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Calculation of Molecular Orbital Composition

Lu, Tian Chen, Feiwu™

(School of Chemical and Biological Engineering, University of Science and Technology Beijing, Beijing 100083)

Abstract The concept of the molecular orbital composition is often involved in quantum chemistry litera-
tures. However, no enough emphasis has been placed on the corresponding calculation methods, and even
there exist some serious misunderstandings. In this article, the basic concepts and calculation methods of
composition of basis functions, atomic orbitals and atoms in molecular orbitals are discussed in detail, the
differences between various methods are analyzed and compared with examples, meanwhile, the problems in

calculations and analyses that need to be noticed are pointed out, the suggestions for choosing appropriate
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calculation methods are also given.

Keywords orbital composition; basis function; atomic orbital; atomic orbitals in molecular environments;
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Table 1 Contribution (%) of some shells or basis functions to frontier MOs were calculated for four molecules, CoF3, (CH3),NNH,,
C4H40 and LiBHy. The results from Mulliken, Stout-Politzer and SCPA were separated by slashes. The subscripts, int and ext, denoted the

inner and outer shell of double-split basis-set, respectively

CoF; at B3LYP/6-31G*

(CH;),NNH, at B3LYP/3-21G

Orbital
Co0 Dey F Py N(H L) Py N(IAZ) Pey N(IAZ) 2Seq
HOMO—4 0.0/0.0/0.0 12.2/11.1/10.1 0.2/0.3/0.2 2.6/2.8/2.8 0.0/0.0/0.0
HOMO—3 0.0/0.0/0.0 13.0/11.3/11.3 7.9/6.8/9.5 11.4/11.1/11.9 0.0/—1.4/2.9
HOMO—2 22.8/15.8/19.7 0.0/0.0/0.0 6.6/5.3/1.7 0.5/0.6/0.4 0.0/0.0/0.0
HOMO—1 23.0/16.0/19.8 4.1/4.2/4.2 12.3/10.4/10.3 25.5/28.3/19.5 8.1/4.9/18.9
HOMO 25.8/20.4/19.5 0.6/0.3/0.3 21.8/23.4/21.1 16.8/19.4/15.3 4.1/2.2/7.7
LUMO 16.2/7.4/15.8 2.1/2.712.6 1.2/0.8/0.5 1.4/17.3/3.1 —1.2/—46.3/19.4
LUMO++1 16.2/8.8/15.7 4.1/4.5/4.1 8.0/23.1/4.7 12.6/25.2/7.3 1.7/—18.5/13.6
LUMO+2 0.7/0.7/0.5 0.0/0.3/0.1 0.0/0.0/0.0 4.1/25.0/9.6 0.0/0.0/0.0
Orbital C,H,O(W:IH) at HF/STO-3G* LiBH, at HF/6-31G*
C(5AB1L) P, C(4IRIfT) Py Li Piy HOR ) Sex B Py
HOMO—4 0.0/0.0/0.0 0.0/0.0/0.0 0.0/0.0/0.0 0.0/0.0/0.0 0.0/0.0/0.0
HOMO—3 0.0/0.0/0.0 0.0/0.0/0.0 7.5/6.4/5.3 5.6/3.8/3.6 0.5/0.4/0.7
HOMO—2 0.0/0.0/0.0 0.0/0.0/0.0 1.8/2.6/4.5 22.8/24.2/24.6 29.2/36.6/32.0
HOMO—1 2.0/1.5/1.5 30.7/32.2/27.4 6.5/4.0/4.0 0.0/0.0/0.0 23.6/28.6/24.8
HOMO 34.8/36.5/35.0 15.2/13.5/15.0 6.5/3.7/4.0 0.0/0.0/0.0 23.6/28.0/24.9
LUMO 30.9/26.5/30.1 11.8/14.9/11.4 4.9/1.0/0.5 0.0/0.0/0.0 0.3/0.1/0.1
LUMO++1 15.2/17.8/15.4 34.8/32.2/34.6 —2.7/0.4/0.1 0.0/0.0/0.0 1.2/1.6/0.4
LUMO+2 0.0/0.0/0.0 0.0/0.0/0.0 —2.7/0.3/0.1 0.0/0.0/0.0 1.2/1.6/0.4
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Figure 1 Cartesian Gauss-functions were used for acetamide at
HF/6-31G* level. The thick solid line and short dashed line
showed the variation of the contribution to each MO from nitro-
gen outer P-shell and D-shell calculated by SCPA method, re-
spectively. The thin solid line showed the variation of the contri-
bution to each MO from nitrogen outer P-shell calculated by

