Open Access Article. Published on 29 November 2018. Downloaded on 12/5/2025 2:17:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2018, 8, 39929

Received 13th October 2018
Accepted 26th November 2018

DOI: 10.1039/c8ra08486f

Pb'-catalyzed transformation of aromatic nitriles
to heptanitrogen anions via sodium azide:
a combined experimental and theoretical studyt

Rong-Yi Huang, ©2*2 Chao Zhang,? Da Yan,? Zhi Xiong,? Heng Xu*?
and Xiao-Ming Ren*®

Under hydrothermal conditions, an open-chain N;°~ anion stabilized in a metal—organic framework (MOF)
was achieved for the first time via the in situ reaction of 4-fluorobenzonitrile and sodium azide with Pb?* ion
as catalyst. The anion with C,, symmetry in the MOF was studied by FT-IR, single-crystal XRD and
theoretical calculations. Thermal analysis results demonstrated the stability of the anion in the MOF
below 430 °C and a high energy content of 8.61 kJ g~*. The anion is also a good reducing agent. It can
easily react with basic KMnO, solution. Moreover, the present study indicates that the Pb?* ion activates
the azide rather than nitrile in the in situ reaction of nitriles with azides to form polynitrogen and this
mechanism is a distinct contradiction with the previous results in which the nitrile reacts with azide in
the presence of transition metal ions. Our findings may open a new avenue towards the synthesis and
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Introduction

Metal-organic frameworks (MOFs) have attracted enormous
attention for not only fundamental interest but also applied
research, such as gas separation, gas storage, catalysis, chem-
ical sensing and drug delivery," ™ and this is due to the unique
nature of the porosity.™ Several surprising studies have recently
underscored the potential important application of nitrogen-
rich MOFs in the area of energetic materials."”* In particular,
the metal ions, via coordinating with nitrogen-rich ligands, can
be easily constructed as energetic MOFs and most of them
possess lower sensitivities.'® To date, albeit that many MOFs
based on energetic ligands, including hydrazines, triazoles and
tetrazoles, have been designed and synthesized as interesting
candidates for primary or secondary explosives,'** no signifi-
cant progress in MOFs involving polynitrogen ligands (N, with
n more than three) has been achieved due to the assembly
difficulties and intrinsic instability of polynitrogen species. In
this context, it is a significant challenge to obtain more stable
polynitrogen ligands and reveal the reaction mechanism to
chemists, since nitrogen atoms do not tend to generate stable
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capture of polynitrogen compounds.

multi-atom rings or long chains and most of the reaction
intermediates are too active to be captured. Single-crystal XRD
is a powerful tool for exploring a reaction mechanism and
directly provides information on the nature of reaction inter-
mediates.”>*” However, the precondition is based on the fact
that the active intermediates must be captured in their crys-
talline state. Recently, using single-crystal XRD analysis, Lu and
co-workers have demonstrated that metal ion catalysis plays
a critical role in the in situ reaction of tetrazole formation* and
it has been found that the common [2 + 3] cycloaddition reac-
tion of nitrile with azide to form tetrazole was easily achieved in
water using metal ions as a Lewis acid catalyst®~* and density-
functional theory (DFT) calculations disclosed that the activa-
tion of nitrile using Zn>" ions is the critical step for in situ tet-
razole formation,* such a mechanism was further supported
via the capture of a crystalline reaction intermediate during the
experiment.?®

