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Abstract: Density functional theory has been applied to investigate the structures and properties of asym-
metric clusters (HFBN;),(n=1—6). When n=2, B-N, bonds form easily, and B-B and N,-N, bonds are

not found in the clusters. The geometric parameters of clusters along with cluster size n are discussed.

The relative stabilities of asymmetric clusters (HFBN;),(n=1—6) are analyzed based on the averaged

binding energy and second-order difference of energy. It is found that (HFBN;); clusters are more stable

than other clusters. The calculated IR spectra have four main characteristic regions. Trends in thermo-

dynamic properties with temperature T and cluster size n are discussed, respectively. Monomer 1 forms

clusters (2, 3, 4, 5 and 6) thermodynamically favorable by the enthalpies at 298. 2 K.
Keywords: Asymmetric clusters (HFBN;),(n=1—6); Density functional theory (DFT); IR spectra

1 Introduction

Wiberg and Michaud reported the synthesis
of the first azide of the element boron B(N;),in
1954 ™, which undergoes a spontaneous gas-

phase decomposition to produce BN films at room

s BH: 2016-05-16

2 The chemistry of boron azides,
including (CH;),BN;, (n-C;H;),BN; « Py, (n-
C,Hy),BN,, (X,BN;), (X=F, Cl, Br) , and

[(CsF:),BN, ], , ete ©*, was further investiga-

temperature

ted and reviewed by Paetzold, Fraenk and co-

workers. It is well known that all of the mono-
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meric liquid or solid boron azides were reported in
the literature except for the trimeric boron diha-
lide azides (X,BN;),(X= F, Cl, Br) and dimeth-
ylboron azide showing a temperature dependent

-4 The extensive studies on

oligomerization
boron azides are motivated by the fact that these
molecules have been shown to be good single
source precursors (SSP) for boron nitride (BN)
film deposition. Despite the extensive experimen-
tal studies in the condensed phase, experimental
data for the gas phase species are rare and knowl-
edge of their gas phase stability and thermody-
namic properties becomes essential. Previous the-
oretical studies of the boron azides were reported

IO.H]. Here, mo-

on the symmetric boron azides '
tivated by and based on previously experimental
studies on asymmetric clusters of gallium azides
and aluminum azides (RR’MN;), (M=Al, Ga; R
=CH,, H; R’=Cl, Br; n=3—4) =Bl e
choose the simple model for the inorganic asym-
metric boron azide compounds (HFBN;),(n=1—
6) to study. To the best of our knowledge, there
are no structural data for the asymmetric clusters
(HFBN;),(n=1—6) in the literature, neither ex-
perimental nor theoretical in nature. The aim of
this paper is a detailed theoretical investigation of
structural, stability, IR spectra and thermody-
namic characteristics of the asymmetric clusters
(HFBN;),(n=1—6), which may provide some
useful information for the subsequent experimen-

tal studies.

2 Computational methods

All calculations reported in this study were
performed using the Gaussian 09 suite of pro-
grams "', The initial structure of the cluster was
constructed manually, taking previous investiga-
tions into consideration. A number of initial
structural guesses were generated, and the corre-
sponding geometries were then optimized using
B3LYP method with the 6 — 31G * basis set
[15-15] " Final optimizations were performed under
tight conditions, with no integral symmetry im-

posed. Frequencies along with their respective IR

intensities were then calculated, and the lack of i-
maginary frequencies confirmed in each case that a

true minimum was obtained.

3 Results and discussion

3.1 Structures

The most stable structures of each size for
the asymmetric clusters (HFBN;),(n=1—6) op-
timized at the BSLYP/6—31G % level are illustra-
ted in Fig. 1. Table 1 depicts the ranges of geo-
metrical parameters and energies for correspond-
ing structures. Two stably structures with C,;
symmetry;or monomer HFBN,; were obtained
(Fig. 1. 1, connectivity: HFB-N,-N;-N,). Two
dimers, ten trimers, fifty three tetramers, two
hundred and fifty-six pentamers and five hundred
and forty-seven hexamers are obtained. After n>
2, all the structures are cyclic with an alternation
of B and N, atoms, which is in line with the re-
sults reported in the previous literatures M ',
From Fig. 1, one can see B-N, bonds form easily,
and B-B and N,-N, bonds are not found in the
clusters. Judged by the total energies, the most
stable isomers of each size are labeled as 1, 2, 3,
4, 5 and 6.

