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ABSTRACT: The four-membered nitrogen ring (N4-ring) is
predicted to be a high-energy density moiety and has been the
target of chemical synthesis for quite a long time. Here, by
compressing the 1:1 co-crystal of trans-azobenzene and trans-
perfluoroazobenzene up to ∼40 GPa, the azo groups were
restrained closely in parallel in the crystal and underwent two
competitive addition reactions. One is [4 + 2] cycloaddition with
the azo group as a part of diene and phenyl as dienophile. The
other is [2 + 2] cycloaddition between two azo groups, which
produced an unprecedented N4-ring structure as evidenced by the
metathesis product. The content of the N4-ring structure
significantly increases under higher pressure, and we found that
it was the external pressure that decreased the kinetic barrier and realized such a high-tensile moiety. Our work shows that high
pressure is an alternative synthetic strategy for these high-tensile structures, which can be very effective under the cooperation of
crystal engineering.

■ INTRODUCTION
Polynitrogen compounds are important high energy density
materials because they can release a huge amount of energy
when N−N and N�N bonds (bond energy 167 and 418 kJ/
mol) transform into N�N (942 kJ/mol).1 Theoretically, a
variety of polynitrogen structures were predicted, like N4, N5,
N6, and N8 molecules with chain,2−4 tetrahedron,5−7 ring, and
cube structures.8−14 Experimentally, only those with extended π
bonds like N3

− and N5 species were synthesized in an operatable
scale, including the N5

+ chain in N5
+AsF6

− and N5
+SbF6

−, and
the cyclo-N5

− in (N5)6(H3O)3(NH4)4Cl.15−19 Among these
structures, the N4-ring has higher energy density than others due
to its higher tension and non-aromatic electron configuration
and hence becomes a featured moiety focused by synthetic
chemists. A cyclo-N4 molecule was theoretically predicted with
an energy of 11 kJ/mol higher than the N4-tetrahedron, which
brings a great challenge for synthesis.20−23

The [2 + 2] cycloaddition reaction is always a direct way to
synthesize four-membered rings,24,25 through which a series of
four-membered rings like cyclobutane (C4), azetidine (C3N),
oxetane (C3O), thietane (C3S), dioxetane (C2O2), and so forth
were produced.26−31 However, when more nitrogen atoms are
introduced, the four-membered ring becomes unstable. For
example, the diazetidine (C2N2) obtained by [2 + 2]
photocycloaddition between N�N and C�C is prone to
undergo the metathesis reaction and generate two C�N groups

after heating.32 By irradiating syn-bisdiazene, Exner et al. tried to
synthesize the tetrazetidine (N4) through the [2 + 2]
cycloaddition reaction between N�N bonds, but failed due
to the elimination of N2.

33,34 Camp et al. also reported the
formation of four-membered nitrogen ring by radical cyclization,
but only with the evidence from electron paramagnetic
resonance (ESR) spectroscopy.35 Up to now, all attempts to
induce the cycloadditions between two N�N are unsuccessful,
even the metathesis product was not observed, and whether
tetrazetidine (N4) can exist (even in the metastable state) is still
controversial.

High pressure is a promising method to synthesize N4-ring.
First, external pressure can greatly compress the intermolecular
N···N distance and induce the N−N bonding, like in the
synthesis of cubic gauche polymeric nitrogen under 110 GPa
with three-connected N atoms and 10-membered rings, layered
polymeric nitrogen above 120 GPa with single-bonded 7-
membered ring structure, and singly bonded amorphous
nitrogen under 150 GPa.36−38 Second, external pressure usually
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suppresses the production of gas,39,40 which would help to avoid
the elimination of N2. In this work, aiming at the N�N addition
reaction, we prepared the co-crystal of azobenzene (AB) and
perfluoroazobenzene (FAB), in which the strong intermolecular
interaction guarantees the closed parallel stacking of the
molecules and the azo groups. We found under high pressure
AB−FAB experienced an unexpected Diels−Alder addition
reaction between aryl−azo (diene) and aryl (dienophile),
completely different with the reactions of azo at ambient
pressure. More importantly, we also found the azo metathesis
between AB and FAB via a N4-ring intermediate, providing a
potential route to synthesize a N4-ring moiety. Our work clearly
reveals the characteristics of the addition reaction on −N�N−,
especially the reaction selectivity under high pressure, which has
great inspiration for the synthesis of covalent-bonded nitrogen
materials.