Currently, a large number of studies have been focused on
the in situ formation of metal-tetrazole complexes using tran-
sition metal ions, e.g. Zn>*, Co**, Cd** and Mn*", as the Lewis
acid catalyst.>* In this study, we noted that the halides or
pseudohalides of transition metal ions and the main group Pb>*
ion show different solubility in water. This fact indicates that
there exists a distinct coordination interaction between the
metal ion and halide or pseudohalide anions between the
transition metal ions and main group Pb>" ion. Consequently, it
is possible to obtain different products if the transition metal
ions are replaced by the main group Pb** ion during the in situ
reaction of nitrile with azide to form tetrazole. We attempted to
explore the reaction of nitrile and azide in the presence of the
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main group Pb*' ion. Surprisingly, a new open-chain poly-
nitrogen anion was isolated in the water instead of the in situ
formation of tetrazole. We further designed a reaction system,
by which we successfully captured three interrelated interme-
diate products, H3O[Pbg(}s-N7)(1s-O)2(1e-0x)(1,-CHDA),]- 4H,0
(MOF-N;), Pb3(N;)s (a-Pb(N3);) and [Pb,(ps-O) (FBA),]-2H,0O
(Pb-FBA) (HFBA = 4-fluorobenzoic acid; H,CHDA = 1,3-
cyclohexane-dicarboxylic acid; Hyox = oxalate acid), the crystal
structures of which were characterized. Our results reveal that
the azide ion, rather than the nitrile was activated by the Pb*"
ion and this was distinct from that previously reported reaction
catalyzed by transition metal ions.?*?*

Experimental and computational
sections

Caution

Azides and MOF-N, are a highly energetic. They should be
handled only on a very small scale and must be handled with
special caution.

Materials and general methods

All chemicals used were obtained commercially and used
without further purification. C, H and N microanalyses were
performed on a Vario EL III elementary analyzer. FT-IR spectra
(KBr pellet) were recorded in the range 400-4000 cm™ ' on an
iS50 FT-IR (Nicolet) spectrometer. Powder X-ray diffraction
pattern (PXRD) was performed on a Rigaku D/max-RA rotating
anode X-ray diffractometer at room temperature. N, sorption
isotherm was obtained on the Belsorp MAX volumetric
adsorption equipment. Thermogravimetric analysis and differ-
ential scanning calorimetry (TGA/DSC) were determined on
a Netzsch STA-409PC analyzer in flowing N, with a linear

heating rate of 10 °C min™".

Synthesis of MOF-N,, o-Pb(N3), and Pb-FBA

H;0[Pbg(p6-N-)(14-0),(p6-0X)(1,-CHDA) 4] - 4H,0 (MOF-N5). A
mixture of Pb(NO3),, (0.0662 g, 0.2 mmol), H,CHDA (0.0172 g,
0.1 mmol), 4-FBN (0.0121 g, 0.1 mmol), NaN; (0.0130 g, 0.2
mmol), NaOH (0.0080 g, 0.2 mmol) and H,O (14 mL) was sealed
in a 25 mL Teflon-lined stainless steel container. The reactor
was heated to 160 °C for 96 h, and then slowly cooled down to
room temperature. Colorless block crystals of MOF-N, were
isolated via filtration and rinsed with distilled water several
times in 35% yield (based on Pb(NOs),). Cs3;Hs1N,0,,Pbg
(2647.41): calc. C, 15.43; H, 1.94 N, 3.70; found C, 15.38; H,
1.99; N, 3.65%. FT-IR (KBr pellet, cm '): 3446(w), 2915(m),
2849(m), 2061(m), 1585(s), 1544(s), 1506(s), 1399(s), 1354(m),
1341(m), 1320(m), 1294(m), 1268(m), 1250(m), 1226(m),
1185(m), 1140(m), 1027(m), 959(m), 916(m), 766(m), 714(m),
685(m), 655(m), 566(m), 520(m), 487(m).

Pb3(N3)s (o-Pb(N3),). The preparation of o-Pb(N;), was
carried out using the procedure for preparing MOF-N;, with the
addition of 4-FBN not included. Yellow rod crystals of a-Pb(N3),
were isolated via filtration and rinsed with distilled water
several times in 70% yield (based on NaNj). N;gPb; (873.75):
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cale. N, 28.86; found N, 28.78%. FT-IR (KBr pellet, cm ):
2036(s), 1384(m), 1328(w), 1128(w), 1043(w), 669(w), 632(W),
606(w), 434(w).

