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NHY 1" EREEEMNEER ab initio it E 514

Hite CHRE' HIH FEMN ZHH
(P TUASL TE, MR 710072 1 WkASRRWRG R, ®E 710069)

#@id. N, NHy, NH;, NHJ, &#Ww aEi iR

Fei Qi %A M Jafiwt HoN-H , H N*-H fymMasei & NHy , NH gyiiiel, A=
EOMER SR T EFNE, FEAHEET BN-T' fE®E. iEe QCISD(T)/6
3114 G(3df,2p) // MP2(full)/6-31G(d) A (G2 FE#mEEA ) bt Db 348 F s
S FRESHE RS TER IR, Fei Qi SAS) HN-H ERAECREIE U A Ml x4 F
20 SR (RO 0.20eV, BE% 0.44eV), R KARFLES 0.50eV ; T Pople %
Aty G2 71ie 1 f1 G2(QCT)E AEMII AR, MR F SR SR T4 0.1eV,
SR [1] AR A R R B B A B, ROA T ERL%ES QCISD(T)/6-311++G(3df,3pd)
A B Dunning®-1 24 aug-ce-pVTZ @ QCISD(T) %34 Fei Qi % AH LIEdfF T HEHH
Mk, |AIIBFA QCISD(T) 2HE Mk FikEil yRHE CCSD(T) B CCSDT_, #FE
AT Full CI gysg ik 12,

1 'A%

BT Fei Qi WApy e 1 o S H L4 FRLTHAL, Td THOME AN
HELR MP2(fu)/6-31G(d) &R MP2(fu)/6-31G(d,p) foitibes B R aEamiA, FrLl it
R By NH(PE), NHI(Cy,, Y 4;), NHJ (Cyy, ®By), NHy(Cay, 2B,), NH] (C,A") A
NHa(Ca,,  Aq) 89 LTRSS BIER AN H F-F8 p Bk SR T, B MP2(fu)/6-
31G(d) 1 MP2(fu)/6-31G(d,p) #f7 [ ke BEIRMEFTESEGERIIE, 4 FH
RO TE W B R T B

Fh4E ab initio it WA P QCISD(T) s QCISD(TQ) #94F k, RET G2 4 [6-311
FG(3df2p)] . 6311++G(3df3pd) . Dunning % aug-cc-pVDZ 5§ aug-cc-pVTZ HE
911 Pople HA®EZ M 6-311+ + G(3df,3pd) EMAM QCISD(T)(fu) % BH so@@fgifrit
W O 3R TR O£ +4.2kJ-mol ™). Dunning % A#$"3 (augmented) &
M4 aug'™'Y BeE L Correlation-Consistent Z@¥ 4t — 42 Gauss RHHEY. it
HREFEH Gaussian-92/DFT!4(fi# G92W/DFT) #I Gaussian-[irlm][iﬁ# G94W), &4
¥ 486DX2/66 # Pentium /120 f##l. NH; 258 G2 %, 6-311++G(3df,3pd), aug-
co-pVDZ # aug-ce-pVTZ EHFHIEH YA 66, 93, 50 # 115 4.  C94W 3t cc-pVQZ
ALREAO R TR, B0 “MaxTyp>3" M8REE, XTHER GMW ERETNE

1996-01-22 R,  1996-03-13 ACPIBHM. BEEA. SN, * HESERRIESRRIHRERE
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Y g Bl Gauss BEHMUEFRSHE. RiEZE#ES QCISD(TQ)/6-3114+G(3df 2p) &
QCISD(TQ)/aug-cc-pVTZ Hfi+H, HEHFSREMKEEN, 16 HERERAGE.

2 BR5i1
2.1 JLfE¥ERY RiRaE

S TR UL KRB AN TE 1. RPEEFM T P4 Focnmm 0 g
. M, NHT £t 1] @i h R4 C, ¥, [RMM MP2(fu)/6-31G (d) #
MP2(fu)/6-31G(d,p) R RMLEER C, MG HE R T, HBES TREETF Dy,
¥ it Dy, WRIMEEH MP2 5, Dy, 5 C, A NHY 4 FEEERT 1077 Hartree
hRER e —HER.

it R SR LT, deksr Ty H BTN p SERHEH MP2(fu) £
e R AR R B F L TERAR, HSERRARMNEER . dTelEE, EX
F9 MP2(fu) MRS H FFIA p S8EBECYEF. 3L b, RABGE S SX Hih—i45
Fhg JUTHR /e H d 40 MP2(fu) . QCISD(T)/6-31G(d,p) & QCISD(T) /6-311G(d,p)
HFARF LG T IR VSRR, PSS THRN MP2(fu)/6-31G (d,p) RIEHZRS
FHOLRARRFSREN. EHik, A 0hEESRGERTHSERH MP2(fu)/6-31G(d,p)
ARk .