■ MATERIALS AND METHODS
Preparation of Co-crystal trans-Azobenzene and

trans-Perfluoroazobenzene and Its Characterization.
The powder azobenzene (AB, 98%) was recrystallized in n-
hexane and the trans-perfluoroazobenzene was synthesized
according to the method reported in the literature (the
experimental procedure and its characterization shown in
Supporting Information).41 The single crystal of 1:1 co-crystal
of trans-azobenzene (AB) and trans-perfluoroazobenzene
(FAB) were prepared by slow evaporation of the AB and FAB
mixture in n-hexane. The sample was identified as 1:1 co-crystal
without impurity in single crystal X-ray diffraction (XRD)
experiment at 180 K on a Rigaku XtaLAB PRO 007HF(Mo)
diffractometer, with Mo Kα radiation (λ = 0.71073 Å). The
CrysAlisPro program was used to perform the data reduction
and empirical absorption correction. The structure was solved
by a dual-space algorithm using SHELXT program.42 All non-
hydrogen atoms could be located directly from the difference
Fourier maps. Framework hydrogen atoms were placed
geometrically and constrained using the riding model to the
parent atoms. Final structure refinement was done using the
SHELXL program by minimizing the sum of squared deviations
of F2 using a full-matrix technique.
In Situ Raman, IR, Inelastic X-ray Raman, and X-ray

Diffraction under High Pressure. The obtained 1:1 co-
crystal, AB−FAB, was used for in situ Raman, IR, and X-ray
Raman spectrum (XRS) measurements. In the in situ Raman
and IR experiments, symmetrical diamond anvil cell (DAC)
with 300 μm culet was used for applying pressure. T-301
stainless steel gaskets were pre-indented to a thickness of 35 μm
and holes of 120 μm in diameter were drilled in the center of the
indentation to serve as the sample chamber. In situ Raman
spectra were recorded on a Renishaw Raman microscope with
excitation laser wavelength at 532 nm. For in situ IR
experiments, a pair of type II diamonds was used, and a disk
of dried KBr powder with appropriate size and thickness was
filled into the sample chamber to reduce the thickness of the
sample. The data were collected in the transmissionmode on the
Bruker VERTEX 70v spectrometer with HYPERION 2000
microscope and Globar source. The collection range was 600−
4000 cm−1 with a resolution of 2 cm−1. No pressure media was
used and the ruby fluorescence was used to calibrate the pressure
when performing the in situ Raman and IR measurements.43

Inelastic XRS was collected on BL12XU of Spring-8. Beryllium
gasket and symmetrical DAC were used in in situ X-ray Raman
experiments. At a scattering angle of 30°, the Si (555) analyzer

with a fixed elastic energy (E0) of 9.886 KeV was used to refocus
scattered X-ray photons onto the detector by using the back
scattering geometry methods.44 For N edge measurement, the
energy of incident X-ray was scanned from 10316 to 10266 eV.
For C edgemeasurement, the energy was scanned from 10206 to
10156 eV. For in situ single crystal XRD experiment, a ∼80 ×
100 μm2 single crystal was loaded in symmetrical DACwith high
purity silicone oil as the pressure-transmittingmedium. The data
were collected on a Bruker D8 VENTURE PHOTON II system
equipped with a Microfocus Incoatec Ims 3.0 (Mo Kα, λ =
0.71073 Å). APEX 3 software (Bruker) was used to refine the
collected data. The in situ high-pressure synchrotron XRD data
were collected at the 5A-MS-XRS beamline of the Pohang
Accelerator Laboratory. Well ground 1:1 co-crystal of AB−FAB
was loaded in symmetrical DAC without the pressure-trans-
mitting medium. The instrument was calibrated by a CeO2
standard sample and the wavelength of incident monochromatic
X-ray is 0.69265 Å. The Dioptas program was used for reducing
the collected data.45