[Pby(p4-O)(FBA),]-2H,O (Pb-FBA). Pb-FBA was obtained via
the reaction of Pb(NOj3), with 4-FBN and NaN; under the same
reaction conditions used for the preparation of MOF-N;.
Colorless rod crystals of Pb-FBA were isolated via filtration and
rinsed with distilled water several times in 65% yield (based on
4-FBN). C14H;,F,0,Pb, (744.64): calc. C, 22.58; H, 1.62; found C,
22.52; H, 1.75%. FT-IR (KBr pellet, cm™"): 3448(m), 3086(w),
2926(m), 1606(s), 1552(s), 1525(s), 1509(m), 1492(m), 1298(w),
1239(m), 1227(m), 1215(m), 1151(m), 1088(w), 1013(w), 857(m),
782(s), 688(w), 669(w), 610(s), 547(w), 528(w), 492(w), 431(m).

X-ray crystallography study

Single crystal X-ray diffraction analyses of MOF-N, a-Pb(N;),
and Pb-FBA were performed on a Bruker SMART APEX II CCD
diffractometer with graphite monochromated Mo-Ka radiation
(A = 0.71073 A) at room temperature. The empirical absorption
corrections based on psi-scan were carried out. The crystal
diffraction data were integrated with the Bruker SAINT
program. Sadabs program was used for absorption correction.
The crystal structures were solved via direct methods and all
non-hydrogen atoms were refined anisotropically using the full-
matrix least-squares technique on F* using the SHELXL-2014.3*
All hydrogen atoms on the carbon atoms were calculated in
their idealized positions and refined using the riding model.
The largest diffraction peak and hole are attributed to the ghost
peaks of the heavy lead atom. The ISOR restraint was applied to
the disordered N1, C5 and C6 atoms in MOF-N; (PLAT342_A-
LERT_3_B checkCIF alert for MOF-N, due to the disordered C5
and C6 atoms). At the same time, the SIMU and DELU restraints
were also applied to the N1, N2, N3 and N4 atoms in MOF-Nj. All
these restraints can make the ADP values of the disordered
atoms in MOF-N; more reasonable. Furthermore, the guest
water molecules in MOF-N; and Pb-FBA and hydronium ions in
MOF-N; in the corresponding frameworks are highly distorted
and impossible to refine via conventional discrete atom models
(PLAT601_ALERT 2_A checkCIF alert for MOF-N,, and PLA-
T601_ALERT 2 B checkCIF alert for Pb-FBA). The final
formulas for MOF-N, and Pb-FBA were obtained from the
PLATON results in combination with the experimental results
obtained from elemental analysis (EA) and thermogravimetric
analysis (TGA). The pertinent crystal parameters, data collection
and refinement as well as the selected bond lengths and angles
with their estimated deviations for MOF-N;, a-Pb(N3), and Pb-
FBA are summarized in the Tables 1 and S1-S3,} respectively.

Computational details

All computations reported in the present work were performed
using the Gaussian09 D.01 program package.>® Density-
functional theory (DFT) calculations were carried out using
the popular B3LYP method.***” The Stuttgart-Dresden (SDD)*®
effective core potential (ECP) was employed for Pb atoms, while
the 6-31+G(d,p) basis set was used for C, H, O and N atoms. To
verify the activation of the azide ion by the Pb>" ion, we

This journal is © The Royal Society of Chemistry 2018
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Table 1 Crystallographic data and structure refinement summary for MOF-N5, a-Pb(N3), and Pb-FBA
Complexes MOF-N;, o-Pb(N;), Pb-FBA
Formula C;3,H;5,N50,,Pbg N;Pb; C,,H;,F,0,Pb,
Formula Weight 2647.41 873.75 744.64
Crystal system Monoclinic Orthorhombic Tetragonal
Space group C2/m Pnma I4,/a
a(A) 8.1312(6) 6.6300(2) 24.6059(4)
b (&) 29.931(3) 16.2630(6) 24.6059(4)
c (&) 11.5601(9) 11.3428(4) 10.7731(2)
8 102.974(5) 90 90
Volume (A% 2741.7(4) 1223.02(7) 6522.6(2)
VA 2 4 16
T (K) 293(2) 296(2) 296(2)
Deated (Mg m™3) 3.096 4.745 2.886
F(000) 2250 1488 5024
0 range (°) 3.268 to 25.050 2.189 to 25.042 1.655 to 25.049
Reflections collected 6743 3906 34 531
Independent reflections 2468[Rin: = 0.0476] 1111[Rine = 0.0426] 2888[Rine = 0.0384]
Data/restraints/parameters 2468/41/170 1111/0/104 2888/0/208
Goodness of fit on F* 1.003 1.000 1.001
Final R indices [I > 20(1)] Ry = 0.0419“ R, = 0.0276 R, = 0.0183¢

