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Abstract: The molecular structures and electron affinities of the NHn/NHn―(n=1-5) species were examined using hybrid Hartree-Fock/density functional theory(DFT). The basis set used in this work was of double-( plus polarization quality with additional diffuse s- and p-type functions, denoted DZP++. Seven different density functionals (B3LYP, BLYP, BHLYP, BP86, B3P86, BPW91 and B3PW91) were used in this work. The ground state structures of the NHn(n=1-5) were explored in this work. The NH has a X 2Π ground state, the NH2 has an open C2V(ozone-like) structure. For the NH3, C3V structure is turned to be ground state. The NH4 has D3h structure, and the NH5 has C3V structure. The most reliable adiabatic electron affinities, obtained at the DZP++ B3LYP and BPW91 level of theory, is 0.439(0.445)eV and 0.423(0.430)eV for NH, 0.700（0.714）eV and 0.712（0.725）eV for NH2, -0.818（-0.777）eV and -0.820（-0.780）eV for NH3, 0.168（0.191）eV and 0.123（0.127）eV for NH4, -0.802（-0.778）eV and -0.800（-0.785）eV for NH5. The B3P86 and B3PW91 bond lengths of the NH atom, NH2 molecules and NH3 molecules predicted by this work are in reasonable agreement with the experimental results. The dissociation energies predicted by the BHLYP method are the most reliable. For the vibrational frequencies of nitrogen hydride, the BP86 and BPW91 methods produce good predictions compared with the limited experiments.
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1. Introduction

The pollution caused by the nitrogen hydride in the water has become the global issue. Nitrogen hydride in water can cause eutrophication of water bodies; meanwhile, nitrogen hydride may consume dissolved oxygen in the water due to its reducibility. 

Consequently, the study on the characters of nitrogen oxides is very urgent.
Characters are dependent on structures, so more and more experimental and theoretical researches on the geometrical structures of nitrogen hydride and their ion are carried out. Neumark et al. used the autodetachment spectroscopy in a coaxial laser-ion beam spectrometer to obtain the infrared vibration-rotation spectrum of NH-.[1] Engelking et al. reported such studies on NH-, resulting in an improved electron affinity for NH.[2] Celotta et al. used a fixed frequency argon ion laser we to study the energy spectra of electrons photodetached from NH2,NH-,and determined their electron affinities.[3] Smith et al. discovered the previously unknown predissociations in the NH radical via high resolution lifetime measurements using the high-frequency deflection technique.[4] Stevens et al. resolved the difficulty by presenting an accurate ab initio determination of the dissociation energy which definitely eliminates all but the most recent experimental values.[5] Seal et al. observed the NH radical spectroscopically in reflected shocks through nitrogen-hydrogen-krypton and ammonia-krypton.[6] Companion et al. constructed Simple valence bond wave functions(using hybridized orbitals) for NH molecules.[7] Wickham-Jones et al. reported the electron affinity of NH2.[8]  Smyth et al. reported the first results in the determination of photodetachment energies for NH2- using a continuously tunable laser coupled with an ion cyclotron  resonance  (ICR) spectrometer.[9] Gibson et al. presented the photoionization mass spectrum of NH2, prepared by the reaction H+N2H4.[10] Qi et al. measured the ionization energy of NH3 combining the techniques of molecular beam and vacuum ultraviolet synchrotron radiation photoionization mass spectroscopy. Up to now, the investigation of NHn(n≥4) are still rare.[11]
With this motivation, we have carried out a detailed study of structures, thermochemistry, and electron affinities of nitrogen hydride clusters NHn (n=1～5) and their anions using density functional theory (DFT) .

When predicting molecular energies, structures, and electron affinities, there are many theoretical approaches, but considering both reliability and computational expense, gradient corrected density functional theory is effective for predicting electron affinities of many inorganic species, such as the SiFn/SiFn-, PFn/PFn-, SFn/SFn-, ClFn/ClFn-, GeFn/GeFn-, AsFn/AsFn-, SeFn/SeFn-, and SeOn/SeOn- systems.[12-19] The reliability of the predictions for electron affinities with DFT methods was comprehensively discussed in the recent (2002) review of Rienstra-Kiracofe et al.[20] They reviewed the theoretical predictions of electron affinities with six DFT methods (BHLYP, B3LYP, B3P86, BP86, BLYP, and LSDA) and showed that the average deviation from experiment for electron affinities with the B3LYP and BLYP methods is only 0.15 eV for a set of 91 molecules. They also suggested that B3PW91 and BPW91 methods might outperform the B3LYP, BLYP, and BP86 functionals.
The object of this article is to systematically apply several contemporary forms of density functional theory to determine the electron affinities and other properties of the NHn (n=1～5) series. Of specific interest is (a) the nature of the ground state, in particular whether open or ring form are more stable; (b) the comparison of the theoretical electron affinities with the limited available experimental results and the relationship between the neutral NHn molecules and their anions as reflected by the three types of energy separations, e.g., the adiabatic electron affinity (EAad), the vertical electron affinity (EAvert), and the vertical detachment energy of the anion (VDE); (c) the predictions of other properties including dissociation energies and harmonic vibrational frequencies; and (d) the comparison of the different DFT methods. We would like to establish reliable theoretical predictions for these nitrogen hydride clusters in the absence of experimental results and in some cases to challenge existing experiments.
2. Theoretical methods

