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2 EPH*E

K Gaussian03 £2 5 17 iz % FEiZ &R
H L H I B3LYP (Becke = Z 85217 i 55 Lee-
Yang-Parr #H ¢ bR 51V A % FE 2 oA B T7 14,
SR SK FH STk [18] #78 Y LANL2DZ WA 45 4 3 40,
N JEFH1 O Ji ¥ K H AUG-cc-pVTZ FE 4L, 4 1) %f
PuN, PuO, NO F PuNO 43 T4 & 1) &5 4 A1 i
AT T HEWRHE, #A H PuN, PuO AINO 4311
Murrell-Sorbie (M-S) # f¢ 56 %, I+ H £ /& & 50
Hit 5 A RE R A 28 00T T4 HE PuNO 4
TR R R AL

3 HRAIT

3.1 PuN, PuO, NOFMPuNO % FHIE
FRESEHERR
SCHR[13, 19]RIE T PuN, PuO FINO 4 7%
SRR TARE, 29808, 58— FI2TL A4 #r
THEHEBEPuUN(®EST), PuO(CE ™) FMINO(ZI) 5 i i)
PR, n7F:

PuN(°s™) — Pu ("Fg) + N (*Su), (1)
PuO(°S™) = Pu("Fg) + 0 (°Pg),  (2)
NO (*II) = N (*Sy) + O (°Py) . (3)

AL FE AL LA S PuNO (Ouy) IZ EMERN
6, MAREL M%7 T HHETA. R E T
TN 1R AT 13 PuNO (Cooy) EASMIHET
BAOE, AW AT LA 2] PuNO B & AR R a0

PuNO(Cisn, X 7)

Pu(7Fg) + N(4Su) + O(SPg)’
PuN(°ST) + O(3Py),
PuO(®L7) + N(%S,),
Pu(7Fg) + NO(?11),

PuNO(Cs, °A”)

Pu("Fg) + N(*Sy) + O(°Py),
PuN(°$t) + O(3Py),
PuO(°Y ™) + N(4S,),
Pu("F,) + NO(?1I).

3.2 PuN, PuORMNO & FE S H &

F B3LYP J7 ¥ 4 %] %t PuN, PuO, NO k&
PuNO 7> F (1) & Fl 2 8V K& o e &5 M b 47 740
it 5, 53] 7 PuNO 73 B C (Pu-
N-O), HFENOE™ (EF), MR TFER2T ) adh
P TR 1S 3 5 AR R S M R Oy (Pu-O-
N) f1Cy (O-Pu-N), HF &5 5 802 FA", 4
BTN F 2R 2 b Al 4544, BT kS50 T
3. MAMRALEE RIEZS H T PuN, PuO fINO 4y
F IS FEAZ B EE 2 5°8: Rpuy = 0.20897 nm,
Rpuo = 0.18779 nm, Ryo = 0.11540 nm, 43 4|
Xf = AR AT SR L, R R — RV AR,
FHITER 7 FE A 4006 15 21 M-S 9568 R 5L

V= —D.(1+aip+azp®+azp®)

x exp(—aip), (6)

X D NEREE, p= R—R., RANIEME, R, A
PHIRZIEIRE, a1, az, ag NIWESHL, &R TE 1.
HHPNOS» FHIEIRME w, . EERED, KT
IA18E R, 5 SCHR [20] HH 45 H B NO 43 L A0 B
Z M w, = 1904.03 cm™', D, = 5.2986.48 eV,
R. = 0.11508 nm fF &350, Bl 1hansd 7
PuN, PuO fINO 73 F#ae i niih it & S5 0G
ik, &R FRSRENTSH S, TUEH
ZHE WA BRI

e PuO calculation 1

4
3 —— PuO fitting ]
PuN calculation
2 PuO fitting
} + NO calculation
1 T —— NO fitting
0
1

N A R i e
R/A

1 (MFIE®) PuN, PuO MINO 7+ TR H S L&

h £&

Fig. 1. (color online) The calculation and fitted curves

of PuN, PuO and NO molecules.
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#1 PuN, PuO fll NO 43 M-S A EERE S 4
Table 1. M-S potential energy function parameters for PuN, PuO and NO molecules.