WR, = 0.1255" WR, = 0.07117 WR, = 0.04627
R indices (all data) R; = 0.0541° R, = 0.0319¢ R, = 0.0268¢

WR, = 0.1310° WR, = 0.0731° WR, = 0.0489”
Largest diff. peak and hole (e A~%) 2.526 and —1.818 2.084 and —1.259 0.548 and —0.875
CCDC reference number 1487965 1487966 1487967

“ Ry = Y| |Fol — |Fel [/ 1Fol- * WRy = [Sw([Fol* — |Fel )/ Iw(Fo)*|™2, w = 1/[0*(Fo?) +(aP)* + bP]. P = (F,* + 2F%)/3.

considered two different activated models of Pb*" with N;~ and
4-FBN. The DFT calculations were performed on the above Pb---
N; and Pb---4-FBN associations (Fig. S1t). The additional
calculations were also performed on monomeric Pb*>", N;~ and
4-FBN. For all the species studied here, the geometries were
optimized and the final compounds correspond to minima
since no imaginary frequencies were found. The SMD*® solva-
tion model was selected for H,O effects. The interaction ener-
gies of both associations were determined from the energy
difference between the association and monomers, considering
the zero point vibrational energy, ZPE. The basis-set superpo-
sition error, BSSE was computed using the counterpoise
method of Boys and Bernardi.*” Additionally, to further aid in
the interpretation of the reaction mechanism of 4-FBN and
NaN; with Pb** ion as the Lewis acid catalyst, the molecular
electrostatic potential as well as the electrostatic potential
basins analysis by means of the Multiwfn program** were ob-
tained based on the optimized stable Pb---N; and 4-FBN,
respectively. Additionally, to clarify the nature of N,°~ anion
and MOF-N,, DFT calculations were performed on the N;*~
anion (N> -C,y) and a minor calculation model was selected,
[Pb,6(0)4(0X)4(N5)(CH;C00),4(CH;COOH),]~ (MOF-N;) from
the crystal structure of MOF-N; (Fig. S2}). The optimized stable
structure of the N,®>~ anion was also obtained. The stable N,*~
anion (N, ~-Cs,) possessed C,, symmetry. For MOF-N-, only the
hydrogen positions were optimized. Based on the Multiwfn
procedure, the characteristics of the bond critical points (BCPs)
of all the N-N and Pb-N bonds in MOF-N, were also analysed
with the atoms in molecules (AIM) methodology.** Further-
more, the dissociation energies obtained for N3 7-C,, and N2~

This journal is © The Royal Society of Chemistry 2018

C,, were established via AEq, = E(N;°7) — 7/2E(N,) at the
B3LYP/6-31+G(d,p) level of theory.

Results and discussion
Synthesis

It should be noted that the first N;°>~ anion stabilized in the
MOF-N, was
robenzonitrile (4-FBN) and sodium azide using Pb** ion as the
Lewis acid catalyst under hydrothermal condition. Therefore,
a few comparative experiments were considered to show the
predominant influence factors to generate the N,°~ anion. The
results demonstrate that the in situ reaction can be affected by
several factors such as the metal ions and the auxiliary organic
carboxylate ligands. Under the similar reaction conditions used
for the preparation of MOF-N, when the Pb>" ion in the in situ
reaction was replaced by other metal ions, e.g. Zn>", Cd**, Co*",
Ni**, Cu**, Ag*, Mn”" and so on, as the Lewis acid catalyst, the
N, anion could not be isolated, so the Pb>" ion plays a key role
in the in situ generated N,°~ anion. Additionally, the auxiliary
H,CHDA also plays a crucial role in this reaction, as the N,°~
anion was not obtained when the H,CHDA was substituted by
other organic carboxylate ligands or removed from the reaction
mixture. However, when the 4-FBN in the reaction was replaced
by other nitriles, e.g. benzonitrile, 4-cyanopyridine, 4-amino-
benzonitrile, 4-methylbenzonitrile, 4-methoxybenzonitrile, 4-
(imidazol-1-ylmethyl)benzonitrile, 1-(4-cyanophenyl)imidazole,
4-chlorobenzonitrile and 1,4-benzenedicarbonitrile, the target
MOF-N, can also be obtained under the same reaction
conditions.