The seven different density functional or hybrid Hartree-Fock/density functional forms used in our study are as follows: (a) Becke’s three parameter hybrid functional[21] with the LYP[22] correlation functional (B3LYP); (b) Becke’s 1988 exchange functional[23] with Lee, Yang and Parr’s correlation functional[22] (BLYP); (c) The half and half exchange functional[24] with the LYP correlation functional[22] (BHLYP); (d) Becke’s 1988 exchange functional[18] with Perdew's correlation functional[25](BP86); (e) Becke’s three parameter hybrid functional[21] with Perdew's correlation functional[20](B3P86); (f) Becke’s 1988 exchange functional[23] with the exchange component of Perdew and Wang’s 1991 functional[26](BPW91); and (g) Becke’s three parameter hybrid functional[21] with the exchange component of Perdew and Wang’s 1991 functional[26](B3PW91).
All the electron affinities and molecular structures have been determined using the Gaussian 98 program suites.[27] The default numerical integration grid (75,302) of Gaussian 98 was applied. The tight convergence of the SCF integrals was also used. All NHn/NHn―(n=1-5) structures were determined to be minima by the evaluation of their harmonic vibrational frequencies at the B3LYP method. For some suspicious results, we reoptimized them by the finer grid (99,590) to check. 
A standard double-ú plus polarization (DZP) basis set for nitrogen hydride used the double-ú contracted Gaussian functions plus a set of five pure d-type polarization functions αd(N)=0.800 and αP(H)=0.750 generated by Schafer–Horn–Ahlrichs.[28] These basis sets are either identical to or consistent with our large body of previous and yet unpublished work on electron affinities. To determine the significance of diffuse function in the description of the anions, the above DZP basis was augmented with diffuse functions; each atom received one additional s-type and one additional set of p-type functions. The diffuse function orbital exponents were determined in an “even-tempered sense” as a mathematical extension of the primitive set, according to the prescription of Lee and Schaefer.[29] The diffuse function exponents were taken to be αs (N)= 0.08227, αp(N) = 0.06508 for nitrogen andαs (H)= 0.04415 for hydride. The final basis set may be designated N (10s6p1d/5s3p1d) and H(5s1p/3s1p). This extended basis will be denoted as “DZP++”.
All NHn (n =1-5) geometries were determined to be minima by the evaluation of their harmonic vibrational frequencies at the seven method levels of theory. Structures with very small vibrational frequencies were confirmed to be minima by the further evaluation of their vibrational frequencies using the other functionals. Zero-point vibrational energies (ZPVE) evaluated at the seven method levels are presented in Table 1. The ZPVE differences between NHn and NHn- (n = 1-5) fall in the range of 0.0002-0.0017eV, and so little in here that may can be ignored with discussing EAad in parentheses.
The electron affinities are evaluated as the difference of total energies in the following manner: the adiabatic electron affinity is determined as, EAad = E (optimized neutral) – E (optimized anion), The vertical electron affinity by EAvert = E (optimized neutral) – E (anion at optimized neutral geometry), and the vertical detachment energy of the anion by VDE = E (neutral at optimized anion geometry) – E (optimized anion).
The dissociation energies for NHn /NHn- are determined from differences in total energies in the following manner: the first dissociation energies for the neutrals refer to the reaction

NHn →NHn-1 + H                                  (1)
whereas the first dissociation energies for the anions refer to the two different reactions,

NHn- →NHn-1- + H                                 (2)