For monomer HFBN,, the azide group is
slight bent with a N,-N;-N, angle of 172.9°. The
B-N, bond length (0. 1436 nm) is between that of
a B-N single (0. 158 nm) and double bond (0. 137
nm). The Ny-N, bond length (0. 1135 nm) is
shorter than the N,-Nybond (0. 1239 nm). N,-N,
and N;-N,bond lengths are close to a N-N double
(0.125 nm) and a N-N triple bond (0. 110 nm),
respectively. From n = 2, the computed B-N,
bonds (0. 1588-0. 1643 nm) have typical B-N sin-
gle bond character. These B-N, are still consider-
ably longer than those found for four-coordinate bo-
ron in the reported tetrazidoborate anion [ B(N;), |
which shows B-N; bond lengths of 0. 1542(8) nm (
X-ray, average) ', and are comparable with the
bond lengths of other covalent boron azides previ-
ously determined, such as (Cl, BNy )4 (0. 158nm),
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Fig. 1

(F;BN3); (0. 1616 nm) and (CsF;B(N;), )4 (0.
160 nm) °, For n=2—6, the B-H and B-F
bond lengths outside the ring are in the range of
0.1199—0. 1202 nm and 0. 1354—0. 1378 nm, re-
spectively, The computed structural parameters
for the azide units for n==2 are 0. 1242 —0. 1257
nm for N,-N; bonds and 0. 1126 —0. 1131 nm for
N;-N, bonds with N,-N;-N, bond angles of 176. 8

The most stable structures for the asymmetric clusters (HFBN;), (n=1—6)

—180. 0°. Again, those values are in excellent a-
greement with the corresponding bond lengths in
(CLBN; ), (0. 125 nm, 0. 109 nm, 178%),
(F,BN;), (0. 1249 nm, 0. 1129 nm, 179. 8") and
(C¢F-B(N;),), (0. 127 nm, 0. 111 nm, 179%)
[0-91 " The very good agreement between our cal-
culated values and the experimental ones is a vali-

dation of the reliability of the present calculation.

Tab. 1 Ranges of the bond lengths, bond angles, and energies for the most stable structures of the asymmetric clusters
(HFBN;), (n=1-6)
1 2 3 4 5 6
rNp-N, /nm 0.1135 0.1131 0.1126—0.1130 0.1129 0.1127—0.1130 0.1128
rN.-Ng/nm 0.1239 0.1242—0.1243 0.1245—0. 1257 0.1250 0.1249—0.1255 0.1253
rB-H/nm 0.1194 0.1199 0.1200—0.1202 0. 1200 0.1198—0.1202 0.1199
rB-N,/nm 0.1436 0.1631 0.1594—0.1637 0.1588—0.1635 0.1589—0.1643 0.1592—0. 1640
rB-F/nm 0.1323 0.1354 0.1369—0.1367 0.1375 0.1368—0.1375 0.1378
QNa’Ng’Ny/o 172.9 176.8—177.3 176.9—179. 1 178.8 178.8—180.0 178.6
QNQ’N‘;B/e 120. 8 122.9—124.2 116.3—118.3 115.8—117.2 114.8—117.6 117. 4
OB-N.-B/° 93.9—94.3 123.9—124.4 127.0 124.9—128.3 124.5
ON,-B-N,/° 85.9 100.8—102. 2 104.0 105.3—106.7 106.8—106.9
E/KkJ « mol ! —760275. 81 —1520559. 45 —2280917. 88 —3041237. 54 —3801549. 59 —4561856. 62
E,/kJ » mol™! 7.83 90. 45 134.3 170. 54 201.76
ZPE/K] * mol ! 76.76 160. 87 247.03 331.79 415. 65 498. 89
Ey—./k] » mol™! 0.77 74.37 110. 54 139. 96 164. 96
Ey —we/k] * mol™! 0. 39 24.79 27.63 27.99 27.49
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Moreover, the cluster size n has important
influences on the geometries. The average B-N,
bond distance increases with n increasing, but
this change is not monotonic, and when n=5—6,
the increase of B-N, bond length is not obvious.
As may be seen from Table 1, the B-F bond
lengths exhibit a similar trend as the cyclic clus-
ters enlarge. When n=1—3, the N,-N; and B-H
bond lengths increases, and when n=4—6, the
changes of those bond lengths are slight. The val-
ue of the Ny-N, bond lengths decreases from 0.
1135 nm in 1 to 0. 1128 nm in 6, and then tend to
be constant at around 0. 1128 nm with n=3—6.
Compared with monomer 1, the increasing bond
lengths of N,-N;. B-H and B-F outside of the
rings showed it could easily eliminate N, (N;-N,),
H, and F~ groups to yield BN material. The bond
angles of N,-B-N,and B-N_-B increase as the cy-
clic clusters size n increases, while N;-N,-B bond
angles decrease except for 6. The B-N,-B bond
angles in the cyclic clusters are consistently larger
than N_,-B-N, bond angles.

