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Insights into the Mechanism of BN Generation via Boron Triazide Precursor: Theoretical

Study

Introduction

Boron triazide (B(N)3) has been known for more than 50
years, since it was synthesized by Wiberg and Michaud in 1954.
Recently, the properties of B@\{ have attracted particular
interest because it is suggested as a potential candidate for
high-energy density material (HEDM)# More importantly,
Coombe and co-worketslemonstrated that decomposition o
B(N3)3 leads to boron nitride (BN) and environmentally friendly
nitrogen gases, which provides a novel way to generate nitrogen
rich BN thin film (thus far most BN films produced have been
rich in boron not nitrogef). Being isoelectronic with & BN
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Potential-energy surfaces for unimolecular decomposition ogB e been studied to understand the possible
mechanism for BN generation. The decomposition of B{Nakes place on either the singlet and triplet
surface, and both processes are high exothermic and obey sequential mechanisms. For the singlet reaction,
the rate-determining step corresponds to cleavage of the first azide bond andNB&# instead of'BN

was suggested as the dominant product at room temperature. For the triplet surface, a fragment process from
3BN- to 3BNs is predicted to be the rate-determining step; once this barrier is counteracted, the subsequent
decomposition processes could easily occur to form final protNt In addition, the possible mechanism

for generating BN film via B(N)s; was discussed based on MGCF calculation results. These findings

might be helpful in understanding the controllable decomposition of;B(&s well as its application in
generating BN films.

Coombe investigated the decomposition of B@\monitored

by Fourier transform infrared (FTIR) and ultraviolet (UV)
absorption spectroscopyTheir results show gaseous B
can be dissociated via either photolysis or thermolysis with final
products BN and N At room temperature B(}}s decomposes
spontaneously to form hexagonal BN films, while this process
f occurs more rapidly and the final products display both
hexagonal and cubic characteristics with addition of mild heating
(50 °C) or upon irradiation with broadband UV light. The
following equations were assumed in which both&d BN
could be the final products

exhibits hexagonal (h-BN) and cubic (c-BN) structures in the .

solid phase; both forms have wide and important applications B(Ng)s — BN3 + 3N, (0
such as electrical insulators, crucibles, and reaction vessels,

substrates for electronic devices, wear-resistant coatings, étc.

Com.pared to the current methods of producing BN film, whlph B(N,); — BN + 4N, 0
require the input of significant amounts of energy, generating

BN via decomposition of highly energetic B{¥ does not
require excessive energy input; therefore, problems associate
with film damage caused by differential cooling or impact of
high-energy species are avoided. Moreover, the BN film is
expected to have much higher quality since the gaseous
byproduct N is easily eliminated and incorporation of unwanted
species may be considerably mitigatéd* Very recently, we
reported a convenient method for generating B{Nising the
heterogeneous reaction of boron tribromide (§Bvith silver
azide (AgN) powder at room temperatuteThe experimental
procedure could be easily carried out and higher purity product
is expected when the amount of BBs well controlled. These
findings might prompt further research on application of BgN

as a precursor for BN thin film.

To date, the decomposition mechanism of BgNwas far
from known. Experimental attempts regarding the dissociation
processes by which B@)\ reacts to form BN film have been
reported by several laboratories. In 1995, Mulinux, Okin, and

dThese authors also reported the growth of boron nitride films
via dissociation of B(l)sz in excited N stream!?13 They
suggested that collisional energy transfer from (A3Z,")
should be responsible for dissociation of the molecule and
subsequent deposition of BN films. In 1998, Gilbert and co-
workers studied the photolytic decomposition mechanisms of
B(N3)s using low-temperature argon matrix and FTIR spectros-
copy!* With the aid of CCSD(t)/6-311G* calculations, they
identified formation of a linear intermediate NNBN instead of
the trigonal BN fragment expected from the photolytic cleavage
processes known to occur in other covalent azifésThere-
after, investigations on photolysis processes of related species
including BCI(Ns)2 and BCh(N3) using similar techniques were
also reported by the same auth&ts° Except for the above-
mentioned experimental achievements, no other information
regarding dissociation of B@k is available. Therefore, a
detailed study on the decomposition mechanism is highly
desirable.