CE we/cm™l R./nm D./evV a1 /nm~1 az/nm—2 az/nm~3
PuN(6%+) 433.24 0.20897 3.6312 1.66263 x 1071 0.12295 x 102 0.19224 x 1073
PuO(®°xt) 691.24 0.18779 4.4489 1.98588 x 1071 —0.99325 x 1072 1.26528 x 1073
NO(21I) 1992.26 0.11540 6.5932 5.8323 x 1071 8.7400 x 102 5.4247 x 1073
3.3 PuNO ﬁj\?ﬂﬁ%ﬁﬁ R B + 011R§ + ClzR% (Ry + R3)
+ c13Ra(Ry + R3)?, 9
9T 343 PuNO fh R R e, T 13Ra{Fr + Bs) ®)
Y ; T = (1 — tanh(y;(R; — RY)))
Z LA, PuNO 737 ﬁb@éﬁzﬁ/iﬁj\j 1
o o
V(Rl,RQ,Rg) X (1 tanh('yg(Rg RQ)))
1-— h - 1
= V5pu(Ra) + VN (R) + Virp, (Rs) x (1~ tanh(3s(Rs = Ry)), (19)
+ V32 o (Ri, Ra, Ry), (7) HAFRY) = (Ria + Rip + Ric)/3 = 0.27334 nm,
X VO (Ry), VO (Ry) IV (Rs) 4R Wi 1 R = (R2a + Rab + Rac)/3 = 0.12607 nm, RY =

R R L, TTARYE BT 3 0 M-S 35 RE BR B DL K
F 1z smEn. Vo (Ry, Ry, R) & =1k
I, SR HEAA
Vi (R, Ry, Rs) = P - T, (8)
Hrp PR R, 20, T HEREKE. HT
PuNO 7 F AR X AR, R A 1154438 1
BEERBAE MK 2F a, b, c Z&5MFE, PAIT
HIE 53 A BN
P=c1+caR1+c3Ro+cyRs + C5R§ + CGR%
+ C7R§ + CgRlRQ + 09R2R3 + CloRle

(R3a + Rap + R3c)/3 = 0.27727 nm. \FE 2 7] L&
th, Rno S5 NO 731 WP #% 8] b b izl
KUHIN 5 O [8] A BAE AR KR, AR R =k
775 HUR 0 IX — Utk 1) TR FE VR IE, 3t 55 158 B 3
RE BRI Ry B E RLZ LR, B LI+ 1 2 i
K P A2 I P A 13 AN REL (c1, o, c3,
¢, Cs5, Cg, C1, Cs, Cg, C10, Ci1, C12, C13) ] LA XL
JiR - 35 66 oR B AT Ak 20 DL S 3R 3 TR T 5 HA 1R A
LA SE AT R, [R5 ge il i AT AR e AR
A rT DU 2 H R B L T B = AN R S
o Mlys. K| THK 4.

#£2 PuNO S FRILHSEL

Table 2. The structure parameters of PuNO molecule.

LhH A HEK /nm HEA/(%) f R /a.u.
Coov (Pu-N-O) a 6y— Ro = 0.12257, R3 = 0.22951 Z0O-N-Pu=180 —201.7299058
Coov (Pu-O-N) b 63— R1 = 0.22466, Ro = 0.12817 ZN-O-Pu=180 —201.7205045
Cs(O-Pu-N) c A" Ry = 0.24329, R3 = 0.24946 Z£0-Pu-N=29.95 —201.7253547
d A’ Ry = 0.24207, R3 = 0.24804 Z0-Pu-N=30.18 —201.7272875

A’ R; = 0.21408, R3 = 0.20956 Z/0-Pu-N=40.22 —201.6696579

A’ R; = 0.18831, R3 = 0.18426 Z0-Pu-N=179.97 —201.7020244

R1 = Rpyo, R2 =

#3 PuNO & FHIEMREES

Ron, Rs = Rpun, a, b, ¢, d 2RI ADRARC =Fh 444,

P52 5

Table 3. The dissociation energies and property parameters of PuNO molecule.