Synthesis of Sample (PE-20) Recovered from 20 GPa
by Paris-Edinburgh Press. The sample PE-20 was synthe-
sized by a VX3 Paris-Edinburgh (PE) press with double-toroidal
sintered diamond anvils and automatic hydraulic oil syringe
pump was used to drive the system. The volume of the powder
sample is 31.1 mm3. The target pressure is 1650 bar (oil
pressure), about 20 GPa according to the Edinburgh group
calibration curve.46 The rate of the compression is 4 bar/min
below 600 bar, 2 bar/min from 600 to 1000 bar, 1 bar/min from
1000 to 1300 bar, and 0.5 bar/min from 1300 to 1650 bar. The
pressure was maintained for 1 h every 100 bar when the pressure
exceeded 1000 bar. The sample was maintained at the 1650 bar
for about 12 h and then decompressed to ambient pressure. The
rate of decompression is the same with that in the compression
process. The obtained recovered product PE-20 was used for X-
ray Raman experiments.
Synthesis of Sample Recovered from 25 GPa by DAC

and Its Gas Chromatography Mass Spectrometry
Measurements. Powder sample AB−FAB co-crystal was
loaded in DAC and compressed up to 25 GPa. After holding 2
h at 25 GPa, the sample was decompressed to ambient pressure.
The AB−FAB recovered from 16 and 20 GPa were synthesized
according to the same procedures described above. The
recovered sample was picked out with a tungsten needle and
dissolved in 10 μL of dichloromethane (CH2Cl2, HPLC purity,
99.9%). High-resolution gas chromatography mass spectrome-
try (GC−MS) of the recovered sample was carried on a Thermo
Scientific Q Exactive GC hybrid quadrupole-Orbitrap mass
spectrometer. 1 μL of sample was injected manually at the S/SL
mode. A TG-5SilMS capillary column (30 m × 0.25 mm I.D. ×
0.25 μm film thickness) was used and helium (99.999%) with a
constant flow rate of 1.0mL/min was used as the carrier gas. The
GC oven was increased from 40 °C (held for 2 min) to 280 °C at
a rate of 5 °C/min, and the temperature of the inlet, transfer lines
and ion source were set at 280 °C. The systemwas operated with
an electron ionization (EI) source at 70 eV. Scan spectra were
recorded in the range of 50−750 m/z. The Thermo Scientific
Trace-Finder 4.0 software and Thermo Scientific deconvolution
software were used to acquire and process the data, respectively.
The percentage (%) of each product was obtained by integrating
the ion peak area of each product relative to the total ion peak
area.
Metadynamic Simulation and Calculation of the IR

Spectra.The geometry optimization of AB−FAB under 20GPa
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was performed by density functional theory (DFT) calculations
by using Vienna Ab-initio Simulation Package (VASP) code.47

The local density approximation (LDA) exchange correlation
functional by Ceperley and Alder, as parameterized by Perdew
and Zunger (CA−PZ)48 in the projector-augmented plane-wave
projector augmented wave potentials was used. A k-point
sampling of less than 2π × 0.05 Å−1 and an energy cutoff at 640
eV were used. Molecular dynamics (MD) simulation with
metadynamics method49 implemented in VASP was conducted
at 300 K, with a 640 eV energy cutoff and a Γ-point only k-point
sampling. In the MD simulations, the unit cell containing two
molecules were expanded to a supercell consisted of 2a× 2b× 1c
unit cells. Each meta step consisted of 500 MD steps, 0.8 fs each
step. For the calculation of the IR spectra of AB−FAB, the
Cambridge Sequential Total Energy Package (CASTEP)
module50 in Material Studio was used. IR spectra were then
calculated for reference.51 DFT-D3(BJ)52 correction was used
to take the non-covalent effects into consideration in VASP,
while OBS correction in CASTEP.53