* To whom correspondence should be addressed. Fax: 86-311-86269217. Besides the importance in interpreting the experimental
E-mail: sjzheng@mail.hebtu.edu.cn. results, research on decomposition of B\has theoretical
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significance since calculations of azides are always chal- B(N3); follows a four-step mechanistn(l) B(Ns)s — BN; +
lenging?~24 It is known that a variety of processes might be Ny; (2) BN7 — BNs + Nj; (3) BNs — BN3 + Ny; (4) BNz —
involved in dissociation of azides, such as fragmentation, BN + N,. At each step a Nmolecule was eliminated from
isomerization, and possible intersystem crossing (ISC) betweenBNy (x = 9, 7, 5, 3) due to cleavage of the azide-N bond
the singlet and triplet surfaces, etc. Though the mechanism and(or B—N bond in some cases) followed by rearrangement of
reactivity of azide compounds, in particular photolysis and the remaining BN-» moieties. In other words, the title reaction,
thermal decomposition of organic azides, have attracted muchB(N3);s — BN + 4N,, takes place in a sequential manner instead
theoretical interest, heretofore the decomposition mechanismof a concerted one. Since the energy resulting frgrfolimation
of molecules containing two or more azide groups has never is released stepwise, though the total reaction is very exothermic,
been a subject of any previous reports. Open questions stillaccumulation of a large energy that might lead to an explosion
remain in such systems, e.g., how these azigé\Nbonds are could be avoided. This finding is consistent with the previous
ruptured, in a concerted or sequential manner? Which is the experimental observationthat decomposition of B(}z occurs
first process, fragmentation or isomerization? If these questionsmildly at room temperature, in contrast to most covalent azides
are well answered and a proper decomposition mechanism isthat explode uncontrollably.
determined, further theoretical and experimental research on The geometries of the reactants, products, potential intermedi-
multiple-azide compounds might be promoted consequentially. ates, and transition states located on the singlet reaction surface
In the present work, we attempt to characterize the full are shown in Figure 1, and all geometries on the triplet surface
potential-energy surface (PES) for the unimolecular decomposi- are shown in Figure 2. Their zero-point vibrational energies
tion of B(Ns)s by density functional theory (DFT) calculation.  (ZPE), relative values of thermal enthalpiesH°), and Gibbs
Various possible fragmentation and isomerization processesfree energiesAG°) as well as the relative energies calculated
were carefully mapped out, and all of the reactants, products,at the B3LYP/6-31%++G(3df) (denoted asAEgs vp) and
intermediates, and transition states on both the singlet and tripletCCSD(t)/cc-PVDZ AEccsp) levels of theory are summarized
surfaces were located. On the basis of these results, a reactioiin Table 1 for the singlet state and Table 2 for the triplet state.
mechanism was suggested which might be helpful in under-  From Tables 1 and 2 it is seen that in some cases the CCSD-
standing the dissociation process of B[\as well as its further  (t)/cc-PVDZ calculation fails to give proper barrier heights. For

application in BN film generating. instance, both the B3LYP/6-33HG(3df) energies and the IRC
) results at the B3LYP/6-31G(d) level (Supporting Information,
Method of Calculation Table S4, reaction 2) indicate dissociationdiB(Ns), has a

As either thermolytic or photolytic processes are involved in 10w barrier, while the CCSD(t) results suggest this process to
the decomposition of B(})3, one can never expect a straight- be barrierless becaus®B(Ns), lies above its dissociation
forward mechanism for it. Therefore, for all of the reactants, transition statéTS2a by 1.7 kcamol™* (Table 1). That is, the
products, intermediates, and transition states in the reaction forCCSD(t)/cc-PVDZ calculation underestimates the barrier height
both the singlet (close shell) and triplet (open shell) calculations of this reaction. It is understandable because these disagreements
were performed. The geometries of all compounds were generally result from the changes in geometries from B3LYP/
optimized using the hybrid density functional B3L%E6with 6-311+G(d) to CCSD(t)/cc-PVDZ. Though ideally the same
the 6-311#G(d) basis set which uses a polarization function Method should be used in both geometry optimization and
and a diffuse function for each atom. Harmonic vibrational €nergy calculation and it is foreseeable that the CCSD(t)-
frequencies calculated at the same level were used for characOPtimized geometries are superior to the B3LYP results, CCSD-
terization of stationary points as a minimum or a saddle point (t) optimization is unfeasible in such systematic calculations.
and for zero-point energy (ZPE) corrections. Transition states Luckily, the changes in geometry do not evidently affect the

were subjected to intrinsic reaction coordinate (IR@plcula- ~ relative importance of various product channels. In addition, it
tions to confirm the connection between reactants, intermediates,is also found that the relative energies calculated at the B3LYP/
and decomposition products. 6-311++G(3df) level are reasonable. Therefore, although

To obtain comprehensive reaction schemes, energies ofdisagreements do exist, the results of CCSD(t)/cc-PVDZ//
stationary points were calculated at three levels of theory. The B3LYP/6-311+G(d) are reliable with the aid of B3LYP/6-
thermal enthalpies and Gibbs free energies (at 298.15 K and 1311++G(3df) energy prediction.
atm) at the B3LYP/6-31%G(d) level were obtained for all The detailed reaction mechanisms for the singlet and triplet
reactants, intermediates, products, and transition states toprocess are discussed below.