NHn- →NHn-1 + H-                                 (3)
3. Results and Discussion  
The only optimized geometries for the nitrogen hydrideand their corresponding anions at the B3LYP/DZP++ level of theory are listed in the paper, and theoretical results are shown in the Figs. 1-5.
3.1 NH and NH―
The geometries of the ground state of NH and its anion are given in Figure 1. The NH radical has a 2Π ground state, there is no experimental data for the bond length of NH. The DZP++ B3LYP and B3P86 and B3PW91 bond lengths (1.049Å, 1.046Å and 1.047Å) compare to approach each other, whereas the other methods predict longer bond distances by as much as 0.014 Å. Here we note the general trend for bond lengths for the nitrogen hydride is BLYP > BP86 > BPW91> B3LYP > B3PW91 > B3P86 >BHLYP. The 1Σ+ ground state of the anion has bond lengths which vary among the different DFT methods by about 0.025 Å, and its experimental bond length is ro=1.047±0.002Å.2 The DZP++ B3LYP and B3P86 and B3PW91 bond lengths (1.052Å, 1.050Å and 1.050Å) are deemed to be the most reliable. All bond lengths are longer by roughly 0.003 Å than that of the neutral species.
Experiments for the electron affinity of NH are reported in 1976, Engleking et al. reported the EA of NH to be 0.381 ± 0.014eV and in 1973,[2] Celotta et al. reported the EA of NH to be 0.380 ± 0.030eV.[3] Our three theoretical kinds of neutral-anion electron affinity for NH, as well as the available experimental data, are given in Table 2. The adiabatic electron affinity EAad is predicted to be 0.439eV (B3LYP), 0.519eV (BLYP), -0.029eV (BHLYP), 0.628eV (BP86), 0.884eV (B3P86), 0.423eV (BPW91), 0.277eV (B3PW91). (Note: the zero-point vibrational energies are not included, which are so little in here that may be ignored, and which do not affect the results of data). The DZP++B3LYP and BPW91 methods predict the most accurate values compared with the experimental values, 0.381 ± 0.014eV, which can be considered as the most reliable. The other methods, except for DZP++B3P86 (0.884eV) and BHLYP (-0.029eV), also provide the reasonable values in the error of 0.25eV.
3.2 NH2 and NH2―
The equilibrium geometries of the 2B1 ground state of neutral NH2 and the 1A1 ground state of NH2- are displayed in Figure 2. The neutral N-H bond length is in the range from 1.023 to 1.046 Å. The DZP++ BHLYP method gives the shortest bond length for NH2, and the DZP++ BLYP method gives the longest bond length for NH2. The bond lengths (1.035Å, 1.035Å and 1.033Å) of the DZP++ B3LYP and B3P86 and B3PW91 methods compare to approach each other, whereas the other methods predict longer bond distances by as much as 0.011 Å. The NH2 radical has a bent structure with a bond angle of 102.1-103.8°as predicted by the seven different functions. 
For the 2B1 ground state of the anion NH2―, the bond lengths predicted by the different DFT methods agree with each other within 0.013 Å. The N-H bond distance for the anionic NH2― is roughly 0.002 Å longer than that of the neutral, indicating a weaker N-H bond in the NH2― anion, due of course to the last electron occupying an anti-bonding molecular orbital. Hong et al. reported the experimental bond length to be 1.03±0.02 Å and angle to be 100.2-107.5°,[30] and the bond lengths and angles of the DZP++ B3LYP and B3P86 and B3PW91(1.037Å and 102.4°, 1.035Å and 102.2, and 1.035Å and 102.2°)methods are deemed to be the most reliable.
Experiments for the electron affinity of nitrogen hydride are reported in 19719 and in 1972[31] respectively by Smyth et al., the EAad of NH2 to be 0.740 ± 0.030eV and 0.744±0.022eV are reported. Our three theoretical kinds of neutral-anion electron affinity for NH2, as well as the available experimental data, are given in Table 2. The adiabatic electron affinity EAad is predicted to be 0.700eV (B3LYP), 0.757eV (BLYP), 0.247eV (BHLYP), 0.894eV (BP86), 1.172eV (B3P86), 0.712eV (BPW91), 0.583eV (B3PW91). (Note: the zero-point vibrational energies are not included, which are so little in here that can be ignored, and which do not affect the results of data). The DZP++ B3LYP and BLYP and BPW91 methods predict the most accurate values compared with the experimental values, 0.740 ± 0.030eV, which can be considered as the most reliable. The other methods, except for DZP++B3P86 (1.172eV) and BHLYP (0.247eV), also provide the reasonable values within the error of 0.2eV.
3.3. NH3 and NH3―
 The C2v symmetry geometry of the1A1 ground state for NH3 and the C2v symmetry geometry of the 2A1 ground state of NH3- are given in Figure 3. The bond length is predicted to be 1.010-1.029Å for N-H bonds, and the general trend for bond lengths for the nitrogen hydride is BLYP > BP86 > BPW91 > B3LYP > B3PW91 > B3P86 > BHLYP. The H-N-H bond angle is about 107.3°. The bond length, thought to be the most reliable, is 1.017Å (B3P86) for the N-H bonds, compared with the experiments for the bond length of NH3 is 1.017±0.002 Å. The bond lengths of the DZP++ B3LYP and B3PW91 methods are approach to the experimental values.
For negatively charged ion NH3-, the ground-state structure displays C2v symmetry with 2A1 state. The bond length is predicted to be 1.019-1.043Å for the N-H bonds, and the general trend for bond lengths for the nitrogen hydride is BLYP > BP86 > BPW91> B3LYP > B3P86> B3PW91 >BHLYP. The H-N-H bond angle is about 104.1°-105.1°. There is no experimental data for NH3- . The most reliable N-H bond length is thought to be 1.030Å (B3P86), which is longer than the neutral NH3 bond by 0.015Å. At the same time, the bond lengths of DZP++ B3LYP and B3PW91 methods compare to approach each other. The H-N-H bond angles of anion NH3- are smaller by roughly 2.5° than that of the neutral species.
The theoretical EAad, EAvert, and VDE are noted in Table2. The EAad for NH3 is predicted to be -0.818eV (B3LYP), -0.864eV (BLYP), -1.023eV (BHLYP), -0.698eV (BP86), -0.374eV (B3P86), -0.820eV (BPW91), and -0.853eV (B3PW91). The B3LYP predicted EAad of -0.818eV is very close to BPW91 EAad of -0.820eV. The BLYP predicted EAad of -0.864eV is very close to B3PW91 EAad of -0.853eV. The B3P86 predicted EAad of -0.374eV is much larger than predicted EAad of any other methods. And the BHLYP predicted EAad of -1.023eV is much smaller than predicted EAad of any other methods. There is no experimental data for NH3. The EAvert is evaluated to be -0.818eV (B3LYP), -0.864eV (BHLYP), -1.023eV (BLYP), -0.698eV (BP86), -0.374 eV (B3P86), -0.820eV (BPW91), and -0.853eV (B3PW91). The VDE is estimated to be -0.818eV (B3LYP), -0.864eV (BHLYP), -1.023eV (BLYP), -0.698eV (BP86), -0.374eV (B3P86), -0.820eV (BPW91), and -0.853eV (B3PW91).
3.4. NH4 and NH4―