® 1 LEONBR0TAEIRE (ZPE)
Table 1 Geometry®! and zero-point energy (ZPE)

Mrlcenle M2 /6-21G(d) MP2{fu}/6-21G(d,p) Experiment® ZPE"
NHL (O, TA,) 1016 8 106.36 10115 106.12 1.012  106.7 34.25
NI Dan, A 1.026 0 1.020 2 22,70
NHz(Cue, “Hy) 1028 01 103.33 1023 3 i02.74 1.024 102.2 19.06
NHY (o, "By 1.033 3 151.17 1.029 3 150.00 17.22
NH}Cy, T AL 1.048 7 108.27 1.043 7 108,02 18.03
NH (Cocw, "E) 1.039 1 1.034 6 1.0%6 2 7.50

a) Bond length in Angstrowns, bond angle in degreez, optimized by OPT=tight in the
GH2W/DFT; b} Ref[16]; ) ZIE in milli-Hartrees, obtained by MP2 (full)/6-31G(d,p) [re-
quencies, scaled by (L9646, )
% AfrahEE ZPE A MP2(fu)/6-31G(d,p) i+ §3FRLL L Lkt 1] 4ak8 0.964 6 B 070,
Fei Qi AN SR BERM (K8 10K H4E), & FHERaEA0mER 1000cm™" L
T A2 R#ET T 10K 1 208K $93GAZhiE i bR, EiFT&e, 77 208K mHiRzha
REEALTE 0.2kJ-mol™! LI, 10K py3RicshRE . Bb#RiH HES 0K M 208K #94
B.AESTHR., $RE0BRERES AR, A(pV) ftriEdtd (101kPa) B K
PFEE.
2.2 ¥ EHER
F 2SI T ILRT B S FEER. & TA L F RS FEE D, BIMNEEYT Fei
Qi 55 A8 QCISD(T)/6-311+G(3df,2p) . RITH A K AEME: NI (14;) 5 0k 1] 4757
FIALLSE, HE4FH QCISD(T)/6-311+G(3df,2p) Aehtts ik (1] -3, MF# +0.02milli-
Hartree, SCAR [1] o 309 NHY (PAy) o FRIERER Y -55.244 19Hartree, H 1M ZH R
1 Jir s JLTHIRUF % -55.336 20 Hartree. gt Fibes HoN©-H Bifgsef NH. S7eiEisE (34
WONHT gy P4, &) #5 oat (1] GRAsBR. F# 2 iy G2(QCT) MR H Skt (8] Ay hikat
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QCISD(T)/6-3114+G(3df,2p) #47 7 ZPE f1 HLC $RiEayZE M. % 2 HFFH4F8 G2(QCI)
REfE 57 SOt (8] REZTIMBMELE, RINMOEEW (H1, 2, IAME6 H4TF) 5" 1.23,
1.43, 0.71 # 0.33mHartree. X—#/MYRER G FRIIMGHAM ZPE i1 850k [8] HFF
B, BAIBAEA MP2(fu)/6-31G(dp) it H, HREEEH.

32 NEERANYSTFEER
Table 2 Total energies at different levels of theory™

QCISD(T)/6- G2(QCI)Y QCISD(T)/6-311 QCISD(TQ)/  QCISD(T)

Molecule 311-+G{3df,2p) ++G(3df,3pd) aug-cc-pVDZ ang-cc-pVTE
NH; ("4,) 56.471 12 56.458 15 56.476 80 56.425 571  —56.480 66
NH}(*AY) -56.099 87 -56.083 32 56.104 35 56.059 00 -56.107 70
NH: (*By) -55.792 02 55,789 11 ~55.796 05 -55.752 17 55.799 93
NHI (B -55.384 14 -55.377 94 -55.387 20 -55.349 62 55.390 57
NHI{" A, } ~55.336 29 -55.334 22 55.339 67T 55.300 13 -55.343 44
NH (*E) 55.139 15  -55.142 67 ~55.141 34 55.105 99 -55.14518
H (*5) —0.499 81 —0.500 00 ~0.499 82 ~0.499 33 0.499 82

a} Total energy in Hartrees, frozen-core caleunlations, temperature at 0K ;
b) Energy=E[QCISD(T)/6-311+G(3df,2p)]+ZPE+HLC®)

2.3 BRI

FEREHAFE, 0K f 208K BETHE&S FHERESEEEN TR IH. K3
H—RPWEEST T ZPE HF, 208K MEHEESET PuEshEk (S RMERDME) 1 A(pV).