evaluate the thermodynamic properties of the reaction. In 3 gjnglet Reaction MechanismThe singlet unimolecular
addition, based on the B3LYP/6-3t6G(d)-optimized geom- oaction of B(N)s, with final products!BN and ground state
etries, calculations at the CCSD&/Ec-PVDZ2° and B3LYP/ IN,, is denoted a&B(N3); — BN + 4!N,. This process is very
6-31H-+G(3df) level were performed to obtain the relative ompjicated and involves 25 stationary points consisting of the
energies for these species. _ _ reactant, products, intermediates, and transition states. Fourteen
Moreover, to find the intersystem crossing between the singlet gjementary reactions in this process, which were classified into
and triplet surface in the decomposition processes, the multi- ¢, steps, are shown in Table 3.
configuration SCF (MC-SCF) method_ and 5'31G(d) basis sets The first step of the singlet reaction corresponds to cleavage
were employed. In MC-SCF calculation, six electrons and five of the first azide bond iFB(Ns)s via 1TS1, leading to:NB-

orbitals were |nclud|ng_ in the active space. _ _ (Ng)» and N (reaction 1). The geometry dB(N)s has been
All quantulm calculations were performed with the Gaussian reported previously by several groups at the Hartfeack and
98 progrant DFT!5 |levels of theory. All results suggest a planar molecular
with Cgn symmetry in which the central boron atom is
surrounded by three equivalent azide arms. Due to the existence
On the whole, results of our calculation indicate that in either of the electron-deficienil;o® delocalization, the azide bonds
the singlet or the triplet processes unimolecular reaction of in 1B(N3)z are hard to rupture. From Figure 1 it can be seen

Results and Discussion
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Figure 1. B3LYP/6-311+G(d)-optimized geometries of various species involved in'8@s); —
angstroms.

IBN + 4N, reaction. Bond distances are in

that before one of the three azide bonds is ruptured, the 'B(N3)s; decomposition is very endothermic. The reaction path
breaking N7-N8 bond elongates significantly; meanwhile, the for this process is illustrated in Figure 3.

neighbor N4&-N5—N6 azide group rotates out of the molecular  The remainingNB(N3), molecule could decompose to form
plane. As a result, in transition staf€S1 the planar geometry  1BNs or isomerize to an open-chain conforméfl;BN,.

of 1B(N3)s is totally destroyed, leading to a high barrier (46.6 CorrespondinglyNsBN, also has the possibility to take part in
kcalkmol™1) for this process. Finally, N8N9 move away to form  further decomposition process. These reactions are summarized
N, with products!NB(N3), and N, being 41.8 kcamol™! less in reactions 2-5 in Table 3 and classified as the second step of
stable than the reactant, which indicates the initial step of the total reaction.
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Figure 2. B3LYP/6-31H-G(d)-optimized geometries of various species involved in>8@3); — BN + 4N, reaction. Bond distances are in
angstroms.

INB(Ng)2 — cyctN3sBN; + N, (Reaction 2) INB(N3), has 1.3 kcatmol™! (the CCSD(t)/cc-PVDZ calculation underesti-
two azide groups, so theoretically two decomposition channels mates the barrier height again), and the products are over 65.0
via cleavage of the in-plane NAIN2 or out-of-plane N4N5 kcalFmol~! more stable than the reactant. These facts suggest

bond should be expected. However, the transition state corre-INB(Ns), is thermodynamically less stable and tends to instantly
sponding to cleavage of the NNN2 bond failed to be located  decompose intdBNs and N.

in our calculation. It is understandable since the existence ofa 1 , .
delocalizedr effect among the molecular plane stabilizes the NB(NS)Z NSBN.“. (Reaction 3) Besides the above-
mentioned decomposition proce¥4B(N3), can also rearrange

in-plane N}-N2 bond and makes it more difficult to be X - : ' A
ruptured. The found dissociation channel ¥&S2a resulting O Straight-chain isoméNsBN4 in which N4-N5—N6 migrates

from cleavage of the N4N5 bond yieldscycINsBN; and N. from the B to N7 atom via a three-membered ring transition
In 'TS2a a three-membered ring-Bl4—N7 is formed and then structure!TS2b. The isomerization channel should be competi-
carried over in the productycNsBN,. Compared with reaction ~ tive with the decomposition process because of its low barrier
1, the decomposition process BfiB(Ns), has a very earlier ~ height of 1.4 kcaimol™%. The productNsBNs,, less stable than
barrier on its reaction path (reaction 2, Table S4), the barrier *NB(N3), by only 1.8 kcaimol™%, has two azide groups, the
height at the B3LYP/6-31+G(3df) level is predicted to be  N1—N2—N3 linked to B and the N4N5—N6 linked to the
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TABLE 1: Changes of Enthalpies, Gibbs Free Energies, and Electronic Energies Calculated at Various Levels of Theory and
Zero-Point Energies (ZPE, in kcatmol~1) for the 'B(N3); — BN + 4N, Reaction

