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This paper reports that the equilibrium structure of NHo has been optimized at the QCISD/6-311++G (3df,
3pd) level. The ground-state NHy has a bent (Cay, XzBl) structure with an angle of 103.0582°. The geometrical
structure is in good agreement with the other calculational and experimental results. The harmonic frequencies and the

force constants have also been calculated. Based on the group theory and the principle of microscopic reversibility, the

dissociation limits of NHa(Cay, XQB1) have been derived. The potential energy surface of NHo (X2B1) is reasonable.

The contour lines are constructed, the structure and energy of NHy reappear on the potential energy surface.
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1. Introduction

NH; is one of the main compositions of the sub-
stance and the primeval air that exists extensively in
interstellar space. It plays an important role in the ori-
gin of life. So the study on NH; radical has certain sig-
nificance to explore the nature of space and the process
of burning. It has attracted the attentions of spectro-
scopists and chemists.[] NH, radical was firstly found
by Herzberg and Ramsay in 1952 when they conducted
a photochemical decompose to NHj.2l After that,
Dressler and Ramsay analysed the absorbing spectrum
in the range of 390-830nm.?) From then on, many
technologies and methods of spectroscopy has been
applied to experimental research of NH,.3=7 To our
knowledge, the potential energy curves of the ground
state molecule NH still have not been given. In order
to explore NHs intensively, we calculate the equilib-
rium geometries, dissociation energies and force con-
stants for NHo(X?2Bj) at the QCISD/6-311++G(3df,
3pd) level in this work. Based on the results, the

analytical potential energy function (APEF) and the
potential energy curves of NHs have been obtained
according to the many-body expansion theory. These
results can be used for their dynamic studies directly.

2. Ab initio calculation of

N, (X?B,)

The equilibrium geometry, force constants and
harmonic frequencies of NHy have been calculated
by using QCISD/6-311++G(3df, 3pd) method. The
ground symmetry of NHy belongs to point group Co,
with 2B;, the bond length of NH, is 0.10249 nm and
the bond angle is 103.0582° with the dissociation en-
ergy 4.16574 eV (which is the dissociation energy of the
channel NHy(X?2B;) —NH(®X7)+H(%S,)). The re-
sults is listed in the Table 1. In addition, the harmonic
force constants are determined and listed in the Table
1. It can be seen clearly that our calculation of NH,
is in good agreement with experiment.

Table 1. Equilibrium geometry and property of NHa (X2 B).

0.1024[8]
103.388

0.10249
103.0582

Equilibrium structure Rgny = Rng/nm
Z HNH/(°)
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Table 1 (Continued)

Harmonic frequency wi(ai)/cm™!  1542.7245

wg(al)/cm’1

wg(bg)/cm’1

Dissociation energy De /eV

Force constants fgr, g, /a.u.
le Ro /a.u.
fRia/a-u.

faa/au.

3. Potential energy function of

two-body terms

The Murrell-Sorbie (M—-S) function is one of the
best functional forms among a number of functions
which have been proposed to fit the APEF of diatomic

molecule:
V = —Do(1+ a1p + azp® + azp®) exp(—aip), (1)

where p = R — R, R is the distance of two atoms
and R, is the equilibrium distance. Based on a se-
ries of calculated energies, the dissociation energy D,
and the parameters ai, as, ag can be obtained by the
nonlinear least square fitting method.

The relations between the parameters in Eq.(1)

and the force constants are

3411.2652
3500.1542
4.16574 3.9540.0209
3.96[10]
0.42578
—0.00360
0.02937
0.16055
f3 = —6De (ag — aipasg + ;a‘;’) 5 (3)
f1 = Do(3a} — 12a%ay + 24a;1a3), (4)

where f5, f3, f4 are quadratic, cubic and quartic force
parameters, respectively. Then the spectroscopic pa-

rameters are

h
B, = ——, 5
8mepnR2 5)
632 f3Re
e — — = 1 )

Q o < + 37 ) (6)

B faR? weate \ 2
Yo = — | — ¢ +15(1 ° e 7
WeX A 7 + ( + 633) (7)