The D3h symmetry geometry of the 2A1 ground state for NH4 and the D3h symmetry geometry of the 1A1 ground state of NH4- are given in Figure 4. The N-H bond length is predicted to be 1.037-1.063Å, and the general trend for bond lengths for the nitrogen hydride is BLYP > BP86 > BPW91 > B3LYP > B3P86 > B3PW91 > BHLYP. The H-N-H bond angle is about 109.5°.There are no experimental data for comparison. The bond lengths, thought to be the most reliable, are 1.051 Å (B3LYP) and 1.049 Å (B3P86) and 1.048 Å (B3PW91) for the N-H bond length.
For negatively charged ion NH4-, the ground-state structure displays D3h symmetry with 1A1state. The N-H bond length is predicted to be 1.042-1.073Å, and the general trend for bond lengths for the nitrogen hydride is BLYP > BP86 > BPW91> B3LYP > B3P86 > B3PW91 >BHLYP, which is similar to the trend of NH4. The H-N-H bond angle is about 109.5°. The most reliable N-H bond lengths is thought to be 1.055Å (B3P86) and 1.058 Å (B3LYP) and 1.053 Å (B3PW91), which are longer than the neutral NH4 bond by 0.006Å .The H-N-H bond angle of anion NH4- is similar to the H-N-H bond angle of neutral NH4. There are no experimental data for comparison.
The theoretical EAad, EAvert, and VDE are noted in Table2. The EAad for NH4 is predicted to be 0.168eV (B3LYP), 0.102eV (BLYP), -0.036eV (BHLYP), 0.305eV (BP86), 0.644eV (B3P86), 0.123eV (BPW91), and 0.118eV (B3PW91). The B3P86 predicted EAad of 0.644eV is much larger than predicted EAad of any other methods. There are no experimental values for comparison. The EAvert is evaluated to be 0.168eV (B3LYP), 0.102eV (BLYP), -0.036eV (BHLYP) and 0.305eV (BP86), 0.644eV (B3P86), 0.123eV (BPW91), and 0.118eV (B3PW91). The VED is estimated to be 0.168eV (B3LYP), 0.102eV (BLYP), -0.036eV (BHLYP) and 0.305eV (BP86), 0.644eV (B3P86), 0.123eV (BPW91), and 0.118eV (B3PW91). The values of EAad, EAvert, and VDE are same from each other on account of the no change in geometry between neutral and its anion.
3.5. NH5 and NH5―
 The C3v symmetry geometry of the 1A1 ground state for NH5 and the C3v symmetry geometry of the 2A1 ground state of NH5- are given in Figure 5. The N-H bond lengths of N(1)-H(2), N(1)-H(3) and N(1)-H(5) are predicted to be 1.010-1.030Å , the N-H bond length of N(1)-H(4) is predicted to be 2.630-2.913Å, the N-H bond length of N(1)-H(6) is predicted to be 3.382-3.667Å, and the general trend for bond lengths for the nitrogen hydride is BPW91 > B3PW91 > BLYP > B3LYP > BHLYP > BP86 >B3P86. The H-N-H bond angles of H(2)-N(1)-H(3), H(2)-N(1)-H(5) and H(3)-N(1)-H(5) are about 106.4-107.7°, the H-N-H bond angles of H(2)-N(1)-H(6), H(3)-N(1)-H(6) and H(5)-N(1)-H(6) are about 111.2-112.4°.There are no experimental data for comparison. The computational data, thought to be the most reliable, are 1.020 Å (B3LYP) and 1.018 Å (B3P86) and 1.018 Å (B3PW91) for the N-H bond length of N(1)-H(2) and N(1)-H(3) and N(1)-H(5), 2.734 Å (B3LYP) and 2.630 Å (B3P86) and 2.797 Å (B3PW91) for the N-H bond length of N(1)-H(4), and 107.2°(B3LYP) and 107.1°(B3P86) and 107.0°(B3PW91) for the H-N-H bond angles of H(2)-N(1)-H(3), H(2)-N(1)-H(5) and H(3)-N(1)-H(5), 111.7°(B3LYP) and 111.8°(B3P86) and 111.8°(B3PW91) for the H-N-H bond angles of H(2)-N(1)-H(6), H(3)-N(1)-H(6) and H(5)-N(1)-H(6).
For negatively charged ion NH5-, the ground-state structure displays C3v symmetry with 2A1 state. The N-H bond lengths of N(1)-H(2), N(1)-H(3) and N(1)-H(5) are predicted to be 1.020-1.044Å , the N-H bond length of N(1)-H(4) is predicted to be 2.532-2.720Å, the N-H bond length of N(1)-H(6) is predicted to be 3.290-3.479Å, and the general trend for bond lengths for the nitrogen hydride is BLYP > BPW91 > B3LYP > BHLYP > B3PW91 > BP86 >B3P86. The H-N-H bond angles of H(2)-N(1)-H(3), H(2)-N(1)-H(5) and H(3)-N(1)-H(5) are about 103.7-104.7°, the H-N-H bond angles of H(2)-N(1)-H(6), H(3)-N(1)-H(6) and H(5)-N(1)-H(6) are about 113.9-114.8°.There are no experimental data for comparison. The most reliable N-H bond lengths are thought to be 1.033Å (B3LYP) and 1.030 Å (B3P86) and 1.029 Å (B3PW91), which are longer than the neutral NH5 bond length by 0.012Å. There are no experimental data for comparison.
The theoretical EAad, EAvert, and VDE are noted in Table2. The EAad for NH5 is predicted to be -0.802eV (B3LYP), -0.845eV (BLYP), -1.014eV (BHLYP), -0.675eV (BP86), -0.351eV (B3P86), -0.800eV (BPW91) and -0.836eV (B3PW91). The BLYP predicted EAad of -0.845eV is very close to B3PW91 EAad of -0.836eV. The B3LYP predicted EAad of -0.802eV is very close to BPW91 EAad of -0.800eV. The B3P86 predicted EAad of -0.351eV is much larger than predicted EAad of any other methods. And the BHLYP predicted EAad of -1.014eV is much smaller than predicted EAad of any other methods. There are no experimental values for comparison. The EAvert is evaluated to be -0.802eV (B3LYP), -0.845eV (BLYP), -1.014eV (BHLYP), -0.675eV (BP86), -0.351eV (B3P86), -0.800eV (BPW91) and -0.836eV (B3PW91). The VDE is estimated to be -0.802eV (B3LYP), -0.845eV (BLYP), -1.014eV (BHLYP), -0.675eV (BP86), -0.351eV (B3P86), -0.800eV (BPW91) and -0.836eV (B3PW91). The values of EAad, EAvert, and VDE are same from each other on account of the no change in geometry between neutral and its anion.
3.6. Dissociation Energies and Vibrational Frequencies  