B3LYP/6-31H-G(d)

species ZPE AH° AG° AEgaLyp AECCSD(I)
1B(N3)s 28.4 0.0 0.0 0.0 0.0
INB(N3)2 + N2 20.5 37.6 25.8 42.1 41.8
IN3BN, + N3 21.1 22.5 10.1 26.1 43.6
cyG*N3sBN; + 2N, 15.4 —30.5 —52.0 —23.6 —35.3
INBN4 + 2N, 13.3 34.6 12.4 44.5 35.1
IN3BN; + 2N, 13.9 —6.5 —34.5 1.0 —15.4
INBNN + 3N, 9.1 —57.7 —88.9 —47.9 —68.0
IBNNN + 3N, 8.7 —24.3 —56.2 —15.6 —34.4
cyGNBN; + 3N, 7.7 —29.0 —61.4 —17.5 —39.4
1BN + 4N, 25 4.5 —36.3 17.4 —27.2
N, 3.5
Ts1 25.0 45.3 42.3 49.5 46.6
1ITS2a+ N, 19.4 37.6 26.2 43.4 40.1
ITS2b+ N, 20.0 38.9 27.3 44.3 43.2
1ITS2¢c+ N, 18.4 49.1 36.7 57.6 56.7
ITS2d+ N, 18.9 32.7 20.1 39.1 42.6
1ITS3a+ 2N, 12.8 —10.2 —32.4 0.5 —-12.3
1TS3b+ 2N, 13.3 7.7 —14.1 16.3 0.9
ITS3c+ 2N, 12.7 33.2 11.4 44.0 35.0
ITS3d+ 2N, 13.3 —12.6 —34.8 —-3.8 —19.1
1ITS3e+ 2N, 12.7 —3.6 —25.7 6.6 1.3
ITS4a+ 3N, 7.2 —18.6 —51.0 —6.5 —27.3
1ITS4b+ 3N, 7.2 4.0 —27.4 15.3 —6.8
ITS4c+ 3N, 7.2 —-1.4 —-33.1 9.7 —7.6
Cis-'TS4d+ 3N, 5.9 15.8 —18.2 28.5 -14.7
trans'TS4d+ 3N, 5.9 15.5 —18.3 32.6 —15.9

TABLE 2: Changes of Enthalpies, Gibbs Free Energies, and Electronic Energies Calculated at Various Levels of Theory and
Zero-Point Energies (ZPE, in kcatmol~?) for the 3B(N3); — BN + 4N, Reaction

B3LYP/6-31H-G(d)

species ZPE AH® AG° AEB3|_YP AECCSD(t)
3B(Na)s 26.1 0.0 0.0 0.0 0.0
SNB(N3)2 + N 20.8 —34.1 —45.7 —29.5 —37.6
cyc3N3sBN; + 2N, 14.0 —52.7 —75.1 —45.6 —52.2
3N3BN2 + 2N, 14.0 —79.3 —101.8 —72.4 —72.4
SN3NBN + 2N, 12.4 -9.1 —31.8 0.5 —7.5
SNBNN + 3N, 7.3 —82.1 —114.6 —71.0 —84.8
SBNNN + 3N, 7.6 —53.7 —86.4 —43.4 —59.8
cyc3NBN; + 3N, 7.4 —74.5 —106.2 —62.9 —80.2
SBN + 4N, 2.7 —43.4 —84.3 —32.2 —81.4
’TS1 24.9 —2.8 —5.1 1.3 0.3
3TS2+ N, 18.7 13.8 2.0 20.6 23.0
3TS3a+ 2N, 11.3 —62.3 —72.3 —37.6 —44.7
STS3b+ 2N, 13.3 —8.8 —-17.8 —43.0 —47.9
3TS3c+ 2N, 12.5 —93.4 —18.6 16.1 5.4
STS3d+ 2N, 11.6 —62.0 —29.6 —37.3 —57.3
3TS3e+ 2N, 11.4 1065.7 1042.6 3.8 —-5.0
STS4a+ 3N, 6.9 —66.5 —98.7 —54.4 —71.8
3TS4b+ 3N, 7.3 —27.5 —59.3 —16.6 —34.1
STS4c+ 3N, 6.3 —71.2 —104.8 —19.8 —82.6
3TS4d+ 3N, 6.5 —54.0 —86.8 —-41.9 —59.6

N7 atom. Consequently, the cleavage of eitherINR or N4—
N5 bond might be involved in further fragmentation processes.