isolated via the in situ reaction of 4-fluo-

RSC Adv., 2018, 8, 39929-39936 | 39931
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Description of crystal structure

Crystal structure of MOF-N,. Crystals of MOF-N, were ach-
ieved via the hydrothermal reaction of Pb(NO3), with H,CHDA,
4-FBN and NaNj in water at 160 °C for 96 h (see the ESIt). The
phase purity of MOF-N; was examined using powder X-ray
diffraction (Fig. S31). MOF-N; crystallizes in the monoclinic
space group C2/m and presents a 3D pillared-layer metal-
organic framework containing the in situ formed N,*~ anion.
The asymmetric unit in MOF-N; (Fig. S4at) was comprised of
three independent Pb>" ions (Pb1 and Pb2 located on the crys-
tallographic mirror plane and two-fold axis, respectively), one
CHDA?™ anion, one half 0>~ anion located on the two-fold axis
and one quarter in situ generated ox”>~ anion and the N,>~ anion
all located on the crystallographic mirror plane and two-fold
axis. The Pb1 and Pb3 ions are seven-coordinated whereas the
Pb2 ion was eight-coordinated. The p,-O>~ anions link the
adjacent Pb>" ions (Pb1 and Pb3) to give a rare cationic cluster
[PbeO,]*" located on the crystallographic inverse center.
Furthermore, these cationic clusters are linked via the pg-0x>~
ligands to present a definite 1D cationic chain (Fig. S4b¥). The
adjacent Pb2 ions are also bridged via n,-CHDA?>~ carboxylates
to form a distinct 1D anionic chain (Fig. S4ct). The adjacent
cationic and anionic chains are not isolated but linked together
by the carboxylate groups of the CHDA?>" ligands into a 2D
cationic layer parallel to the ab plane (Fig. S4dt). These layers
are further linked via the linear ue-N5>~ anion via the Pb1-N1
and Pb3-N1 bonds to generate a 3D pillared-layer open frame-
work (Fig. 1 and S4et). The disordered H,O molecules and H;O"
ions are trapped in the channels and further reinforce the open

Fig. 1 The 3D open framework constructed from the 2D cationic
layers and N5°>~ anionic pillars of MOF-Nj.
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Fig. 2 The N, sorption isotherm of MOF-N; at 77 K.

framework via weak intermolecular interactions. This can be
also supported by the N, sorption isotherm measured at 77 K
(Fig. 2). After removal of the disordered H,O molecules and
H;0" ions, the MOF-N; framework can be only stable up to
approximately 0.009 P, and then started to abruptly decompose,
accompanied by the release of N,, which was due to the
decomposition of the N,*>~ anion. The above result presents that
the disordered groups in the channels of MOF-N; play a crucial
role in the stabilizing N,*>~ anion via weak intermolecular
interactions as well as the coordination interaction between the
Pb*" jon and N,°~ anion.

Moreover, this is the first N, anion stabilized in a MOF via
coordination to the Pb** ions located on the 2D metal-organic
cationic layers, which possesses C,;, symmetry. The N1-N2, N2-
N3 and N3-N4 bond lengths are 1.198(31), 1.261(39) and
1.191(30) A respectively. The bond angles of / N-N-N are at the
range of 165.2(3)-180.0(2)° (Table S11). The N,° anion struc-
ture can be also further confirmed by the IR spectra data
(Fig. $51). The single signal occurring at 2061 cm ™" in the FT-IR
spectrum of MOF-N;, which was not observed in the IR spectra
of both NaN; or 4-FBN, was attributed to the anti-symmetric
stretching vibration of the N,°~ anion and such an assign-
ment was in good agreement with the C,;, symmetry open-chain
N,*~ anion in MOF-N,.