The first bond dissociation energies for NHn/NHn- (n=2-5) systems are given in Table 3. It shows the dissociation energies (for the process NHn( NHn-1 + H) for the neutral NHn clusters. For the diatomic NH, there are several experimental studies on the dissociation energy. Franklin et al. had obtained the D0(NH)= 3.53±0.07eV.[32] In our computation, the BHLYP methods predicted the most accurate value (De(H-N)=3.55eV).For the diatomic NH2, there are several experimental studies on the dissociation energy. Curtiss et al. had obtained the D0(NH2)= 4.00±0.05eV.[33] In our computation, the BHLYP methods predicted the most accurate value (De(H-NH)=4.10eV).For the diatomic NH3, there are several experimental studies on the dissociation energy. Brauman et al. had obtained the D0(NH3)= 4.77±0.09eV.[34] In our computation, the BHLYP methods predicted the most accurate value (De(H-NH2)=4.75eV).
To our belief, there are no available experiments and theoretical studies for the first dissociation energy of NH4 and NH5. In our calculations, for the first dissociation energy for NH4, the seven methods predicted the values ranging from 0.21eV to 0.44eV., and also provide the reasonable values within the error of 0.23eV. The first dissociation energy of the DZP++ BHLYP prediction (0.21eV) is deemed to be the most reliable. For the first dissociation energy for NH5, the seven methods predicted the values ranging from 4.34 eV to 4.55eV, and also provide the reasonable values within the error of 0.21eV. The first dissociation energy of the DZP++ BHLYP prediction (4.52eV) is deemed to be the most reliable.
For the anions, NHn－, there are two distinct types of dissociation: that is, dissociation to a neutral NHn-1 plus an ionic H－, and the dissociation to an ionic   NHn－1－ plus a neutral H atom. The results are listed in Table 3. 
For the anions NHn(1-5), there is no experimental data for comparison. For the anion of NH, in our calculations, our theoretical dissociation energies range from 2.89eV (2.69eV) to 3.60eV (3.41eV) for NH- (De(N+ N―), the BHLYP dissociation energy(De(N+N―)=2.89eV) is the lowest data and the BP86 dissociation energy(De(N+ N―)=3.60eV) is the largest data. For the anion of NH2-, our theoretical dissociation energies range from 3.73eV (3.42eV) to 4.35eV (4.06eV) for NH2- (Do(NH+N―), the BHLYP dissociation energy(De(N+ N―)=3.73eV) is the lowest data and the BP86 dissociation energy(De(N+ N―)=4..5eV) is the largest data. For the anion of NH3-, NH4- and NH5-, there is a similar trend, the BHLYP dissociation energy is the lowest data and the BP86 dissociation energy is the largest data.
Harmonic vibrational frequencies have been predicted with each functional. Those data are reported in Tables 4-5. Available experimental fundamentals are also included for comparison. Compared with the limited experimental values for the NH, Amicangelo et al. obtained the frequency of 3231.2cm-1,[35] and in our calculation, the DZP++ B3LYP and BPW91 methods predict the values(3263.9515cm-1 and 3185.1024cm-1). For the NH-, Neumark et al. had obtained frequency of 3085±30cm-1.2 In our calculation, the BPW91(3082.985cm-1) and BP86(3064.3092cm-1) methods are close to the experimental data. The BLYP method underestimate the values about 20cm-1, the other methods overestimate the values about 40-180cm-1. For the neutral NH2, in our calculation, the BLYP method(1473.7068cm-1,3226.6361cm-1,3324.8426cm-1) and the BP86 method(1469.5710cm-1,3250.1029cm-1,3353.7120cm-1) and the BPW91 method(1478.0554cm-1,3272.6202cm-1,3376.0564cm-1) are basically consistent with the experimental data(1497.32cm-1,3219.37cm-1,3301.11cm-1).[35] For the neutral NH3, in our calculation, the BLYP method(1034.8456cm-1) and the BHLYP method(984.8145cm-1) and the BP86 method(1067.4523cm-1) and the BPW91 method(1072.5029cm-1) are basically consistent with the experimental  data(997cm-1).[35] There are no available experiments and theoretical studies for harmonic vibrational frequencies of NH4 and NH5.
4. Conclusions
The present work provides a systematic study of the nitrogen hydride clusters NHn (n=1-5) with seven carefully selected DFT methods. In the prediction of bond lengths, the seven methods consistently follow the order: BLYP > BP86 > BPW91 > B3LYP > B3PW91 > B3P86 > BHLYP. The B3P86 and B3PW91 bond lengths of the NH atom, NH2 molecules and NH3 molecules predicted by this work are in reasonable agreement with the experimental results, so the B3P86 and B3PW91 methods may provide the most reliable N-H bond length. Compared with the limited experimental EAad values, the average absolute errors for all seven DFT methods are 0.052(B3LYP), 0.076eV (BLYP), 0.453eV (BHLYP), 0.199eV (BP86), 0.466eV (B3P86), 0.038(BPW91), and 0.132eV (B3PW91). Detailed results are listed in Table 6. The DZP++ B3LYP and BPW91 methods are the most reliable. The adiabatic EAs are 0.439(0.445)eV and 0.423(0.430)eV for NH, 0.700（0.714）eV and 0.712（0.725）eV for NH2, -0.818（-0.777）eV and -0.820（-0.780）eV for NH3, 0.168（0.191）eV and 0.123（0.127）eV for NH4, -0.802（-0.778）eV and -0.800（-0.785）eV for NH5.
Compared with the limited experimental values of the first dissociation energies, predicted data by the BHLYP method are the most reliable. Respectively, the BP86 and BPW91 provide the most reliable values for harmonic vibrational frequencies for neutral and anionic of nitrogen hydride.
We hope that the present theoretical predictions will provide strong motivation for further experimental studies of these important nitrogen hydride clusters and their anions.
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Table 1: Zero point vibrational energies within the harmonic approximation for NHn /NHn- (n =1-5) in eV

	compound
	B3LYP
	BLYP
	BHLYP
	BP86
	B3P86
	BPW91
	B3PW91

	NH
	0.007436
	0.007139
	0.007786
	0.00721
	0.007526
	0.007256
	0.007515

	NH-
	0.007194
	0.006912
	0.007516
	0.006981
	0.007285
	0.007024
	0.00727

	Δ(N-A)
	0.000242
	0.000227
	0.00027
	0.000229
	0.000241
	0.000232
	0.000245

	NH2
	0.018953
	0.018283
	0.019747
	0.018393
	0.019121
	0.018514
	0.019109

	NH2-
	0.018448
	0.017803
	0.019205
	0.017908
	0.018617
	0.018026
	0.018598

	Δ(N-A)
	0.000505
	0.00048
	0.000542
	0.000485
	0.000504
	0.000488
	0.000511

	NH3
	0.034354
	0.033365
	0.035544
	0.033502
	0.034588
	0.033698
	0.034574

	NH3-
	0.032859
	0.03164
	0.034343
	0.031813
	0.03309
	0.032222
	0.033261

	Δ(N-A)
	0.001495
	0.001725
	0.001201
	0.001689
	0.001498
	0.001476
	0.001313

	NH4
	0.042877
	0.040709
	0.04567
	0.040762
	0.042941
	0.040879
	0.043026

	NH4-
	0.042053
	0.0396
	0.04513
	0.039999
	0.042376
	0.040745
	0.042908

	Δ(N-A)
	0.000824
	0.001109
	0.00054
	0.000763
	0.000565
	0.000134
	0.000118

	NH5
	0.046852
	0.04558
	0.048377
	0.045816
	0.047251
	0.045655
	0.0469

	NH5-
	0.045988
	0.044434
	0.047801
	0.044818
	0.046485
	0.045098
	0.046405

	Δ(N-A)
	0.000864
	0.001146
	0.000576
	0.000998
	0.000766
	0.000557
	0.000495


Table2: The adiabatic electron affinity (EAad), zero-point corrected EAad (EAzero, display in parentheses), vertical electron affinity (EAvert), and the vertical detachment energy (VDE) for NHn (n=1-5) clusters, presented in eV.