IN3BN,— INBN; + N, (Reaction 4) This reaction vidTS2c
is similar to those in other azide compouréi&3where cleavage
of the N1-N2 bond is responsible for formation 8iBN,4. The
decomposition produéNBNy is slightly more stable than the
reactant by 8.5 kcahol™1. However, it is less important because
its barrier height of 13.1 kcahol=1 is still higher than that in
the following reaction 5.

IN3BNs— IN3BN; + IN; (Reaction 5)In this process cleavage
of the N4-N5 bond results in formation of a new isomer of
BNs, IN3BN,, which is far more stable thaiNBN, but still
less stable thamyc!N3BN,. Again, CCSD(t)/cc-PVDZ gives

an improper barrier height 6f1.0 kcatmol™%; considering the
low barrier predicted by B3LYP/6-3#+G(3df) calculation,
IN3BN4 decomposing vidTS2d is energetically more favorable
than reaction 4.

Overall, both two isomers BN, INB(N3)2, andN3BN,,
are unstable and easily decompose into three isoméiaNyg
Among the above-mentioned reaction channels, reactiélNE-(
(N3)2 — cycIN3BN, + IN,) via 1TS2a is thermodynamically
preferred, but other channels should not be neglected.

The third step of the total reaction corresponds to decomposi-
tion of 1BNs. Each of the three isomers of BNcyG-IN3sBN,,
INBN,4, and IN3BN,, will take part in further decomposition
processes. As a result, there are five reactions (reactidd6



10596 J. Phys. Chem. A, Vol. 110, No. 36, 2006 Liu et al.

TABLE 3: The Reactions Involved in the Singlet Decomposition Pathway ofB(N3); and Their Corresponding Barrier and
Reaction Energies (in kcaimol1) Calculated at Various Levels

barrier height reaction energy
reaction CCSD(t) B3LYP CCsSD(t) B3LYP
(l) 1 B(N3)3_’ lBN7 + 1N2
1 1B(Na)s— NB(Ng)2 + N 46.6 49.5 41.8 421
(2) 1BN7“ 1BN5 + 1N2
2 INB(N3)2 — cyc'N3BN, + N, -17 1.3 —77.3 —65.7
3 INB(Na).— NsBN, 1.4 2.2 1.8 -16.0
4 INgBN;— NBN4 + N, 13.1 315 —8.5 17.9
5  IN3BN;— N3BN; + N, —-1.0 13.0 —59.0 —25.1
(3) lBNs_' lBN3 + lNz
6  cyc!NsBNy— cyc!NBN+ Ny 23.2 24.1 -3.9 6.1
7 cyc'NsBN2— 'BNNN + N, 34.6 39.9 11 8.0
8 INBN;—INBNN + N —-0.1 0.5 —103.1 —-91.9
9  IN3BN,—BNNN + N, -3.7 —4.8 —-19.0 —16.6
10 N3BN;—INBNN + N, 16.7 5.6 —52.6 —48.9
(4)'BN; — BN + N,
11 cyc!NBN,— 'NBNN 12.1 11.0 —28.6 —30.4
12 cycNBN; —'BNNN 32.6 32.8 5.0 1.9
13 BNNN—INBNN 26.8 25.3 —33.6 -32.3
14 BNNN — BN + N, 18.5 48.2 7.2 33.0
1 channels: reaction 9 vilf'S3d leading to anguldBNNN is a
TS1 (46.6) barrierless process, while reaction 10 ¥i&3d producing linear
. INBNN molecule has a barrier height of 16.7 keabl™2.
. NB(N,),*N, However, the latter process is more exothermic than the former.
(41.8) . .
% In step 3, decomposition of thréBNs isomers leads to three
O - 1BN3z isomers along five channels. All reactions are exothermic.
0 ™ Among the product&fNBNN might be the dominant one because
= m the channels generatifdN\BNN have relatively low barrier
E) ﬁdj 'NB(N,),+N, heights and are mostly exothermic reactions.
? The final step corresponds to formation’&N from BN.
? Four reactions are discussed in this step including isomerization
o e of 'BN3 and its decomposition processes (reactions 14,
'B(N,), (0.0) -15 -10 -05 00 05 10 15 2.0 Table 3).
5 A 5 0 S ' It is known from the above discussion that each of the three
) . " isomers of'BN3 could be produced via different channels.
Reaction Coordinate s ((amu) “bohr) However, in the FTIR characterization of the photolysis pro-
Figure 3. Reaction path ofB(N3); — *NB(N3)2 + N, (reaction 1). ducts of B(Ny)3 by Gilbert and co-workers they reported linear
The insert shows an enlargement of the IRC curve fom —1.0 NBNN as the only intermediate that could be obsered.
t0 2.0. Moreover, in 1993, Martin et al. also found NBNN3(") as