The molecular structures of NH and Hsy have
been calculated at the level of QCISD/6-311++G(3df,
3pd), QCISD(T)/6-311++G(3df, 3pd), QCISD(T)/6-
3114++4G(3df, 2pd), QCISD(T)/aug-cc-pvtz, respec-

f2 = De(a? — 2as), (2)  tively. The results are listed in Tables 2 and 3.
Table 2. Parameters of M-S potential energy function for NH(X3X ™).
Re/um  De/eV  ai/nm~!  az/nm~2  az/nm™3
QCISD/6-311++G(3df, 3pd) 0.1034 4.8707 38.008 341.41 3052.9
QCISD(T)/6-311++G(3df, 3pd)  0.1036  3.9881  49.526 690.67 4286.9
QCISD(T)/6-311++G(3df, 2pd)  0.1039 3.5700  48.598 631.50 3909.5
QCISD(T)/aug-cc-pvtz 0.1037 3.9748  49.173 675.21 4193.0
Ref.[11] 0.1036 3.671 44.82 497.1 3397
Table 3. Parameters of M-S potential energy function for Hg(XlZ‘g').
Re/nm De/eV ai/nm™!  az/mm™?  a3/nm™3
QCISD/6-3114++G(3df, 3pd) 0.07423  4.6962  41.589 493.50 4752.5
QCISD(T)/6-311++G(3df, 3pd) 0.07425 4.6962  41.589 493.50 4752.5
QCISD(T)/6-311++G(3df, 2pd) 0.07428 4.6912  41.835 503.06 4888.1
QCISD(T)/aug-cc-pvtz 0.07432  4.6997  41.233 477.10 4651.9
Ref.[12] 0.07415  4.7105 41.730 452.44 5125.8
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We obtain optimized results of NH and Hs by
comparing the calculated results at the four lev-
els. It has been found that the results of NH at
QCISD(T)/6-311++G(3df, 2pd) level and the results
of Hy at QCISD(T)/aug-cc-pvtz level are in excel-
lent agreement with the experimental data and other
theoretical data. So, the potential energy curves of
NH at QCISD(T)/6-3114++G(3df, 2pd) and H; at
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fitted to MS function
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Interatomic potential energy E/eV
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Interatomic distance R/nm

Fig.1. Potential energy curves of the ground state for NH.

QCISD(T)/aug-cc-pvtz level are shown in Figs.1 and
2. Based on the fitted APEF and Eqgs.(2)—(7), the
spectroscopic parameters of them have been calcu-
lated. All the calculated results are shown in Table
4. We can see that the spectroscopic parameters of
NH and Hs are in good agreement with the experi-
mental values.

[o} ab initio
fitted to MS function
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Fig.2. Potential curves of the ground state for Hs.

Table 4. The spectroscopic parameters of NH and Ha.

Re/nm De/eV Be/em™! we/em™! weXe/em ™t ae/cm™!
NH 0.1039 3.5700 8.7477 3298.15 40.791 0.1629
Ref.[13] 0.1036 8.7913 2398 42 0.2531
experiment  0.1037[14:151 3 5997(16] 3282.58!17]
H, 0.07432 4.6997 60.548 4398.72 115.604 3.31667
Ref.[12] 0.07415 4.7105 60.826 4195.49 87.76 3.167
Ref.[13] 0.07416 4.476 60.809 4395.2 117.99 2.993
4. Analytical potential function V) (R1, R, Ry). (9)
f NH X°B
o 2 (CZU’ 1) Where Rl = RQ = RNH, R3 = fﬂHz7

Based on group theory and the principle of
microscopic reversibility, the dissociation limits of
NH3(Cy,, X2B1) have been derived:

N(*Sy) + Ho (X1 5,
NHEX™)+ H(*Sy), (8)
N(*Sg) + H(*Sg) + H(*S).

NH»(Cay, X2B1) —

the
potential

According  to
theory,[18=201  the
NH2 (X2 Bl ) is

many-body  expansion

energy function of

V = VR (R) + ViR (R2) + Vi (Rs)

Vlg\l) (R1), Vl\%)(Rg), V}(Iz)(Rg) are the two-body
terms represented by the potential functions of
HN(X?¥~), NH(X?Y") and Hy(X'5[), respec-
tively. Vl\(jzgz (R1, Ra, R3) is the three-body term, which
will be zero if any one of the atoms is removed to in-
finity. The form of potential energy function of two-
body terms is Eq.(1). The parameters of two-body
terms are listed in Table 2 and Table 3.