Stout-Politzer method after the whole molecule was rotated about
45°
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Figure 2 The contribution from cobalt outer D-shell of cobalt
trifluoride to each MO under B3LYP/6-31G* was calculated with
the SCPA method. The thick and thin solid lines showed the cor-
responding 6D and 5D types of Gauss-functions used, respec-
tively. The contribution difference between them was represented
by short dashed line. The contribution value was calculated by
SCPA method
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J553, 53 ) EH IR IR F I 1) 356 R 5T R (R R A
DUER BH Mulliken 7753k %, JE[F]). NAO 1 AOIM J7i%
AR R 3 RO LR 2E R, (B 2 AU,
IR EPUE 2 R IEARIE, aEdE LR LT
SEAW G, (B REE B B B T VRS VA
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iy 555U 0 DR B A A B B T,
Il AOIM J7 ik R REAE/N il Bcds I T SifE, (HZaxd
AR /I, HASR AR e 74 BT 0% A H IR
H T AOIM J7 ik K pR A2 1) STO M /NAE AT
Mulliken Z3 7 1) 7725, 3 H R IR 43 1~ R B0IE 2 A ]
STO-3G AR/NEEMEAT VIR, BT DAL &5 S FN AL ek 2500 #
J7E S e A AR TR IR 1 % T3 AN AR /N 9 R B 2 AT
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PLEEJET 2p FERT 10 £ 17 S0 THuE sk, X 3
B 726 NI 26 LT 58 A T AL SR AE AN Sl i

2 o EINRA TR R Y. ) s BR BT R 7 (R R BTk E Mulliken J7VE3E13) . NAO J7iEF1 AOIM Jiiih &) 4 Ny T
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Table 2 Composition (%) of some atomic orbitals in frontier MOs were calculated for four molecules, CoF3, (CH;3),NNH,, C4;H,O and
LiBH,. The results from adding contribution of basis functions (calculated by Mulliken method), NAO and AOIM method were separated

by slashes
Orbital CoF; at B3LYP/6-31G* (CH5),NNH, at B3LYP/3-21G

Co 4s F 2p N(HL) 2p NGL%) 2p N(GL%) 2s
HOMO—4 0.0/0.0/0.0 31.4/32.1/37.3 0.4/0.6/0.4 6.0/5.8/6.4 0.0/0.0/0.0
HOMO—3 0.0/0.0/0.0 34.0/34.1/37.8 18.5/14.8/18.4 23.0/22.5/18.2 0.1/0.2/0.2
HOMO—2 0.0/0.0/0.0 0.0/0.0/0.0 16.0/13.9/15.9 1.1/1.0/0.8 0.0/0.0/0.0
HOMO—1 0.0/0.0/0.0 13.7/13.7/14.2 21.3/21.9/21.1 44.1/44.6/46.8 10.1/8.1/10.1
HOMO 16.7/12.4/25.9 1.2/1.6/—18 44.3/46.3/44.8 32.7/32.9/34.1 4.6/4.4/4.6
LUMO 0.0/0.0/0.0 8.3/8.1/7.0 2.1/1.4/2.2 4.7/6.6/4.3 0.2/6.8/4.2
LUMO+1 0.0/0.0/0.1 11.6/12.6/5.2 16.9/7.3/17.4 24.3/23.7/9.6 2.8/8.0/4.4
LUMO+2 93.9/40.2/29.5 0.7/1.1/0.7 0.0/0.1/0.0 15.0/20.8/12.7 0.0/0.0/0.0

Orbital C4H,O(Furan) at HF/STO-3G* LiBH, at HF/6-31G*
C(EABAT) 2p, C(EIRIAT) 2p, H(H YL 1s HOR ) 1s B 2p