Reaction Mechanism Calculation for Metathesis
Product, C12N2H5F5 (Product 7). The chemical reaction
mechanism of the formation of product 7 was performed with
DFT calculations as implemented in Gaussian,54 which is based
on an isolated molecular system. All the calculations were done
at the B3LYP/6-311 + g(d,p)55−57 level with subsequent
frequency calculations to confirm the true minima (zero number
of imaginary frequency) or transition states (TS, with the
existence of only one number of imaginary frequency). Besides,
intrinsic reaction coordinate (IRC) calculations were also
conducted for TSs to verify the reaction mechanism involving
the existence of the N4 ring. Pressure correction could be
approximated by the volume of activation according to
Hoffmann.58 Volumes of activation was worked out by
Multiwfn59 software after defining the molecular surfaces with
the isosurfaces of charge density at 0.002 a.u.60 Relative Gibbs
free energy of the states at the specified conditions was worked
out according to the results above.

■ RESULTS AND DISCUSSION
Structural Evolution under High Pressure. We inves-

tigated the structure evolution of AB−FAB under high pressure
by combining the in situ single crystal and powder XRD. At
ambient pressure, the phenyl and perfluorophenyl has an
ordered π−π stacking as expected (Figure 1a and Table S1),
with the two closest intermolecular N···N distances 3.68 and
3.80 Å, respectively. Upon compression to 2.2 GPa, the lattice
parameters of AB−FAB determined by using in situ single
crystal XRD, shrank but maintained its shape (Table S2). For
higher pressure up to 34.7 GPa, the in situ powder XRD
maintained the profile with all the peaks shifting to high angle
without any new peak appearing (Figure 1b), which suggests
that the π−π stacking were stable and only the intermolecular
distance was compressed. This is also supported by the
theoretical calculation, which reveals a similar structure after
optimization of AB−FAB under 20 GPa (discussed later).
Hence, we can conclude that the π−π stacking in AB−FAB is
stable under applied pressure before reaction, which is favorable
for inducing the bonding between azo groups as we expected.
In Situ Raman and IR Spectra under High Pressure. To

probe the variation of the local structure, in situ Raman and IR
spectra of AB−FAB under applied pressure were collected up to
25 and 40 GPa, respectively, as shown in Figure 2, and the
detailed peak assignments are listed in Tables S3 and S4. Upon

compression, all the Raman modes blue-shifted slowly (Figure
2a,b). Above 4.2 GPa, new peaks centered at 937 and 1648 cm−1

(marked asterisk in Figure 2a,b) emerged in the region of C−H
out-plane bending and C�C stretching of azobenzene, which
are probably related to the changes of the local environment of
the phenyl group. Above 17.3 GPa, almost all the Raman peaks
disappeared and the color of sample changed from orange to
black, which indicates the chemical reaction starts. After
decompression from 25.6 GPa, only a broad peak centered at
1600 cm−1 survived and hence demonstrated that the reaction is
irreversible.

In situ IR spectra uncovered the similar transition and
chemical reaction (Figure 2c,d). As displayed in Figures 2c and
S1, a new peak emerged in the region of C−Hout-plane bending
of azobenzene (721 cm−1) at 5.4 GPa, indicative of the minor
transition related to the changes of the local environment of the
phenyl group, consistent with the Raman results. Above 20.3
GPa, new peaks at 937 (C−H in-plane bending) and 1208 cm−1