Here, we mainly derive the three-body terms.
It is convenient that three-body terms are shown
as the functions of symmetrical internal coordinates.
We choose Cs, symmetry (R? = RS = 0.10249 nm,
R$ = 0.16048 nm) as the reference structure, then the
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internal coordinates are

pi=Ri— R}, (i=12,3). (10)

The corresponding symmetrical internal coordi-

nates are
1y
S1 V2 V2 p1
1 1
Sg = — —— 0 P2 (11)
V2 V2
S3 p3
0 0 1
Three-body term is
V@) (Ry, Ry, R3) = PT, (12)
where P is a polynomial
P = Co+ C1S1 + C285 + C353 + C4S3
+C55153 + 065127 (13)

and T is a range function
T = [1 — tanh(1.51/2)][1 — tanh(y3S53/2)]. (14)

So is asymmetrical when R; and Rs interchange,
but the molecule is the same after the interchange.
So, S5 has the even powers. The seven linear param-
eters Cy — Cg can be determined by using the equi-
librium structure and the force constants (in Table 1)
and the nonlinear ones v; and ~3 in the range function,
T can be determined by optimizing the potential en-
ergy surface. By using the program which is compiled
by Fortran, the parameters of the three-body term of
NHy(X?B;) are calculated and listed in Table 5.

Table 5. Parameters of three-body term of NHz(X?2By).

Co = 4.45699263
C3 = —8.60577524
Ce = 511.876154

Ch = 25.8262777
Cy = 836.943054
v1 = 0.8

Co = —50.6053805
Cs = —1157.44572
v3 = 1.0

Figures 3 and 4 are the contour graphs of the
NH(X?B;) potential. These figures reproduce the
equilibrium geometry of NHy(X2B;). Figure 3 is
the N-H bond stretching contours for a fixed angle
/ZHNH = 103.0582°. From this figure, we can see
that there is a potential well (—4.17eV) at Run =
Ryg = 0.10249 nm and two symmetrical saddle points
at (0.216 nm, 0.104 nm) and (0.104 nm, 0.216 nm), the
barrier height which is approximately 1.15086 eV can
be seen. It shows that NHs could difficultly form if

H atom attacks NH from N-H bond near H atom
The po-
tential energy surface reproduces Csg, symmetry of
NH,.
Figure 4 is the contours for H atom moving around
the fixed N-H bond (Ry_g = 0.10249nm), the N-
H bond is fixed at the X axis, and then Y axis is
established at the zero by the central point of the
N-H bond. The dissociation energy of NHjy is the
lowest energy (—4.17eV) when H atom is moving to
ZHNH = 103.0582°. It is of great interest to find
that there is barrier between —1.0eV and —1.8eV
contour lines on the reaction channel H+NH—NH,
from the Fig.4. The barrier at = 0.05366 nm and
y = 0.21599 nm (Rng1 = 0.104nm, Rxgs = 0.216 nm)
is approximately 1.15086€V. It is in agreement with

direction at the two equivalent channels.

It is in agreement with the result of Table 1.

the result of the Fig.3. These are in good agreement
with the ab initio calculated results.
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RN_y/nm

Fig.3. Stretched vibrational contour of moving potential
energy function for NHs.
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Fig.4. Contour lines of NHy for H atom around the fixed
N-H bond 0.10249 nm.
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5. Conclusions

The equilibrium geometry, force constants and
harmonic frequencies of NHy; have been calculated
by QCISD/6-311++G(3df, 3pd) method. The ge-
ometries and harmonic frequencies of them are in

good agreement with those in the literature. Based
on group theory and the principle of microscopic re-
versibility, the dissociation limits of NHy(X2B;) are
determined, we extend the many-body expansion the-
ory to NHs, and get satisfactory results. These results
are helpful for the dynamic study of NH,.
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