the only isomer of BNin the products generated by boron and

Table 3) for'BNs — BNz + N, in which three isomer of nitrogen atoms? These facts imply there might be isomerization
1BNs, cyc*NBN,, 'BNNN, andNBNN, are produced. processes by which the cyclic and angular isomers could

cycNsBN, — cycNBN, + N, (Reaction 6) and cy&NsBN, rearrange to the most stable one. Luckily, this prediction was
— IBNNN + !N, (Reaction 7) As the most stable isomer of  supported by our calculation, three isomerization processes were
BN, cyc'N3BN, could decompose intoycINBN, or angular ~ found, including the following. (1)cyc'NBN> — *NBNN
IBNNN via transition state¥TS3a o' TS3b, respectively. Both ~ (reaction 11): the energy barrier of this process is about 12.1
processes are slightly exothermic but with evident barriers: kcakmol™%; therefore, the less stableyc'NBN; tends to
reaction 6 leading t@ycINBN; has a barrier height of 23.2  isomerize to!NBNN with an energy release about 28.6
kcalmol~1, and for reaction 7 34.6 kcahol™! of energy is kcalFmol™2. (2) cycNBN, — IBNNN (reaction 12): in addition,
needed to activate the-B\N4 and B-N7 bonds. Therefore, the  the cyclic isomecycNBN, could rearrange to angulEBNNN.
latter process may be of less importance in the decompositionThe transition state!{S4b) and product are less stable than
of cycIN3BN,. cyG*NBNz by 32.6 and 5.0 kcahol™, respectively. (3}BNNN

INBN; — INBNN + IN; (Reaction 8) Decomposition of — INBNN (reaction 13): moreovetBNNN could also isomer-
INBN, via transition statdTS3c leads t8NBNN, which is the ize into linear'NBNN. The barrier height and heat of reaction
most stable one among the isomers!BNs. This process is  for this process are 26.8 and33.6 kcalmol™, respectively.
strongly exothermic with more than 103.1 keabl* of heat Because the activation energies for these processes are about
liberating; moreover, it occurs easily because the activation or less than 30 kcahol™?, the heats released from the previous
energy is only 0.5 kcamol™! at the B3LYP/6-313++G(3df) steps should be adequate for counteracting these barriers,
level. especially when the reaction occurs under mild heating or UV

IN3BN, — IBNNN+ IN; (Reaction 9) andN3;BN, — INBNN light irradiation, which might be the reason why only linear
+ IN, (Reaction 10)IN3BN; has two potential decomposition NBNN was observed in previous experiments.
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Figure 4. Schematic profiles of the singlet potential-energy surface fot&(ls); — BN + 4N, reaction (relative energies are in keabl™).

1 1 1 . . TABLE 4: Reactions Involved in the Triplet Decomposition
BNNN — BN + 'N; (reaction 14) In this step only the  pathway of 3B(Ns); and Their Corresponding Barrier and
transition staté TS4d corresponding to the decomposition of Reaction Energies (in kcaimol=?) Calculated at Various

IBNNN was located; forycINBN; and*NBNN, although great ~ Levels

effort has being made, we still failed to find any transition states barrier height  reaction energy
regarding their decomposition processes. They might rearrange reaction CCSD(t) B3LYP CCSD(t) B3LYP
into ‘BNNN, then decompose or dissociate via barrierless (1) B(N9)s— BNy + IN

processes. The only decomposition channel foundB&NN 15 3B(N3)s — 3NB(N3)> + N> ¥ 03 13 376 -295

is endothermic; the product8N + N, are less stable than (2) BNy — BNs + IN
the reactant by 7.2 kcathol™, and the barrier for this process 15 sng(Ns), — cyc3NsBN, + 1,(,2 606 501 -146 —16.1

i -1 i i iegl]
is 18.5 kcaimol~t. Compared with the relative energies'BN (3) BNs — 38BN + N,