PuNO(Coov) a PuON(Coov) b OPuN(Cs) ¢
D, = —8.10537 eV D, = —7.84954 oV D, = —7.98152 &V
frRy =0, frRy =0 fry =0, fr, =0 fry =0, frRy, =0, fry =0

fRy, Ry = 7003.58 eV /nm?
v1 = 1619.69 cm~!
v = 146.449 cm !
v3 = 307.037 cm~!

fRy, Ry = 4885.07 €V /nm?
v1 = 1345.68 cm 1!
vo = 67.09 cm— !
v3 = 333.06 cm™!

fRyRy, = 5016.84 ¢V /nm?
v1 = 1360.06 cm—1t
vo = 176.951 cm !t
v3 = 265.086 cm ™!

153103-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 64, No. 15 (2015) 153103

4 PuNO 7 T HREREI = KUz

Table 4. The three-body term parameters of potential energy functions for PuNO molecule.

c1 = 153.9307913,; c2 = —3.509280027;

c5 = 1.084159723; cg = 0.03791089931;
cg = 0.2316096366; c10 = 0.04727038238;

c12 = —1.483988178 x 1073;

c3 = —20.66998584; cq = —2.849129840;

cr = 0.02728933284; cg = 0.2476371692;
c11 = —0.2475999602;

c13 = —2.001094068 x 10—3

71 = 0.055; v2 = 0.19;

vs = 0.005

3.4 PuNO#FHEERHAIFELRE

T E W4 BT PuNO 23 1 B 45 R D R,
TATL W T %0 11 & B 45 9% ) 5518 25 5
At S E AR B2 R EPuUNO S T
I R B A AR A Y (R TR 2 [ a, b, ¢
=GR R gE Rz Hae & K E2 () fEp
IR ML 7 PuNO 4 F 5 fa i Y Coop (Pu-N-
0) (Rpu~ = 0.22951 nm, Ryx.o = 0.12257 nm,
D, = —8.1053 eV). 4k, ME W LLE H, |

)

S|

Rpun/A

Pu+NO 8 PuN-+O 4 peda E 731 PuNO (Cooy) 1Y
RDEAE EAEAER 22, TAFAE— MBIRI Bk,
K2 (b) fEp MG T PuON (Coy) T2
Fads GR2 M b 454) I P 454 (Rpy-o = 0.22466
nm, Ry.o = 0.12817 nm, D, = —7.84954 V).
UEANE2 () M AEp LB L T PuNO (Cy) AR 7S
(K21 c 4548) HISPHT 4544 (Rpy—o = 0.24329nm,
RpuN = 0.24946 nm, D, = —7.98152 eV). 34>
BIXERN TR 20 a, b, ¢ ZEEMRIBEESE e

2 (MTFIEE) PuNO 43 1 B4 45 41 ) (0 3 5 B
Pu=180°; (c) Pu & FA&E, £0-Pu-N=29.95"

(a) N R 7 [E %, £0-N-Pu=180°; (b) O J& T [f &, «N-O-

Fig. 2. (color online) The stretching vibrational contours of PuNO molecule; (a) the nitrogen atom is fixed and the
O-N-Pu angle is kept by 180°; (b) the oxygen atom is fixed and the N-O-Pu angle is kept by 180°; (c) the Pu atom

is fixed and the O-Pu-N angle is kept by 29.95°.
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y/A

y/A

y/A

Y%

: m\\\\\\

-2 -1 2

&3 (I I % ) PuNO 7» T 9 b # % 8 % fe
K, J B IEN-O M &, ikPuft & F i 2 [0 fiE
% (a) N4 F5 24 (0.061285 nm, 0), O #x K
(—0.061285 nm, 0); (b) N 4445245 (0.064085 nm, 0), O
HHRA (—0.064085 nm, 0); (c) N AEFRN (0.063735 nm,
0), O 445K (—0.063735 nm, 0)

Fig. 3. (color online) The rotational contour of PuNO
molecule. (a) N and O atoms are located at (0.061285
nm, 0) and (—0.061285 nm, 0) respectively. (b) N
and O atoms are located at (0.064085 nm, 0) and
(—0.064085 nm, 0) respectively. (¢) N and O atoms
are located at (0.063735 nm, 0) and (—0.063735 nm,
0) respectively.