Crystal structure of a-Pb(N;),. o-Pb(N3), crystallizes in the
orthorhombic space group Pnma, an asymmetric unit contains
two independent Pb>" atoms Pb1 and Pb2 (Pb2 located on the
crystallographic mirror plane), four kinds of azide anions N3~
(two of them are located on the crystallographic mirror plane)
(Fig. S61). Each Pb*" ion is coordinated to eight N atoms from
eight independent azide anions. Through the bridges
comprised of the azide anions, the Pb>* ions are linked together
to form a 3D framework (Fig. 3).

Crystal structure of Pb-FBA. Pb-FBA crystallizes in the
tetragonal space group /4,/a. In the asymmetric unit of Pb-FBA,
there are two independent Pb>" ions, one O®~ ion and two FBA™
ligands (Fig. S71). Each Pb** ion coordinates to five O atoms

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 A view of the 1D neutral 4,-helical chain (right) constructed via
the inorganic [Pb,O]2* chain (left) and FBA™ ligands along the c-axis of
Pb-FBA.

from two O®>~ ions and three FBA™ ligands, respectively. The -
0 anions link the adjacent Pb®" ions to generate a [Pb,0]*"
cationic chain. The p,-FBA™ ligands encompass the cationic
chain and lead to the formation of a neutral 4;-helical chain via
coordination to the Pb®" ions running along the c-axis with
a pitch of 10.773 A (Fig. 4).

Mechanism of formation of the N>~ anion

As is well known, under hydrothermal conditions, the reaction
of nitrile and azide using transition metal ions as a Lewis acid
catalyst can lead to tetrazole ligands via an in situ [2 + 3]
cycloaddition reaction mechanism,**** in distinct contradiction
with the in situ formed N,°~ anion in MOF-N,. The reaction
mechanism of N,*~ anion formation is proposed as follows
(Scheme 1). The Lewis acid Pb>" ion activates the azide via
coordination to form an intermediate, which undergoes a reac-
tion process, which is similar to the Ritter reaction**** (a Ritter-
like reaction) to generate an amide. Under the hydrothermal

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 The proposed mechanism of the formation of N,>~ anion.

conditions, the amide was further hydrolyzed to give an amine
and carboxylic acid, which were captured via coordination to
the Pb>" ions to form MOF-N; and Pb-FBA, respectively. This is
the first example of metal ions being used as a Lewis acid
catalyst in the reaction between nitrile and azide for the in situ
preparation of polynitrogens.

To verify the activation of azide by the Pb*>" ion, we consid-
ered two different activated models of Pb** with N3~ and 4-FBN.
The optimized stable structures were successfully obtained
based on quantum chemical calculations. The optimized
structures and interaction energies are summarized in Fig. S1
and Table S4,t respectively. The corrected interaction energies
observed for Pb---N; and Pb---4-FBN were found to be —316.48
and —106.18 kcal mol ', respectively, indicating that Pb---N;
was more favored in the reaction mixture of Pb**, N;~ and 4-
FBN. Furthermore, the calculated analysis was supported by the
following experiments. Interestingly, a Pb>* complex containing
azide ions, a-Pb(N3), was isolated. The preparation of e-Pb(N3),
was carried out using the procedure for preparing MOF-N; with
the addition of 4-FBN not included. Moreover, we also
attempted to prepare the possible product containing Pb>" and
4-FBN. Unfortunately, we failed to obtain the Pb** complex
involving the 4-FBN ligand. It was noted that only a few
complexes of Pb>" and nitrile is available in the literature, which
is probably due to the existence of only a weak coordination
interaction between Pb** ion and the CN group. The above
results suggest the possibility that the activation of azide by the
Pb*>* ion occurred during the hydrothermal reaction process.