appeared and gradually enhanced with the increase in pressure
(asterisked in Figures 2c and S1). To confirm the new peak at
1208 cm−1, we compared the in situ IR spectra of 14N−
AB−14N−FAB co-crystal and 15N−AB−14N−FAB co-crystal.
Both these two powder samples were placed into one DAC
symmetrically to avoid the measurement error of the pressures
in different sequences. At 22.4 GPa, comparing with the peak in
the unlabeled sample (1212 cm−1), that in the 15N-labeled
sample red-shifts by 12 cm−1 due to the isotope substitution
(Figure 2e), which indicates that the new peak is related to the N
atom and can be assigned to N−N or C−N stretching. This
indicates that the N�N reacts to formN−N or C−N. A sp3 C−
H stretching peak also developed (red circle in Figure 2d) and
becamemore obvious during decompression (Figure S2), which
obviously resulted from the C−Cbonding between the aromatic
rings. Above 25.6 GPa, the IR peaks of AB−FAB gradually
disappeared. Only the new bands centered at 1030, 1200, and
3210 cm−1 maintained up to 40 GPa and during the
decompression process (Figure S2), demonstrating that the
chemical reaction is irreversible. In the recovered product, the

Figure 1. (a) Crystal structure of AB and FAB co-crystal [P-1, a =
6.1071(2) Å, b = 7.4789(2) Å, c = 11.8018(3) Å, α = 89.606(2)°, β =
85.385(2)°, and γ = 84.467(2)°]. (b) Selected XRD patterns of AB−
FAB up to 34.7 GPa.
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two broad peaks centered at 1120 and 1310 cm−1 are ascribed to
the C−F/C−C/C−N/N−N stretching bonded with sp3−C and
double bonds, respectively, and the sp3 C−H stretching (2995
cm−1) was also present in the product, which means that the
aromatic rings experienced an irreversible bonding process in
the PIP.
X-ray Raman Spectroscopy under High Pressure. X-ray

Raman spectroscopy (XRS) provided elemental specific
evidences on the reaction of the π-bonds of carbon and nitrogen
in AB−FAB under both in situ and ex situ conditions. The
carbon K-edge XRS spectra of AB−FAB co-crystal and the
product synthesized by PE press at 20 GPa (referred as PE-20)

are shown in Figure 3a. The K → π* transition band of carbon
(∼285 eV) in PE-20 obviously decreases, which indicates part of
C−C π bonds transformed to σ bonds irreversibly. This agrees
with the appearance of sp3 C−H in IR results, and hence
confirms that the phenyl involved in the reaction to form the sp3

C. On the other hand, the in situ experiment shows that the
signal of K → π* transition of nitrogen (at 400 eV, asterisked in
Figure 3b) also significantly decreases under high pressure, while
the K → σ* transition band obviously increases above 415 eV.
This clearly suggests that the N�N π-bond takes part in the
reaction and converts into the σ bond.

Figure 2. In situ Raman spectra of AB−FAB up to 25.6 GPa and that recovered to ambient pressure in the region of (a) 550−1280 and (b) 1380−1800
cm−1. In situ IR spectra of AB−FAB up to 40.3 GPa in the region of (c) 600−1750 and (d) 2800−3500 cm−1. (e) IR spectra of 14N−AB−14N−FAB
and 15N−AB−14N−FAB at 22.4 GPa. γ represents out-of-plane bending; ν represents stretching; β stands for in-plane bending. The vibrations marked
in black and red at 0.4 GPa belong to the FAB and AB moieties, respectively.

Figure 3. (a) Carbon K-edge spectra of AB−FAB and PE-20 at ambient pressure. (b) In situ nitrogen K-edge spectra of co-crystal AB−FAB under high
pressure. The peak at 400 eV attributed to K → π* transition of nitrogen marked by the asterisks decreased compared with that at ambient pressure.
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Gas Chromatography Mass Spectrometry of Recov-
ered Products. In order to understand the reaction process, we
performed the GC−MS to investigate the structure of the
intermediate products. The sample recovered from 25 GPa in
DAC experiments was extracted by dichloromethane (CH2Cl2)

and the soluble oligomers/intermediates were investigated by
the GC−MS. The total ion chromatograms (TIC) of the
products of AB−FAB recovered from 25 GPa are displayed in
Figure S3 and seven primary compounds were detected (marked
1−7 in Figures S3 and S4a), including C6F5NH2 (1,