+ N2, 'NBNN has a reasonable thermodynamical stability and 17 cyoan;8N, — 3N:BN; 43 26 -202 —26.7
might be the dominant product during the singlet decomposition 18 cyc3N;BN, — 3NsNBN 46.8  61.7 447  46.1
of 1B(N3)3 at room temperature. In other words}#(Nz); was 19 gyC-3NsBN23—' CYC-3N|13N2 +MNz 75 80 -280 -17.2
employed as a precursor to produce BN film, a small amount 20 "NsBN2—*NBNN + N, 151 350 -124 -7.7
. " 21 3N3NBN — cye3NBN; + IN, 25 33 -727 -633
of energy would be needed to overcome the barrier for the final
step (4) 'BN3— BN + IN,
' _ ) _ 22 cyc3NBN, — 3NBNN 8.4 84 —46 -—172
Summary of the Singlet MechanismThe schematic energy 23 3NBNN — 3BNNN 50.7 63.4 250 36.6
profiles for the singlet reactioAB(N3)s— BN + 4N, is 24 2NBNN - 2BN + N 22 602 34 478
presented in Figure 4. In summary, the singlet unimolecular 25 *BNNN—3BN + N, 0.2 15 -216 112

reaction of B(N)s obeys a sequential mechanism. The total

reaction surface is complicated, in which the favorable path gieps as well as their barrier heights and heats of decomposition,
might be'B(Ns)s — INB(N3), — cyc+N3BN, — cyc NBN, are shown in Table 4.

— INBNN; most of othgr product channels §hog|d not b_e Unlike its singlet counterpart witiCs, symmetry,38(Na)s
neglected because of their low-to-moderate activation energies,joes not show any symmetric elements (Figure 25BiiN3)s,
especially when a small amount of energy was input into the o azide groups are almost in-plane, while the last one was
reacting system. The rate-determining step is the first step: fgided with a NZ-N8—N9 angle of 122.9 in addition, N8
'B(N3)s — BN + 'N,, which corresponds to cleavage of the moves out of the molecular plane. The energy difference
first azide bond irtB(Ns)s. The energy released from the second petween the singlet ground state and the lowest triplet state is
step of the reaction is adequate to counteract the following 60.4 kcaimol~2, which is significantly lower than the corre-
barriers; therefore, once the reaction is activated, it will occur sponding value (143.5 keahol %)% between the %4~ and
spontaneously WitANBNN as the dominant product at.room AS3," states of N therefore, the singletB(Ns)s could be
temperature, in contrast 8N being the final product at higher  excited to the triplet state via collision with metastable Fhis

temperature. result is in good agreement with the experimental findings
2. Triplet Reaction Mechanism.The triplet decomposition  reported by Coombe et &.
of B(N3)s, with final products®BN and ground statéN,, is In the first step the transition stat€S1 of 3B(N3); — 3NB-

denoted®B(N3)s — 3BN + 4IN,. Compared with the singlet  (N3)2 + Ny (reaction 15) shows slight geometric difference with
reaction, this process is slightly less complicated. In all there the reactant in which only the breaking NKI8 bond weakens
are 11 elementary reactions and 21 stationary points on theslightly. It is seen from Figure 5 that the energy barrier for this
reaction surface. The elementary reactions classified in four step is rather low (0.3 kcahol™1), and the products are37.6
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kcalmol™! lower in energy than the reactant, suggesting once
B(N3)3 is excited to its thermodynamically unstable triplet state,
it could instantly dissociate int?NB(N3z), and*N,.

The second step corresponds to decompositiciNB{N5)s,
SNB(N3)2 — cycN3BN, + IN, (reaction 16). Contrary to its
singlet counterparts who have a torsional azide gréMg-
(N3)2 shows a planar structure (in the singlet surface of NB-
(N3)2, this planar geometry is tested to be the flipping transition
state between two torsional conformers). More interestingly,
SNB(Ns3); is 16.3 kcaimol~! more stable than the singlet one,
indicating that NB(N), has an uncommon triplet ground state.
The transition statéTS2 for decomposition reaction 16 h@s
symmetry in which N5-N6 moves out of the molecular plane.
Therefore, the energy ofTS2 increases significantly to 60.6
kcakmol™! due to destruction of the planar geometry’hB-
(N3)2. In fact, this barrier is difficult to counteract, which makes
step 2 the rate-determining step during the overall triplet
reaction. From Figure 6 it is seen tH&tB(N3); is located in a
deep well on the decomposition surface 3(N3)s. These
findings are interesting because they imply taB(N3), might
not prefer to decompose on the triplet surface; instead, there

Liu et al.

leads to cyc3NBN,, which is less stable than the global
minimum 3NBNN by 4.6 kcaimol~%. The barrier height for
decomposition 0fN3BN,, 15.1 kcaimol™1, is also moderate.
As a result, in step 3 of the triplet reaction the decomposition
of cyc3N3BN, via two energy favorable channels lead<yo
SNBN, and3NBNN. The low barrier of both channels is easily
counteracted by the energy released from the previous step.