To further aid the understanding of the reaction mechanism
of 4-FBN and NaN; with Pb®" ion as a Lewis acid catalyst, elec-
trostatic potential and electrostatic potential basins analyses
were made for Pb---N; and 4-FBN, which were based on theo-
retical calculations. As shown in Fig. 5, a positive potential
occurs around the uncoordinated terminal N atom in Pb---Nj
and a negative potential encompasses the N atom of the CN
group in 4-FBN. The electrostatic potential values in the

RSC Adv., 2018, 8, 39929-39936 | 39933
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79.02 a.u. -31.42 a.u.

Fig. 5 A 2D representation of the molecular electrostatic potential
(MEP) of Pb-:-N3 and 4-FBN in the molecular plane (top) and elec-
trostatic potential basins of the attractor and repulsor around the
terminal N atom in Pb---Nz and the N atom of the CN group in 4-FBN,
respectively (bottom) (red, positive; blue, negative; cyan, 0.001 a.u.
electron density isopotential line).

corresponding basins were 79.02 and —31.42 a.u., respectively.
This suggests the possibility that the N atom of the CN group is
an electron donor that interacts with the terminal N atom of
Pb---N3. The computational results also disclose that the acti-
vated Pb---Nj can attack the N atom of the CN group via the
terminal N atom to form an amide by means of a Ritter-like
reaction process (Scheme 1). Unfortunately, we have not
directly isolated the amide product due to the amide produced
being susceptible to hydrolysis under the hydrothermal reac-
tion conditions to yield the amine and carboxylic acid. We only
captured the amine and carboxylic acid yielded via coordination
in MOF-N; and Pb-FBA, respectively. Pb-FBA was obtained via
the reaction of Pb(NO3), with 4-FBN and NaN; under the same
reaction conditions used for the preparation of MOF-N;. In
addition, under the above reaction conditions, the prepared o-
Pb(N3), can also directly react with 4-FBN to form Pb-FBA. In the
crystal of Pb-FBA, the in situ formed FBA™ ligand is the hydro-
lysis product of the amide intermediate produced. Based on the
above three crystalline interrelated intermediates, MOF-N, a-
Pb(N3), and Pb-FBA, we further confirmed that the azide ion,
rather than the nitrile was activated by the Pb®>" ion and this
mechanism is a distinct contradiction with the previous results
in which the nitrile reacts with azide in the presence of transi-
tion metal ions.?**

Chemical and thermal stability of the N,*~ anion

Furthermore, deeper insight into the nature of the N,*~ anion
and theoretical calculations were performed for MOF-N5. In the
DFT calculations, MOF-N, was taken from the crystal structure
of MOF-N;, where the symmetry of N,°~ anion was C,;, and
a minor calculation model was selected. The optimized stable
structure of the N,°~ anion was also obtained, which shows that
the vibrationally stable N>~ anion possesses C,, symmetry
(N,*7-C,,) and this calculated result was comparable to the
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Fig. 6 The energy diagram for N, -Con, N;*7-C,, and MOF-N,
(inset: the ELF contours illustrated on a plane of N>~ -C,, (top), the
N,>~ anion fragment in MOF-N; (bottom) and the colorimetric
changes in the KMnQ4 solution before and after the addition of MOF-
N7).

theoretical analysis of N, anion reported by others.*>*¢ Fig. 6
exhibits the energies of the frontier molecular orbitals of three
models, respectively. The energies of the HOMO of N~ anion
(N> -Cp,) in MOF-N; and N> -C,, are all larger, while that of
MOF-N is the smallest, indicating that both the formers can
easily donate electrons. As expected, the free N,°~ anion was
unstable in the chemical process with electron transfer. For the
latter, MOF-N, cannot readily donate electrons and possesses
higher chemical stability, showing that N;*~ anion can be
captured via coordination. However, it can be easily oxidized by
KMnO, solution (Fig. 6). Especially, it can react with basic
KMnO, solution, meaning that MOF-N, may be a good reducing
agent in chemical reactions, which is also further evidence for
the formation of N,°>~ anion stabilized in MOF-N..