	compound
	method
	EAad
	EAvert
	VDE

	NH
	B3LYP
	0.439(0.445)
	0.439
	0.439

	
	BLYP
	0.519(0.525)
	0.519
	0.519

	
	BHLYP
	-0.029(-0.022)
	-0.029
	-0.029

	
	BP86
	0.628(0.634)
	0.628
	0.628

	
	B3P86
	0.884(0.891)
	0.884
	0.884

	
	BPW91
	0.423(0.430)
	0.423
	0.423

	
	B3PW91
	0.277(0.283)
	0.227
	0.227

	
	Expt
	0.381 ± 0.014a
	
	

	
	
	0.380 ± 0.030b
	
	

	NH2
	B3LYP
	0.700（0.714）
	0.700
	0.700

	
	BLYP
	0.757（0.770）
	0.757
	0.757

	
	BHLYP
	0.247（0.261）
	0.247
	0.247

	
	BP86
	0.894（0.907）
	0.894
	0.894

	
	B3P86
	1.172（1.186）
	1.172
	1.172

	
	BPW91
	0.712（0.725）
	0.712
	0.712

	
	B3PW91
	0.583（0.597）
	0.583
	0.583

	
	Expt
	0.744 ± 0.022c
	
	

	
	
	0.740 ± 0.030d
	
	

	NH3
	B3LYP
	-0.818（-0.777）
	-0.818
	-0.818

	
	BLYP
	-0.864（-0.817）
	-0.864
	-0.864

	
	BHLYP
	-1.023（-0.991）
	-1.023
	-1.023

	
	BP86
	-0.698（-0.652）
	-0.698
	-0.698

	
	B3P86
	-0.374（-0.334）
	-0.374
	-0.374

	
	BPW91
	-0.820（-0.780）
	-0.820
	-0.820

	
	B3PW91
	-0.853（-0.818）
	-0.853
	-0.853

	NH4
	B3LYP
	0.168（0.191）
	0.168
	0.168

	
	BLYP
	0.102（0.133）
	0.102
	0.102

	
	BHLYP
	-0.036（-0.021）
	-0.036
	-0.036

	
	BP86
	0.305（0.326）
	0.305
	0.305

	
	B3P86
	0.644（0.659）
	0.644
	0.644

	
	BPW91
	0.123（0.127）
	0.123
	0.123

	
	B3PW91
	0.118（0.121）
	0.118
	0.118

	NH5
	B3LYP
	-0.802（-0.778）
	-0.802
	-0.802

	
	BLYP
	-0.845（-0.815）
	-0.845
	-0.845

	
	BHLYP
	-1.014（-0.998）
	-1.014
	-1.014

	
	BP86
	-0.675（-0.647）
	-0.675
	-0.675

	
	B3P86
	-0.351（-0.330）
	-0.351
	-0.351

	
	BPW91
	-0.800（-0.785）
	-0.800
	-0.800

	
	B3PW91
	-0.836（-0.823）
	-0.836
	-0.836


a. Ref 2; b. Ref 3; c. Ref 31; d. Ref 9.
Table 3: Dissociation Energies De(NHn) for the Neutral Members of the Nitrogen Hydrides and De(NHn―) for the Anionic Members of the Nitrogen Hydrides in eV(Do in Parentheses)

	compound
	method
	NHn ( NHn-1 + H
	NHn―( NH n-1+ H―
	NHn―( NH n-1― + H

	NH
	B3LYP
	3.73(3.53)
	3.33(3.13)
	3.99(3.80)

	
	BLYP
	3.79(3.60)
	3.56(3.37)
	4.01(3.82)

	
	BHLYP
	3.55(3.33)
	2.89(2.69)
	3.83(3.63)

	
	BP86
	3.91(3.71)
	3.60(3.41)
	4.15(3.96)

	
	B3P86
	3.84(3.64)
	3.41(3.22)
	4.13(3.93)

	
	BPW91
	3.70(3.50)
	3.46(3.27)
	3.97(3.78)

	
	B3PW91
	3.65(3.44)
	3.23(3.03)
	3.95(3.75)

	
	Expt
	3.53士0.07 a, 3.48士0.04 b
	
	

	NH2
	B3LYP
	4.25(3.93)
	4.10(3.80)
	4.51(4.20)

	
	BLYP
	4.25(3.94)
	4.25(3.94)
	4.48(4.19)

	
	BHLYP
	4.10(3.78)
	3.73(3.42)
	4.38(4.06)

	
	BP86
	4.38(4.08)
	4.35(4.06)
	4.65(4.35)

	
	B3P86
	4.38(4.06)
	4.24(3.94)
	4.67(4.36)

	
	BPW91
	4.20(3.89)
	4.25(3.96)
	4.49(4.19)

	
	B3PW91
	4.20(3.88)
	4.08(3.78)
	4.50(4.19)

	
	Expt
	3.96士0.04 c, 4.00士0.05 d
	
	

	NH3
	B3LYP
	4.87(4.45)
	3.21(2.83)
	3.35(2.96)

	
	BLYP
	4.83(4.42)
	3.21(2.85)
	3.21(2.83)

	
	BHLYP
	4.75(4.32)
	3.11(2.71)
	3.48(3.07)

	
	BP86
	4.99(4.58)
	3.36(2.99)
	3.40(3.02)

	
	B3P86
	5.03(4.61)
	3.34(2.96)
	3.48(3.09)

	
	BPW91
	4.83(4.41)
	3.35(2.97)
	3.29(2.91)

	
	B3PW91
	4.86(4.44)
	3.31(2.93)
	3.42(3.02)

	
	Expt
	4.77士0.09 e, 4.63士0.01 f
	
	

	NH4
	B3LYP
	0.31(0.08)
	-0.36(-0.57)
	1.30(1.05)

	
	BLYP
	0.37(0.17)
	-0.28(-0.45)
	1.33(1.12)