Figure 4. GC−MS on the recovered product from 25 GPa. (a) C24N4H9F9, (b) 1,2,3,4-tetrafluorophenazine, (c) isotope-labeled 1,2,3,4-
tetrafluorophenazine C12H4

15NNF4, (d) metathesis product 1-(perfluorophenyl)-2-phenyldiazene C6H5−N�N−C6F5, and (e) isotope-labeled
product C6H5−15N�N−C6F5.
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pentafluoroaniline, 38%), H−F-exchanged product C6F5−N�
N−C6F4H (2, 24%), C6H5−N�N−C6H4F (3, 2%), nitrogen-
loss exchanged product C6F5−NH−C6H5 (4, 11%), dimmer
C24N4H9F9 (5, 8%), exchanged products C12N2H4F4 (6, 3%),
and to our surprise, metathesis product, C12N2H5F5 (7, 7%).
4 is identified as 2,3,4,5,6-pentafluoro-N-phenylaniline

(Figure S5). Checking the GC−MS results of the recovered
high-pressure product (25 GPa) of isotope-labeled 15N−
AB−14N−FAB co-crystal (Figure S4b), the N atom is from
FAB. It proves that the C atom of AB bonds to the N of FAB
under high pressure. 5 is a dimmer with one H and one F atom
eliminated and is determined as (E)-7,8,9,10-tetrafluoro-5-
(perfluorophenyl)-4-(phenyldiazenyl)-4a,5-dihydrobenzo[c]-
cinnoline (Figure 4a). The molecular structure was determined
by the tandemmass spectrometry (MS/MS) of the selected ions
C24H9N4F9, C18H4N2F9, and C18H3N2F8 (Figure S6). This
product is from the Diels−Alder reaction between −N�N−
CF�CF− of FAB and −CH�CH− in AB, which was
confirmed again by the meta-dynamic calculation results of
AB−FAB discussed below. 6 is identified as the 1,2,3,4-
tetrafluorophenazine (Figure 4b) by comparing the MS with
phenazine, perfluorophenazine, and benzo[c]cinnoline (Figure
S7). The two nitrogen atoms are from AB and FAB, respectively,
as demonstrated by the isotope-labeled experiment (Figure 4c).
It also evidences the intermolecular bonding between C and N
under high pressure.
7 is identified as 1-(perfluorophenyl)-2-phenyldiazene

(Figure 4d) due to its similar fragmentation process with AB
and FAB (Figure S8). The isotope-labeled experiment identified
C6H5−15N�N−C6F5 from the product (Figure 4e), and

therefore unambiguously demonstrated that the two nitrogen
atoms in the metathesis product are from 15N labeled AB
(C6H5−15N�15N−C6H5) and non-labeled FAB (C6F5−N�
N−C6F5), respectively, via a direct N−15N bonding under high
pressure. It should be noted that 7 differs from 4−6 by new N−
N bonding, which should result from completely different
reaction paths.
Metadynamic Calculation. To understand the bonding

process, we optimized the crystal structure at 20 GPa by
theoretical calculation (Figure 5a). The stacking between the
phenyl and perfluorophenyl units resembles that at ambient
pressure, in consistence with the XRD data. The closest
intermolecular N···N distances are 3.25 and 2.94 Å, respectively.
Starting from this model we performedmetadynamic calculation
to simulate the reaction routes. At the 23rd step, the [4 + 2]
Diels−Alder reaction between the phenyl-ring of FAB (−CF�
CF−) and the phenyl-azo group of AB (−CH�CH−N�N−)
takes place (Figure 5b,c). The time interval between the
formation of the two new bonds is less than 0.8 fs and hence
demonstrated the concerned reaction. The same reaction also
happens between the phenyl-ring of AB (−CH�CH−) and
phenyl-azo group of FAB (−CF�CF−N�N−) after 40.8 fs
(Figure 5d). A dimer containing seven fused rings is thus
formed, as shown in Figure 5d. As the reaction continues, a
layered polymeric network was formed (Figure S9). Part of the
sp2 C of phenyl and perfluorophenyl moieties transferred into
sp3 C, in agreement with the spectroscopic and XRS results. This
structure maintains in the following optimization at ambient
pressure.