Besides, the bonding patterns of N,°~ anion and MOF-N5
were explored via an intuitive map of the electron localization
function (ELF). As shown in Fig. 6, for N,*-C,,, the regions
containing the maximum ELF values on the molecular plane
can be identified as the lone pairs and six ¢ bonds. The
electrons located above and below the molecular plane are
highly delocalized, which can also be directly observed via the
EFL-1 isosurface map (value = 0.70) contributed to from all the
occupied 7 orbitals (Fig. S81). When compared with N,>~-C,,,
the bonding features of the N,°~ anion fragment in MOF-Ny/
have distinct diversification. The regions with maximum ELF
values for the lone pairs and six ¢ bonds are smaller, except for
the lone pairs of the two terminal N atoms, indicating that the
lone pairs and o electrons as well as the 7 electrons were more
highly delocalized and distributed around the whole N,*~ anion
chain (Fig. S87). Clearly, the corresponding N-N bond distances
in N;*>7-Cy, (1.259, 1.278 and 1.407 A) are also different from
those of the N,°~ anion fragment (1.198(31), 1.261(39) and
1.191(30) A) in MOF-N; (Fig. S21). The experimental N-N bond
lengths of the N,* anion fragment, which are all within the
range expected for predominantly covalent N-N bonds and
indicate that the N,°~ anion can be stabilized in the MOF-N,.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The TGA/DSC plots obtained for MOF-N7 at a heating rate of
10 °C min~* under a flow of N..

Additionally, the positive V?p values, negative H(r) values and
|V(7)|/G(r) > 1 demonstrate that the Pb-N bonds have dominant
covalent character whereas classical covalent character is
observed for all the N-N bonds with negative V’p and H(r)
values and |V(r)|/G(r) > 2 (Table S57). Thus, the MOF-N; and the
N,*~ anion have high thermal stability. The aforementioned
results show that the formation of a metal complex can stabilize
N, anion, which coincides with those ideas of other predicted
metal complexes, such as M** (n°Ng*") (M = Ti, Zr, Hf, Th),*
Sc** (mM7-N,*>7)*® and (n°-N5")M*"(n’-N,*7) (M = Ti, Zr, Hf, Th).*
Therefore, the calculated dissociation energies of N>~ into N,
for N,>~-C,, and N5>-C,, are 645.08 and 440.13 kecal mol 7,
respectively, indicating that the N,*~ anion lies much higher
energetically than 7/2 N,. All these findings coincide with the
results obtained during TGA/DSC. The TGA shows that the
framework of MOF-N, was stable up to 369 °C and the N,>~
anion starts to decompose up until 430 °C, accompanied by an
exothermic enthalpy change of ca. 8.61 k] g " (Fig. 7), which was
more than two times greater than heats of detonation of TNT
(3.75 kJ g7 ").*>* The high energy content of N,*>~ anion shows
that MOF-N; may be useful as an explosive just like other
nitrogen-rich MOFs.

Conclusions

In summary, we have successfully prepared and captured a new
N, anion for the first time, which has been studied using FT-
IR, single-crystal XRD and theoretical calculations. The N,>~
anion in MOF-N; possesses excellent thermal stability and the
high energy N,°~ anion was stabilized by coordination inter-
actions with Pb** ions. Our study is the first to reveal that
transition metal ions and main group Pb>" ions show different
activation mechanisms in the in situ reaction of metal ions with
azide and nitrile, and this distinction was due to the different
interactions between the metal ion and azide/nitrile. The weak
interaction between transition metal ions and azide results in
the metal ion activating the nitrile, and thus, giving the tetra-
zole product. Whereas the strong interactions between Pb** ion

This journal is © The Royal Society of Chemistry 2018
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and azide gives rise to the azide ion being activated via a coor-
dination interaction with the Pb** ion, accordingly, producing
polynitrogen anions. The successful synthesis and coordination
capture of N5°~ anion as well as the reaction mechanism study
will not only be an important milestone towards one ultimate
goal of preparing new polynitrogens, but also provides prom-
ising insights into the mechanism of metal catalysis in the in
situ formation of polynitrogens. In addition, this work brings
fresh design ideas to polynitrogen molecules and nitrogen-rich
MOFs as energetic materials of the future.
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