S3, and S4.  

 

 

 

 

 

Fig. 4 The perspective views of the unimolecule in S1, S2, S3, and S4 from different 

viewpoints. 

Page 23 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 24

108 112 116 120 124 128 132 136 140

124

126

128

130

132

134

136

138

140

142

 

 

∆∆ ∆∆
H
 (
e
V
)

Pressure (GPa)

114

115

124

136

 

Fig. 5 The differences of the enthalpies of furoxan between different pressures and 

ambient pressure. 
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Fig. 6 The relaxed lattice constants (a, b, c), unit cell angle, and unit cell volume of 

furoxan crystal under different hydrostatic pressures.  
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Fig. 7 The bond lengths, bond angles, and torsion angle of furoxan under different 

pressures. 
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Fig. 8 The band gaps of furoxan under different pressures by the LDA and GGA-PBE. 
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Fig. 9 Total and partial density of states (DOS) of furoxan under different pressures. 

The Fermi energy is shown as a vertical dashed line. 
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Fig. 10 The elastic constants of furoxan under different pressures. 
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Fig. 11 The absorption coefficients α(ω) of furoxan under different pressures. 
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Under compression, furoxan (S1) transforms to S2, then forms S3 with chair 

conformation, and finally becomes S4 with a trans-conformation.  
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