# 3 PHEHE, BRHE QCISD(TQ)/aug-ce-pVDZ EHisl b, THER BRI, Lo
Wey—H MR, LHR2 QCISD(T)/6-311+4+G(3df,3pd) &5 QCISD(T)/aug-cc-pVTZ #
HEEIVERE-—-#. G2(QCI) 27 QCISD(T)/6-311+G(3df,2p) A T ZPE # HLC %
EREEN. HLC #iF, # Pople %A 7 PR G FRAFASL, WRBHMREHIH
ZEfETE. Pople HEHMXTATMESNS o #1 8 B FHEHE. MBEXFHAXEHRTE &
HFALE NH, Sr-FPEEME, G2(QOT) M 9 LA S M S5 4. B/, X—METiE
A R REEH. BFEL, RANTEME R LRI RBHAITH QCISD(T)/aug-cc-pVTZ i
G FHATITE, TGRS OB [13) H, OK BHAYSUIEHEY +4~5k) -mol™! (£0.05¢V)
Rk P U TFROFHGESELER EHRESEE (BSSE) LR&K.

#*® 3 LRERVNATBN ST RN IR R

Table 3 Dissociation and jonization energies®! (kJ-mol ') at different levels of theory

QCISD(T)/6- G2{QCl) QCISD(T)/6-311 QCISDTQ)/ QCISD(T)
311 +G{adE2p) ++G(3df3pd) aug-ce-pVDZ  aung-cc-pVTE

Reaction 0K 298K 0K 298K 0K 298K 0K 298K 0K 298K
NH; =NH. + H 430.9 4370 4438 4499 4352 4413  417.1 4233 435.1 441.2
NH} —NH!(3) + H 5263 5325 5302 5454 5300 536.2  510.9 517.1 529.6 535.8
NHY «NH (1) + H 654.0 6600 6540 660.0 6569 6629 6429 648.9 655.8 G618
NH} - NH;+ H' 1725 TT8S  T72.4 TT85  TT3.6 TT9.6  TEO.8 TT5.8 7722 T78.3
NH, -NH + H 3715 3764 3845 3894 3763 3813 355.2 360.2  3T6.4 3813
NH; —=NH + ¢~ 97T0.6 9708 9841 9842 9738 9710 0584 9585 9752 9753

NHy; —NH} (1) 4+ ¢ 1066.1 1066.3 10795 1079.7 1068.6 1068.8 1052.1 1052.2 1069.7 1069.9
NH; »NH}{1}) 4+ e~ 1193.8 11938 1194.3 11943 11955 1195.5 1184.1 1184.1 1195.8 11958
a) ZPE and thermal energies were involved.
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mF oak (1) #1569 NHI(PA;) (R ERSRNHIENGREGRAGER, BTN
69 0K Bt NHy 69 H siffebfn NH, fUdsiE (W NHY 89 1A, siF48) 75 0t (1] 4 sk
9.29 1 14.88eV, F 1Ay FME 4 %1% 655.8 1 1 195.8kJ-mol (=X 6.80 & 12.3%V). XiFHA
ey QCISD(T)/G2 &, G2(QCI) B QCISD(T)/6-311+ 4 G(3df,3pd) iz T JLE-—
HOER. FURMDGANRNGHAE . #h, &F NH 89 H 8% (NH % 'A) K
WRFERER Y, Frll G2(QCT) Jfy HLC f M8 S5 VS .2 B4 L. XN eE
Tl SR

AT NH,-H BRiE (0K) % 435.1kJ-mol ! 5 4.51eV, G2(QCT) 3% {f b 443.8kJ-
mol™1 = 4.60eV, B EH LM 2,356) HMEER.  Fei Qi FAMEMERY
4.97eV | Sk [4) MUEAIEE Y 4.7720.09eV. RINAHEIELE R Rt [1] € 0.46 = 0.37
(G2(QCI)JeV, Bril, RATANE —HIBH LEEFHTHE.

NHI B4 NHI(°B,) #1 H (9520 B #eEY 529.6kJ-mol ! 2 5.4%V, G2(QCI) & &
# 539.2kJ-mol~! uf 5.59V, ik [1] # [18] AL FER 4 F1% 5.5040.02 fl 5.5740.03eV.
M5 G2(QCI) F4RF, HBEHEIHFREEETHEENEME -5 NH BRLE
FHAREMEEY 772.2kJ-mol~! = 8.00eV, T AJLFHEILE R — B LBEE. FiQi %
AORESFREN 8.41.1L0.00eV, RIVAAX B EH LEHE T E.