Figure 5. (a) Crystal structure of AB−FAB under 20 GPa after geometry optimization. The 23rd step of metadynamic simulation: (b) before reaction,
(c) 0.8 and (d) 40.8 fs later. Red bonds are the newly formed bonds.
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According to the above experimental results and meta-
dynamic simulation, four possible bonding (I, II, III, and IV)
between AB and FAB are suggested as shown in Figure 6, which
explained the formation of the products 4−6 observed in GC−
MS by new C−N and C−C bonds. The bonding is obviously
topochemical. 4 is generated from the bonding III (path a) and
following elimination of N−C6F5 and N2−C6H5. By bonding of
III and IV, 5 is generated from theDiels−Alder reaction between
−N�N−CF�CF− of FAB and −CH�CH− in AB (path b).
In this route, phenyl is dienophile and pentafluorophenyldia-
zenyl is diene, as found in the meta-dynamic results. 6 is
generated via the bonding of II and III (path c) and the breaking

of N−N bond, which is in fact a [3 + 3] cycloaddition61 between
N−CF�CF− of FAB and −CH�CH−N in AB.
Reaction Mechanism Calculation. The formation of 7

with the new N−N bond should follow another route. An
intermediate product containing the N4 ring, 1,2-bis-
(perfluorophenyl)-3,4-diphenyltetrazetidine, is proposed via [2
+ 2] cycloaddition of two azo groups. It will decompose byN−N
splitting during decompression, and forming 7, as evidenced by
the GC−MS experiment. The corresponding chemical reaction
mechanism was investigated by DFT calculation, and three TSs
and intermediates were found at ambient pressure, as shown by
the blue line in Figure 7. The Cartesian coordinates of each

Figure 6. Reaction route for forming (a) 2,3,4,5,6-pentafluoro-N-phenylaniline, (b) dimer (C24N4H9F9), (c) 1,2,3,4-tetrafluorophenazine, and (d) 1-
(perfluorophenyl)-2-phenyldiazene.

Figure 7. Gibbs free energy profile of reaction paths of the N4 ring. Red lines represent the potential energy profile corrected by PΔV≠ and PΔV
referred to the volume of IS1. IS: initial state, TS: transition state, and P: product. The unit of energy is kJ/mol.
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structure are shown in Tables S5−S11. At ambient pressure, AB
and FAB first experienced TS1with energy barrier of 145 kJ/mol
and formed P1 with the two molecules linked by one N−N
bond. Then, P1 changed conformation via TS2 with an energy
barrier of 116 kJ/mol, followed by the formation of the second
N−N bond, releasing 60 kJ/mol of energy to form a N4 ring
(P2). The bond lengths of N−N are ∼1.48 Å, which was closed
to the N−N single bond lengths in hydrazine (1.452 Å).62 The
bond angles of N4 ring are ∼90°, suggesting that the N4 ring has
a planar configuration. The energy difference between IS1 and
P2 is 198 kJ/mol, which is similar with the energy difference
between two N�N bonds and four N−N bonds at ambient
pressure, 168 kJ/mol. The N4 ring of P2 easily decomposes via
TS3 (with the energy barrier of only 64 kJ/mol) and form 7,
which is detected in GC−MS of high-pressure products.