	
	BHLYP
	0.21(-0.07)
	-0.45(-0.71)
	1.20(0.90)

	
	BP86
	0.44(0.11)
	-0.19(-0.36)
	1.44(1.22)

	
	B3P86
	0.33(0.16)
	-0.34(-0.55)
	1.35(1.09)

	
	BPW91
	0.25(0.00)
	-0.29(-0.48)
	1.19(0.96)

	
	B3PW91
	0.22(0.05)
	-0.36(-0.58)
	1.19(0.93)

	NH5
	B3LYP
	4.48(4.37)
	2.67(2.56)
	3.51(3.41)

	
	BLYP
	4.38(4.24)
	2.68(2.55)
	3.43(3.30)

	
	BHLYP
	4.52(4.45)
	2.92(2.85)
	3.55(3.47)

	
	BP86
	4.41(4.27)
	2.50(2.36)
	3.43(3.30)

	
	B3P86
	4.55(4.43)
	2.24(2.13)
	3.56(3.44)

	
	BPW91
	4.34(4.21)
	2.76(2.64)
	3.41(3.30)

	
	B3PW91
	4.44(4.34)
	2.79(2.70)
	3.49(3.39)


 a. Ref 32; b. Ref 32; c. Ref 36; d. Ref 33; e. Ref 34; f. Ref 37.

Table 4: The calculated Harmonic Vibrational Frequencies (in cm-1) for the NHn(n=1-5)

	
	
	B3LYP
	BLYP
	BHLYP
	BP86
	B3P86
	BPW91
	B3PW91

	1a
	σg
	3263.9515
	3133.7428
	3417.4809
	3164.7768
	3303.5972
	3185.1024
	3298.8458

	
	
	Exptl: 3231.2 cm-1 a   a. Ref 35. 

	2a
	a1
	1506.686
	1473.7068
	1555.7094
	1469.5710
	1507.1476
	1478.0554
	1508.5561

	
	a1
	3356.5574
	3226.6361
	3506.1608
	3250.1029
	3390.6735
	3272.6202
	3387.4461

	
	b2
	3456.2172
	3324.8426
	3605.9293
	3353.7120
	3495.3573
	3376.0564
	3491.6943

	
	
	Exptl: 1497.32 cm-1 (a1), 3219.37 cm -1 (a1), 3301.11 cm -1  (b2)a
b. Ref 35

	3a
	a1
	198.5276
	464.3670
	684.3437
	471.1656
	250.4856
	470.7613
	220.9750

	
	e
	201.8481
	465.0791
	422.2241
	471.7713
	252.8969
	471.4310
	223.9957

	
	e
	767.9622
	713.0577
	803.4811
	731.3828
	784.5420
	735.8619
	784.7976

	
	a1
	1116.4816
	1171.0358
	1773.3246
	1236.0125
	1188.2518
	1237.6265
	1173.6468

	
	e
	1118.2065
	1034.8456
	984.8145
	1067.4523
	1156.2334
	1072.5029
	1153.6215

	
	e
	1126.2352
	1171.7797
	1452.2300
	1236.4091
	1189.6832
	1237.9109
	1175.1067

	
	
	Exptl: 997cm-1(e') a  a. Ref 35.

	4a
	t2
	1285.8567
	1227.2529
	1365.0492
	1209.8195
	1270.8367
	1211.0613
	1274.2313

	
	t2
	1285.8568
	1227.2532
	1365.0493
	1209.8197
	1270.8368
	1211.0615
	1274.2315

	
	t2
	1285.8569
	1227.2533
	1365.0493
	1209.8199
	1270.8372
	1211.0615
	1274.2318

	
	e
	1576.1989
	1516.3582
	1657.0754
	1513.1393
	1576.5042
	1522.2900
	1580.4324

	
	e
	1576.1990
	1516.3582
	1657.0755
	1513.1393
	1576.5042
	1522.2901
	1580.4325

	
	t2
	2939.1056
	2766.6013
	3157.5604
	2788.7765
	2956.8338
	2793.8340
	2962.8228

	
	t2
	2939.1071
	2766.6015
	3157.5611
	2788.7772
	2956.8342
	2793.8344
	2962.8259

	
	t2
	2939.1081
	2766.6017
	3157.5631
	2788.7773
	2956.8396
	2793.8369
	2962.8315

	
	a1
	2993.6196
	2854.9619
	3164.6125
	2870.3329
	3012.7390
	2884.3355
	3014.2228

	5a
	e
	89.9626
	87.4166
	93.9470
	98.5407
	99.8834
	81.8289
	89.1575

	
	e
	89.9644
	87.4182
	93.9471
	98.5424
	99.8883
	81.8389
	89.1654

	
	a1
	146.0755
	128.6078
	160.8371
	142.6518
	162.0296
	86.2315
	115.7503

	
	e
	399.8357
	386.7988
	408.9933
	415.3559
	429.3639
	349.8047
	377.3881

	
	e
	399.8367
	386.8005
	408.9937
	415.3576
	429.3646
	349.8055
	377.3887

	
	a1
	1040.6098
	1031.1104
	1066.3653
	1029.7574
	1040.6148
	1032.0452
	1040.9404

	
	e
	1662.4798
	1625.2552
	1715.8983
	1619.7099
	1661.9329
	1628.0982
	1662.9132

	
	e
	1662.4801
	1625.2555
	1715.8985
	1619.7100
	1661.9330
	1628.0982
	1662.9133

	
	a1
	3481.2380
	3367.3721
	3609.4737
	3385.0719
	3509.9371
	3407.8454
	3507.8377

	
	e
	3613.2151
	3494.5670
	3745.1881
	3520.9194
	3650.0336
	3543.9682
	3647.5246

	
	e
	3613.2153
	3494.5673
	3745.1884
	3520.9196
	3650.0337
	3543.9683
	3647.5248

	
	a1
	4366.8394
	4292.1056
	4470.4812
	4244.4883
	4345.7535
	4306.4920
	4368.0290


Table 5: The calculated Harmonic Vibrational Frequencies (in cm-1) for the NHn-(n=1-5)

	
	
	B3LYP
	BLYP
	BHLYP
	BP86
	B3P86
	BPW91
	B3PW91

	1b
	σg
	3157.9927
	3034.0857
	3299.3566
	3064.3092
	3197.861
	3082.985
	3191.2605

	
	
	Expt: 3085±30 cm-1 a   a. Ref 1.