3.2 Energetic Properties

For the following oligomerization processes

nHFBN;— (HFBN,;),(n =2—56)
the uncorrected binding energies (E, ), corrected
binding energies (E, ), average corrected binding
energy (E,—._..) » and the second — order energy
difference (A, E) are calculated using the following
formulas:

E, () =nE(HFBN;)-E(HFBN,), (D

301
254 a —

20+

e @ e

151

[(kJ-mol™)

10

Eyen

5 4

0 - A—

1 2 3 4 5 6
Cluster size n

E, .(n)=nx ECHFBN;) +0. 96 x n x ZPE
(HFBN;) —E(HFBN;),—0. 96 *x ZPE(HFBN;), (2)
Efwe=E,_.(0)/n (3

AN E(n) =E(HFBN; )4, +0. 96 x ZPE (HF-
BN;),.; +E(HFBN,), ; +0. 96 *x ZPE(HFBN;), ,
—2 % E(HFBN;),—2 % 0.96 x ZPE (HFBN,), (4)
where E(HFBN, ), and E. HFBN; ) are the total en-
ergies of the most stable structures for clusters (HF-
BN;), (n=2—6) and HFBN;, respectively; ZPE
(HFBN,), and ZPE HFBN;) are the zero point en-
ergies of the most stable structures for clusters (HF-
BN,), (n=2—6) and HFBN;, respectively. The scal-
ing factor is 0. 96 177,

From Table 1, one can see that the proportions
of ZPE corrections to their binding energies E, are
large, which indicates it is necessary to carry out the
ZPE corrections for the binding energies. With clus-
ter size n increasing, the E, and E,_. values generally
increase, which imply that the clusters can continue
to gain energy during the growth process. As shown
in Fig. 2 (a), the E,_ ..., quickly;ncrease as the clus-
ters size grows for n<<3. For n=4—6, E,_._.slowly
increase as the cluster size grows, then tend to be
Which shows that

the cluster size (n=4—06) has little effect on the aver-

constant at around 28 kJ * mol '.

age corrected binding energies. The second — order
energy difference (A,E) is one sensitive parameter
that reflects the relative stabilities of clusters. From
Fig. 2 (b), one can see the local peak appear at the
size of n = 3, implying that the cluster (HFBN;, ),

has higher stability than their vicinal clusters.

I
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Fg.2 E, . . (a) and A, E (b) of the asymmetric clusters (HFBN;), (n=1—6) as a function

of cluster size n
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3.3 IR Spectrum

IR spectrum is not only the basic property of
compounds, but also an effective measure to iden-
tify substances. Besides, it has a direct relation
with the thermodynamic properties. Fig. 3 pres-
ents the IR spectra of the clusters (HFBN;), (n=
1—6) simulated at the BSLYP/6—31 % level, in
which vibrational frequencies have been scaled by
a factor 0. 96 to remove the systematic overesti-

[17]

mation Fig. 3 shows that there are four main

characteristic regions associated with the B-H
stretching vibration, asymmetric and symmetric
stretching of Nj, and the fingerprint region in the
lower frequencies. Usually, as the atomic mass
increases, the corresponding vibrational frequency
shifts toward the lower wavenumber. Since the
mass of the hydrogen atom is the smallest, the B
—H stretching vibrations occur at the higher re-

1

gion of approximately 2500 cm ™ '. As the number

of B—H bonds increases from 1 to 5, the vibra-
tional modes of B-H shift to the lower wavenum-

ber (a red shift), and no obvious shift is observed
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for n=5—6. The mode of 2220—2252 cm ™" in the
most stable asymmetric clusters (HFBN,), (n=1
—6), which is consistent with that found for bo-
ron dichloride azide (Cl,BN,;), (2210 em™ ') and
[(CsF;),BN; 1,(2202 cm™ ') %1, corresponds to
the N, asymmetric stretching vibration. The N
asymmetric stretching vibration shows a blue
shift with an increase in size from 1 to 6. The fol-
lowing modes are in the ranges of 1234 — 1391
cm ! corresponding to the N; symmetric stretc-
hing vibration. These N; symmetric stretching
frequencies generally reveal a red shift with grad-
ual increase of cluster size. The fingerprint re-