=FH ) EEN-O [ 2, ik PufE 4 °F 1 = 8]
e, HAP B3 HREp S EHI T —2MaE

iy, WA Cy, (Pu-N-O). 1i &l 3 (b)%
7 = AN B R AR N Sp R R 2 T AR
Z¥b (Rpu.o = 0.22466 nm, /N-O-Pu=180°,
D, = —7.84954 eV). X FH/N i p2 (z = 0.2925,
y =0, D, = —8.0073 eV), A EMREELp &
A, (HEIFA R EL M. B/ N—O#K
I, 76 p2 st iT 22 I — AP AT 450, BBk 2
4k 2 B A, X U0 WA 55 p2 P AE A I AN O -
PE. EFHNEpl (z = —0.026, y = 0.2325,
D, = —7.98225 eV), A1) fRE = L AR 2544 ¢ 11
REEAK, W BRI =R IS HOR
IRAF HL AR S5 1 ¢ e B S m i g5 R JRATTTIINAE
pl MHiE Rz E A — WAL M7 AE, HAs R A
S5H ¢ G, JE I AR A B SE e AR B IX A ML AR S5 A B
R2PRIENUANGER A (AR T EMSH ik, 3
HERA T B R AL PuNO 25K 28 8. H IR E5 1)
WL, BUAE R B R IR 5 (4) 21 (5) 2HAS

AN, B3 (b) A ER A, B, BT Mp 3|
pl HIAEAE N 0.00254 €V, M pl £ p2 () P IE BE A
0.01025 eV, BT LALARZ5 4 b 25 5 e A A TR E 1)
ght. B3 (c) fEpl MARIFHL I 7 AR S Y ¢
(x = —0.0119, y = 0.2377, D, = —7.98152 €V),
FHMED (z = 02925, y = 0, D, = —8.0286 eV)
FAEM /N R, B IR 2 B e e 24, RE & LS
fR e, AENIE S A B AR e, #u AL LI T PuNO
T EEASIIEE. AN 3 (o) PSR S A, Mol
Fp B EAE N 0.00072 eV, BT AR 45 K ¢ thoR

4 2 ®

1z H % 27z o B8 T (1) B3LY P J5 7 4 PuN,
PuO, NO & PuNO 4 747 T iR ft, 15 2
PuNO 7 P& R Fal 848 Coy (Pu-N-0O), 6%
(ZEE), TREHIN Cw, (Pu-O-N), 52~ 1O
(O-Pu-N), A”. & i PuN, PuO #INO 7 11
Murrell-Sorbie # g B8 £k, FF{8 H 2 /A& 10 g 203 2
33 7 PuNO K5 ae ek 4, 3L 7 PuNO 4>+
AR AR ARSI B eI RER R R, [
B FH A5 3 e B T8 T PulNO 2 11k R34 g
P SHHE, BN T — N ERRSHE R 2 i d 4
). HANNHITRE A, BILRKAR A TRRASL b
e IATRIE, 255 m B AL
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molecules”
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Abstract

Density functional (B3LPY) method has been utilized to optimize the possible structures of PuN, PuO, NO and
PuNO molecules using the contracted valence basis set (LANL2 DZ) for Pu atom, and the AUG-cc-pVTZ basis set
for N and O atoms. It is shown that the ground state of the PuNO molecules has Cs (Pu-N-O) symmetry and the
ground electronic state is ®~~. The equilibrium nuclear distances for Pu-N and N-O bonds in the PuNO molecules are
Rpun = 0.22951 nm and Rno = 0.12257 nm, and the dissociation energy is D, = 8.10537 eV. Furthermore, the other
two metastable states of the PuNO molecules are also obtained, and the electronic states of the two configurations are
6%~ and A” with Ceo» (Pu-O-N) and C; (O-Pu-N) symmetry, respectively. Then the Murrell-Sorbie potential energy
functions of the PuN, PuO and NO molecules have been simulated and the analytical potential energy function of the
PuNO molecules has been derived using the many-body expansion theory. The contours of the potential energy functions
reproduce exactly the most stable equilibrium structures, the two metastable state structures as well as the dissociation
energy of the PuNO molecules. The molecular static reaction pathway, based on the potential energy function, is also

discussed.

Keywords: PuNO, molecular structure, potential energy function

PACS: 31.15.E, 71.15.Mb DOI: 10.7498/aps.64.153103
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