	2b
	a1
	1456.2658
	1417.0651
	1514.1643
	1406.1414
	1452.7969
	1416.7040
	1454.5922

	
	a1
	3273.5687
	3150.2779
	3413.9651
	3175.3600
	3309.6492
	3196.2740
	3304.7495

	
	b2
	3368.0018
	3247.4358
	3501.6935
	3279.2034
	3409.6741
	3299.4391
	3404.3312

	
	
	

	3b
	a1
	1082.8395
	1060.5446
	1118.6009
	1058.6102
	1083.5222
	1069.5087
	1088.6138

	
	e
	1618.4114
	1572.0804
	1682.5871
	1565.3637
	1615.0915
	1583.3487
	1624.6334

	
	e
	1618.4158
	1572.0848
	1682.5901
	1565.3707
	1615.0984
	1583.3607
	1624.6442

	
	a1
	3287.3475
	3150.2387
	3446.8494
	3176.3142
	3319.7165
	3218.5172
	3334.7057

	
	e
	3408.1912
	3150.2387
	3572.188
	3299.3628
	3445.6316
	3344.5393
	3463.576

	
	e
	3408.197
	3266.6078
	3572.1917
	3299.3712
	3445.6389
	3344.5486
	3463.5838

	4b
	
	1265.9819
	1200.5164
	1351.8428
	1195.9089
	1260.9479
	1218.1563
	1277.9341

	
	t2
	1265.9822
	1200.5166
	1351.8429
	1195.9092
	1260.9484
	1218.1576
	1277.9345

	
	t2
	1265.9828
	1200.5175
	1351.8435
	1195.9100
	1260.9490
	1218.1631
	1277.9351

	
	t2
	1543.7231
	1475.2227
	1636.1302
	1474.8585
	1544.3018
	1497.4870
	1559.7471

	
	e
	1543.7233
	1475.2228
	1636.1302
	1474.8585
	1544.3018
	1497.4870
	1559.7472

	
	e
	2854.9876
	2687.6569
	3058.0945
	2725.0100
	2888.2802
	2772.4067
	2917.8657

	
	t2
	2906.1893
	2714.2696
	3141.2868
	2765.0239
	2947.0498
	2821.0108
	2987.7431

	
	t2
	2906.1901
	2714.2700
	3141.2871
	2765.0242
	2947.0504
	2821.0125
	2987.7463

	
	t2
	2906.1903
	2714.2701
	3141.2879
	2765.0248
	2947.0506
	2821.0206
	2987.7464

	5b
	a1
	140.1019
	123.8686
	149.7707
	156.0834
	173.6358
	117.7067
	133.3879

	
	e
	161.5526
	156.3404
	164.8692
	169.3000
	173.8129
	161.5188
	164.6960

	
	e
	161.7052
	156.4977
	164.9284
	169.4903
	175.2752
	161.7206
	164.8711

	
	a1
	526.0963
	517.5682
	523.1232
	569.5066
	576.9798
	529.4912
	532.3853

	
	e
	526.1086
	517.5821
	523.1286
	569.5298
	576.9994
	529.5165
	532.4042

	
	e
	1106.6192
	1080.0002
	1146.5137
	1081.0578
	1111.0194
	1089.0609
	1112.6535

	
	a1
	1616.2960
	1569.7208
	1680.7561
	1561.7639
	1611.9877
	1579.9559
	1621.6607

	
	e
	1616.3085
	1569.7338
	1680.7615
	1561.7764
	1611.9997
	1579.9664
	1621.6705

	
	e
	3280.5573
	3143.2142
	3440.4568
	3168.5788
	3311.9662
	3211.5908
	3327.6281

	
	a1
	3392.7931
	3250.7466
	3557.7741
	3281.4060
	3428.1188
	3328.4246
	3447.6569

	
	e
	3392.8024
	3250.7572
	3557.7741
	3281.4182
	3428.1295
	3328.4382
	3447.6675

	
	e
	4265.4079
	4168.3580
	4392.1661
	4102.7754
	4224.8088
	4178.1988
	4262.9636


Table 6:  The Absolute Error , Mean Error , Maximum Error, Minimum Error of EA values for NHn(n=1-5) in eV. 
	Error
	B3LYP
	BLYP
	BHLYP
	BP86
	B3P86
	BPW91
	B3PW91

	Absolute error of (EAad)

NH
	0.059
	0.139
	0.409
	0.248
	0.504
	0.043
	0.103

	Absolute error of (EAad)

NH2
	0.044
	0.013
	0.497
	0.150
	0.428
	0.032
	0.161

	Mean error
	0.052
	0.076
	0.453
	0.199
	0.466
	0.038
	0.132


Figure Legends
Figure 1. The molecular geometries of the X 2Πstate of neutral NH and the X 1Σ+ state of anion NH-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
Figure 2. The molecular geometries of the2B1 state of neutral NH2 and the 1A1 state of anion NH2-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
Figure 3. The molecular geometries of the1A1 state of neutral NH3 and the 2A1 state of anion NH3-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
Figure 4. The molecular geometries of the 2A1 state of neutral NH4 and the 1A1 state of anion NH4-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
Figure 5.  The molecular geometries of the 1A1 state of neutral NH5 and the 2A1 state of anion NH5-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
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Figure 1. The molecular geometries of the X 2Πstate of neutral NH and the X 1Σ+ state of anion NH-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
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Figure 2. The molecular geometries of the2B1 state of neutral NH2 and the 1A1 state of anion NH2-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
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Figure 3. The molecular geometries of the1A1 state of neutral NH3 and the 2A1 state of anion NH3-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
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Figure 4. The molecular geometries of the 2A1 state of neutral NH4 and the 1A1 state of anion NH4-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
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Figure 5.  The molecular geometries of the 1A1 state of neutral NH5 and the 2A1 state of anion NH5-. All bond lengths are in angstroms. All results were obtained with the DZP++ basis set.
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