To investigate the formation mechanism of 7 under high
pressure, we included the contribution of the PV term to
enthalpy according to Hoffmann’s report,58 where the volume of
activation (ΔV≠ = Vtransition state − Vinitial state) and the volume
change for reaction (ΔV = Vfinal state − Vinitial state) significantly
affect the reaction. The values of ΔV≠ and ΔV referred to the
volume of initial state (IS1) for all the species in the reaction
profiles were obtained by Multiwfn59 software at 0 GPa, with
defining the molecular surfaces at the isosurfaces of charge
density at 0.002 a.u (Table 1).60 When pressure goes up to 20

GPa, the enthalpy changes, ΔH≠ = U≠ + PΔV≠ and ΔH = U +
PΔV, are corrected by PΔV≠ and PΔV for TSs and
intermediates, respectively, and the overall energy profile is
shown in Figure 7 (red lines) with the details shown in Table
S12. For P1 and P2, the relative Gibbs free energy will decrease
by 129 and 136 kJ/mol, respectively. P1 is hence located in a
shallow potential well with an energy barrier of 31 kJ/mol (only
18 kJ/mol to TS1), reversible between IS1 and P1. P2 is only 62
kJ/mol above IS1, which means thermodynamically the N4 ring
is an accessible intermediate product under 20 GPa and room
temperature. The relative Gibbs free energy of TS1 and TS2 also
decreases to 31 and 143 kJ/mol as corrected by PΔV≠,
respectively. Thus, only the second transition determines the
formation of the N4 ring. This is a high energy barrier but has
already suppressed by external pressure significantly because
forming N4 ring is a cyclization with both negative ΔV≠ and ΔV,
and is accessible at room temperature and high pressure.
Furthermore, the barriers of the N4 ring going reversibly to P1 or
further to P3 are 81 and 93 kJ/mol, respectively, implying its
possible existence as an intermediate. Thus, we conclude the
formation of the N4 ring structure under high pressure in this
system via path d in Figure 6, which formed 7 as detected in
GC−MS of high-pressure products.

The reaction path of azo groups under high pressure is
diversified but quite different with that in ambient pressure. At
ambient pressure, due to the strong electron-withdrawing ability
of the azo group, azo groups were reported as dienophiles to
react with diene in the hetero-Diels−Alder reaction in last
decades.63−67 In contrast, under high pressure, the regular

molecular stacking and the spatial selectivity of high-pressure
solid reaction determines that the azo groups participate in the
hetero-Diels−Alder reaction as a part of dienes and even the
phenyl groups can also participate in the reactions. Besides, due
to the strong stacking restriction caused by applying pressure,
the distance between adjacent azo groups could be close enough
and the [2 + 2] reaction could also occur to form the N4 ring. In
the decomposition process, due to the thermal instability of the
four-membered ring, the metathesis products are observed,
which played key evidence of the formation of four-membered
ring.32,68 We also found that the content of metathesis product
increased upon further compression. The content ratio of
product 7 to (4 + 5 + 6) was 17% at 20 GPa, and 32% at 25 GPa,
which indicates these two reactions are competitive and high
pressure facilitates the formation of the N4 ring system.

■ CONCLUSIONS
To conclude, by employing the π···π intermolecular interaction
between benzene and hexafluorobenzene, the co-crystal of
azobenzene and perfluoroazobenzene was constructed and its
reaction under high pressure up to 40 GPa was studied. The
spectroscopic, XRD, XRS, GC−MS, and theoretical inves-
tigations evidence two kinds of reactions: the [4 + 2] Diels−
Alder reaction between the azo and phenyl group and the [2 + 2]
reaction between the azo groups happen under high pressure.
The resulted N4 (tetrazetidine) ring is not stable and transfers
into the metathesis product C6H5−N�N−C6F5, which is
observed in GC−MS and confirmed solidly by the isotope-
labeled experiment and theoretical calculation. This is the first
time to experimentally observe the metathesis product of azo,
and through this, the presence of the N4 intermediate is
evidenced. The parallel arene-perfluoroarene π-stacking ar-
rangement and high pressure are responsible for the [2 + 2]
bonding between the azo groups. Our studies show that the
extreme condition combining the crystal engineering is an
effective way to synthesize poly-nitrogen compounds.
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