In the final step isomerization processes among three isomers
of 3BNj3 are discusseayc3NBN, isomerizes readily tBNBNN
(reaction 22) with a low barrier of 8.4 keatol~1, while the
isomerization from3NBNN to 3BNNN (reaction 23) has a
significant barrier of 50.7 kcaiol™. In addition, the latter is
strongly endothermic. Thus, both the rearrangement process
SNBNN — 3BNNN (reaction 23) and the decomposition of
SBNNN (reaction 25) might play minor roles in the overall
surface.

In contrast to the significant activation barrier in the
decomposition ofNBNN, decomposition ofNBNN (reaction
24) has by far the lowest activation energy (0.2 koall™1), so
that it could decompose instantly #N and N. The final
product®BN lies above the singletBN by 8.5 kcaimol™?,
differing from a previous repoftin which BN was predicted
as the ground state and the singlet BIU}*) was only 381+
100 cnt! less stable than the triplet one.

Summary of the Triplet Mechanism. The schematic energy
profiles for the triplet reactior’B(N3); — BN + 4IN, are
presented in Figure 6. In summary, the ground-statezB(N
could be excited to its triplet state via collision with triple,N
and ther®B(N3); decomposes via a triplet path. Similar to the
singlet pathway, decomposition 8B(Nz)s is in a four-step
sequential manner. Decomposition &N, to form 3BNs is
predicted as the rate-determining step during the overall reaction;
if this barrier is overcome, the subsequent decomposition
processes could easily occur with final prodéBN. It is also
mentioned that the tripléNB(N3); is located in a potential well
of the reaction surface; in addition, it is more stable than its
singlet counterpart, so besides direct decomposition, there might
be alternative paths by whictNB(N3), may transfer to the
singlet reaction pathway.

might be alternative paths, such as intersystem crossing by which 3. Possible Mechanism for BN Film Generation.The

it could transfer into the energetically flexible singlet surface.
It is beyond the ability of density functional theory and will be
discussed in the section 3.

The product of step 20yc3N3BN,, is involved in various
reaction processes (reactions—71, in Table 4), including
isomerizing te®N3BN; and3N3zNBN and decomposing infBN3
and N, as well3N3BN, and 3N3NBN could also decompose
into smaller BN fragments via alternative channels.

cyc3N3BN; could rearrange into open-cha&z;BN, and3N3z-

NBN via reactions 17 and 18, respectively. The former channel
via ®TS3b has a rather low barrier (4.3 kaabl ), and
meanwhile the produéiNsBN; lies undercyc3N3BN, and3Ns-
NBN by 20.2 and 64.9 kcahol™2, respectively. Therefore, the
rearrangement process occurs easily. The latter channel (reactio
18), which involves cleavage of the N7 bond and migration

of N4 atom, has a significant barrier as well as energy
unfavorable products, indicating the isomerization procgss
3N3BN, — 3N3NBN and the consequent decompositior#igs-

NBN (reaction 21) are negligible; therefore, these processes will
not be further discussed.

Both cyc3N3BN; and3N3BN; will be involved in a further
decomposition process to forfBN3z and N via reactions 19
and 20, respectively. Both are exothermic with low barriers.
The former channel with a barrier height of 7.5 koabl™!

above-mentioned calculation results suggest (Ncould
decompose on either its singlet or its triplet surface. Generally,
the singlet mechanism should be responsible for the thermal
decomposition of boron triazide, while for the triplet reaction,
which should play an important role in BN decomposing
under photolysis or collision with excited,Ntream, it is hard
to be an effective channel to form final products BN because
of the significant barrier during the decompositior?B(N3),
(reaction 16). Therefore, to interpret the formation of BN film,
neither the singlet nor the triplet mechanism is sufficient. That
is, the relation between them must be carefully examined at a
multiconfiguration SCF level of theory.

As mentioned in section 2, the tripléB(Ns) lies below
its singlet counterpart, in contrast to other boron nitrides which
have a singlet ground state. Therefore, intersystem crossing
between the singlet reaction surface and the triplet one should
occur. Indeed, it was located at the CAS(6,4)/6-31G(d) level
of theory, with an energy difference of less than 0.02 oal !
between the two states. The optimization geometrie¥\N&-
(N3)2 andNB(N3)2 and ISC between them are shown in Figure
7. From Figure 7 it is seen that the geometriedNB(Ns), and
INB(N3), are consistent with those of B3LYP optimization, with
the former being 9.3 kcahol™! more stable than the latter. The
ISC, which is structurally the average of the singlet NB¢N
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Figure 7. CASSCF/6-31G(d)-optimized geometries and schematic
profile for the ISC between the singlet and triplet states of.BN

and triplet one, lies 48.8 kcahol~! above the triplet ground
state but is still under the transition stat&S2 by 11.8
kcalmol™1,

On the basis of these results it is possible that the triplBt

(N3), transfers into its singlet surface via the ISC between the
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