NH; #F TR REA B S B 5 ok [1,18-20] 488N, A UMESEERITHUL
G2(QCI) = &4t |1,19] B 1016eV #9558, NH: #ydsgeE Wy NHT (P B,)] s
ZEE % 1070k mol ! & 11.09eV, G2{QCI) % 1080k]-mol~! & 11.19eV, F % ik [3] g
M 11.1440.01eV 1 5 0dk [1)10.7840.05eV fy3EHH.  Fei Qi B AN —HHENRER
A MR8 NHo-H MaEaM=E, Bk (1] = (10) k8], NH; f&EeE I RRE
NH; #EB#ME NHy-H R WaE S am.

SHr Fei Qi AR B MR, SACHBFERCREMWRETI VT HY AER
BUERE.  Fei Qi FAM LERIIFS| AL A 15] £, Berkowitz Ml Ruscic #§§ 15
diy HY fydiB et T kinetic shift, # SEERENTIRMRA. L (1] ARtk -—m
BT - SRR, RN XE T RER 2 SR

# % TR
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High-level ab initio Calculation and Assessment of the Dissociation and
lonization Energies of NH; and NH; Neutrals or Cations

Su Kehe Wen Zhenyi'  Hu Xiacling  Li Xiuyi Wang Yubin!

{Department of Chemical Enginecring, Northwestern Polytechnical University, Xi'an, Shaanxi
710072, P. R. China; Institute of Modern Physics, Northwest University, Xi'an, Shanxi 710069,
P R. China)

Abstract A recent experimental determination!!! of the dissociation energies (D) for
H-N-H, HoN*t-H and H;N-H™, the ionization energies for NH; and NH: resulted in
large deviations when compared with those of the earlier values and the QCISD(T)/6-
311+ G(3df,2p) ab initio calculations. We have performed some higher level ab initio
calculations on these data by utilizing the Gaussian 92/DFT and Gaussian 94 pakages
of programs and have assessed the available experimental values. Our calculations were
carried out at the QCISD (TQ)/aug-cc-pVDZ, G2(QCI), QCISD(T)/6-3114 + G(3df,3pd)
and QCISD(T)/ang cc-pVTZ levels of theory. Geometries were optimized at both of the
MP2{full); 6-31G(d} and the MP2(full)/6-31(d,p) levels, and were compared with those of
the experiments if available. The MP2(full)/6-31G(d,p) tight-optimized geometries for the
neutrals are closer to those of the experiments than those of the MP2 (full)/6-31G(d), and
are in excellent agreement with the experimental results as shown in Table 1. In this case,
we assumed that the optimized geometries for the cations would be better if p polarization
functions are added to the hydrogen atoms. We firstly noted that the symmetry of the
NH; cation was [y, other than U, as reported in ref.[1]. All of the zero-point energies and
the final geometries are calculated at the MP2(full) /6-31G(d,p) level of theory. We have
also repeated the QUISD{T)/6-311+4G(3df,2p) calculations of ref.[1], because we could not
tdentify their level of goemetry optimization It is found that the total energy, —55.244 19
Hartrees, for NH; (' A1} in ref./1] might be in error. Our result is ~55.336 29 Hartrees at
the same level of theory. At our highest level [QCISD(T)/aug-cc-pVTZ] of calculations as
shown in Table 3, the [, (temperature at zero Kelvin) values of HoN-H, HoN+-H(*B,
for NH, ) and HaN-H" are 4,51, 5.49 and 8.00 eV, respectively. These data reported in
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ref.1] were 4.97, 5.59 and 8.41 eV, respectively. Our result on Dy(H;N-H) supports the
work of ref.[2,3,5,6]. The ionization energies (IE) for NH; and NH; (*B; for NH] ) at
our highest level are 10.11 and 11.0% eV while in ref.[1] were 10.16 and 10.78 eV, respec-
tively.For the latter, our result supports the experiment of ref.[3]. Our predicted Dy for
HNJ-H and IE for NH; ('A, for each NH;) are 6.80 and 12.39 eV, respectively. These
values differ greatly from the predicted values (9.29 and 14.88 eV) of ref.[1] where the total
energy of NHF (1 4;) might be in error. The Dy value for HN-H has not been found in
ref.[1]. Our result supports the work of ref.|3]. We have also derived all of these values at
the temperature of 208K and under the pressure of 101kPa at several levels of thoery as
shown in Table 3. On examining the experiment of ref.[1] in detail, it is easy to find that
all of the larger deviations might be from a too high value of the appearance potential of
proton AP(H*). Indeed, ref.|1] has mentioned that the determintion of AP(H*), due to
kinetic shift, would lead to a hihger value for the dissociation energy as has been pointed
out by Berkowitz and Ruscic. In this work, we concluded that, besides some mistakes in
the theoretical calculations of ref.[1], the dissociation energies for H;N-H and H;N Ht,
the IE for NH; (*B; for NH/ ) might also be unreliable and need to be re-examined.

Keywords: NH;, NH, NH}, NH}, Dissociation, Ionization, Ab initio
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