', mainly involves

gion, at less than 1187 cm
stretching of rings, the stretching of B-F, the
wagging and scissoring of H-B-F, and the N, de-
formation vibrations, which is used to identify i-
somers. Meanwhile, in three characteristic re-
gions with Nj asymmetric, Nysymmetric and B-H
stretching vibration, the number of vibration e-

quals to that of azido groups and B-H bonds, re-

spectively.
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Fig. 3 IR spectra for the most stable clusters (HFBN;), (n=1—6)

3.4 Thermodynamic Properties

On the basis of vibrational analysis and sta-
tistical thermodynamic method, the thermody-
namic functions including heat capacity (CJ, ),
entropy (S%), and enthalpy (H?) for the most
stable isomers of the asymmetric clusters ( HF-
BN,),(n=1—6) ranging from 200 to 800 K are e-
valuated and presented in Table 2. Firstly, as can
be seen, thermodynamic functions of the asym-
metric clusters (HFBN;), (n=1—6) all increase
This is

because the main contributions to the thermody-

evidently as the temperature increases.

namic functions are from the translations and ro-
tations of the molecules at lower temperature,

whereas the vibrational motion is intensified at

higher temperature and makes more contributions
to the thermodynamic functions. For intuitive il-
lustration, monomer 1 was taken from the title

compounds as typical examples to show the tem-
0

m *

perature — dependent relationships for C} .,
and HY , which has been presented in Fig. 4(a).
It is obvious that as the temperature increases,
the increments for CJ,,, and Sf both decrease but
that HY increases constantly. However, since the
coefficients of T? are very small, these correla-
tions are approximate to linear equations. In oth-
er words, thermodynamic functions of monomer 1
increase linearly with the temperature on the
whole. This hold true for the other asymmetric
clusters (HFBN;),(n=2—6).

Tab. 2 Thermodynamic properties for the most stable structure of the asymmetric clusters (HFBN; ), (n=1—6) at dif-

ferent temperatures

cluster T/K 200 298.2 400 500 600 700 800

Cm/ J e mol™t « K71 57.97 70. 22 81.21 89.93 96. 90 102.51 107. 05

1 S/ Jemol !« K! 269.73 295.19 317. 41 336.51 353. 54 368.91 382.91
HY%/ k] *» mol™! 8.95 15. 25 22.98 31.55 40. 91 50. 89 61.37

Cm/ J e mol™t « K7! 115. 45 148. 61 175. 28 194. 98 210.02 221.76 231.10

2 S/ Jemol !« K! 360.52 413.03 460.61 501. 94 538. 88 572.17 602. 41
HY./ kJ » mol™! 15.09 28.11 44,67 63.22 83.51 105.12 127.78

Clm/ Jemol 1« K! 174.72 225.56 266. 82 297.43 320. 81 339.03 353. 48

3 S%/ ]+ mol™! « K! 458. 08 537.67 610. 00 672.98 729.37 780. 24 826. 49
HY,/ kJ » mol™! 22.04 41.77 66. 94 95.23 126.19 159. 22 193. 87

Clm/ Jemol 1« K! 236. 56 305. 22 360. 62 401.63 432.93 457. 29 476. 60
4 S0/ J e mol !« K! 519. 22 626. 98 724.79 809. 87 885. 99 954.63 1017. 00
HY,/ kJ » mol™! 28.83 55.55 89. 58 127.79 169. 59 214.15 260. 88

Clm/ Jemol !« K! 299.62 385. 44 454. 69 506. 00 545.17 575.67 599. 84
5 S/ Jemol !« K! 598. 39 734.65 858. 06 965. 30 1061. 17 1147.59 1226. 10
HY,/ kJ » mol ™! 36. 09 69. 87 112. 82 160. 97 213. 61 269.72 328. 54

Cm/ J e mol™t « K7! 362. 41 466. 42 549.77 610. 89 656.91 692. 25 719. 88
6 S%/ J e mol™! « K! 681. 99 846. 86 996. 16 1125.73 1241. 36 1345. 39 1439. 70
HY,/ kJ » mol ™! 43.23 84.10 136. 05 194. 23 257.73 325. 26 395.92
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On the other hand, with the increase in the
number of cluster size n, thermodynamic functions of
the most stable asymmetric clusters (HFBN,), (n=2
—6) all increase monotonically at 298. 2 K, as shown

in Fig. 4(b). The contribution of monomer HFBN; to

T 450-

=1 = [ =

£ 400- S'=215.24488+0.299917-1.13862 < 10°T

-4 b 2_ -

= a0l R’=0.99973, SD=0.77354

t, 300:

¥ 250

2 150l C', =28.81618+0.16313-8.2078510° T°

S R’=0.99985, SD=0.25686

7100~

v 50

g7 H' =-2.45986+0.04789T+4.01426x10°T"

= 507 R®=0.99992, SD=0.19971

:’\f -100 T T T T T T T

200 300 400 500 600 700 800
T(K)
(@)
Fig. 4

metric clusters (HFBN;),(n=1—6)

The values of theoretical enthalpies (AH)
and Gibbs {ree energies (AG) in the processes of 1
—>2, 3, 4, 5, and 6 at temperatures of 200—800
K can be found in Table 3. The values of AH in

the processes are negative except for 1—2 in 600

the thermodynamic properties matches the cluster ad-
ditivity. Each monomer HFBN; contributes to the
C.ny Sy and H, by 79 J » mol ' « K", 109 J »

mol™' « K™', and 14 kJ * mol™", respectively.

S!=194.478+108.929n
R’=0.998, SD=9.603

(JmolK™"), " (kImol")

]

C',,=-10.203+79.176n
R?=1.000,SD=1.503

0
m

(Jmo['K") , S

04 H' =0.777+13.809n
R’=1.000, SD=0.536

)
p.m

C

N
o
o

T T T T
1 2 3 4 5 6

Cluster sizen

(b)

Evolution of the thermodynamic functions with the temperature (T) (a) and the cluster size n (b) for the asym-

—800 K, which reveals that these oligomeriza-
tions are exothermic. The values of AG are posi-
tive at 298. 2 K, which indicates the oligomeriza-

tions can not occur spontaneously.

Tab. 3 Oligomerization enthalpies and Gibbs free energies at different temperatures

progress T/K 200 298. 2 400 500 600 700 800

AH/ kJ « mol ™! —3.58 —3.16 —2.06 —0.65 0.92 2.57 4.27
e AG/ k] » mol ! 32. 20 49.72 67.62 84. 89 101. 84 118.52 134.99
; ) AH/ k] « mol™! —79.18 —78.35 —76.37 —73.79 —70.91 —67.82 —64.61
s AG/ k] » mol™! —8.96 25.39 60.52 94,49 127. 84 160. 72 193. 18

AH/ k] « mol™! —117.51 —115.99 —112. 88 —108. 95 —104. 59 —99.95 —95.14
e AG/ k] » mol ! —95.57 49.15 105. 06 159. 14 212. 31 264.76 316.57
~ . AH/ k] « mol™! —148.62 —146. 34 —142.04 —136. 74 —130. 90 —124. 69 —118. 27
D AG/ k] » mol ™! 1.43 74.71 149. 55 221.88 293.01 363.18 432.49

AH/ k] « mol™! —175.43 —172. 36 —166.79 —160. 03 —152.69 —145. 04 —137. 26
B AG/ k] » mol ! 11. 84 103. 26 196. 53 286. 63 375.23 462.61 548. 94

4 Conclusions

The structural feature, energies, IR spectra,
and thermodynamic properties of the asymmetric
clusters (HFBN,;),(n=1—6) have been calculated
at the B3LYP/6—31G % level. Results show that

the asymmetric clusters (HFBN;), (n=2—6) con-
tain (BN),, cyclic structures. The relationships
between geometrical parameters and cluster size n
are discussed. The binding energies E, and E, .
reveal that the asymmetric clusters (HFBN,), (n
=1—6) can continue to gain energy as n increas-

ing. The calculated second — order difference in
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energy (A, E) suggest that the cluster (HFBN,),
are relatively stable. There are four main charac-
teristic regions in the IR spectra, which are asso-
ciated with the B—H stretching vibration, the N,
symmetric and asymmetric stretching vibrations,
and the ? ngerprint region. As the cluster size n
increases, the B-H stretching vibrations and the
N; symmetric stretching motion shift to the lower
wavenumbers, while the N, asymmetric stretc-
hing motion moves to a higher region. Thermody-
namic functions (C’., S) and HY) for (HF-
BN;),(n=1—6) clusters all increase linearly with
the increasing temperature T and cluster size n.
Judged by the enthalpies at 298. 2 K, all the oli-

gomerizations are thermodynamically favorable.
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