HOMO—4 0.0/0.0/0.0 0.0/0.0/0.0 0.0/0.1/0.0 0.0/0.0/0.0 0.3/0.7/0.1
HOMO—3 0.0/0.0/0.0 0.0/0.0/0.0 11.9/14.5/16.7 9.4/9.9/10.7 0.8/1.3/1.5
HOMO—2 0.0/0.0/0.0 0.0/0.0/0.0 2.4/2.6/2.5 44.5/40.4/41.3 40.0/49.8/49.7
HOMO—1 2.0/3.0/2.0 30.7/27.8/30.7 9.8/9.5/11.6 0.0/0.0/0.0 32.3/40.6/30.2
HOMO 34.8/33.4/34.8 15.2/16.6/15.2 29.4/28.6/34.9 0.0/0.0/0.0 32.3/40.6/30.2
LUMO 30.9/30.7/30.9 11.8/14.0/11.8 0.2/0.1/—0.8 0.0/0.1/—0.3 —1.2/0.0/0.2
LUMO+1 15.2/16.6/15.2 34.8/33.4/34.8 —0.2/0.0/0.0 0.0/0.0/0.0 0.5/0.8/2.7
LUMO+2 0.0/0.0/0.0 0.0/0.0/0.0 —0.6/0.1/0.1 0.0/0.0/0.0 0.5/0.8/2.7
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Figure 3 The composition of (a) 2p-shell of central carbon and
(b) 2p-shell of nitrogen in each MO of acetamide under
HF/6-31G* wavefunction. The results from adding contribution
of basis functions in corresponding atomic orbital, NAO and
AOIM method were represented by thick solid line, thin solid line
and short dashed line, respectively. The variation of AOIM results
was represented by dot line after the whole molecule was rotated
about 45°
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Figure 4 The isosurfaces of (a) the sixth MO and (b) the ninth
MO of acetamide under HF/6-31G* wavefunction. The isovalue
of 320.07 was chosen for easy observation. The transparent parts
corresponded to positive regions. The mesh parts corresponded to
negative regions
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Figure 5 After changing the wavefunction to HF/6-311+4 +
G** from HF/6-31G* the variation of composition of 2p-shell in
each MO were calculated by adding contribution of basis func-
tions (thick solid line), NAO method (thin solid line) and AOIM
method (short dashed line), respectively. The molecular structure
was optimized under HF/6-31G*
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Table 3 Composition (%) of some atoms in frontier MOs of aniline, trifluoropropene and dichloro-(f-thiodiglycol) copper(Il) was

listed. The results from adding contribution of basis functions (calculated by Mulliken method), adding contribution of atomic orbitals

(calculated by NAO method) and Hirshfeld partition were separated by slashes

W% at HE/6-31G*

Orbital

N C(48) C(J) C(X) C(& )
HOMO—4 5.2/5.7/5.3 12.2/12.6/11.4 12.6/12.1/12.5 17.5/20.0/17.3 4.8/4.4/5.7
HOMO—3 0.7/0.9/1.3 10.8/11.8/11.2 11.9/12.9/11.9 12.0/11.1/11.6 12.3/11.0/11.7
HOMO—2 44.2/44.5/36.1 3.3/3.3/4.1 13.7/13.7/12.4 19.3/19.4/17.1 1.9/1.5/5.2
HOMO—1 0.0/0.0/0.2 26.2/26.3/22.0 23.4/23.6/20.3 0.3/0.0/3.9 0.4/0.0/4.3
HOMO 18.4/19.6/16.6 12.7/12.5/11.6 4.2/3.9/6.7 28.1/28.3/22.3 19.0/18.2/17.3
LUMO 0.2/0.2/0.8 22.9/22.0/17.9 25.8/24.6/19.6 0.8/0.0/6.7 0.8/0.0/6.2
LUMO+1 3.3/3.6/6.2 5.9/5.1/8.8 9.8/8.9/10.8 29.7/28.5/21.2 32.7/31.3/22.7
LUMO+2 —15.4/10.6/17.2 —1.8/2.3/4.4 0.5/1.1/1.7 1.4/1.7/2.2 2.8/1.3/2.9
Orbital — &N at HF/6-31G*
C(R i) C(h) CORACHEE) FCF i) H(GA RN
HOMO—4 18.4/19.5/17.9 13.0/12.8/12.5 0.7/0.2/3.3 37.8/39.5/35.9 1.3/1.0/2.3
HOMO—3 0.0/0.0/0.0 0.0/0.0/0.2 0.0/0.0/4.1 25.5/25.5/24.5 0.0/0.0/0.0
HOMO—2 30.2/29.9/27.6 25.4/25.4/23.8 4.2/2.6/5.6 3.4/3.8/3.5 13.1/12.1/13.4
HOMO—1 19.3/20.6/18.2 22.0/22.8/20.9 13.6/10.3/13.4 5.5/6.1/6.0 8.2/7.8/8.6
HOMO 46.6/46.0/41.2 50.3/50.4/43.1 0.7/0.4/3.6 0.2/0.3/0.4 0.0/0.0/2.9
LUMO 52.3/48.3/40.0 41.1/37.1/32.8 4.7/4.6/6.9 0.1/0.2/0.4 0.0/0.0/5.4
LUMO+1 —0.8/10.1/16.4 —0.5/8.9/16.4 2.5/3.3/4.1 0.6/1.1/2.4 1.3/0.12.3
LUMO+2 —2.3/17.3/23.7 2.5/4.4/8.6 2.3/1.1/1.3 —0.2/0.2/2.4 72.0/25.55/44.8
" ZER(BFACK 2. ) A4 (IT) at ROB3LYP/6-31G*
Cu CI(S J5ifr) CI(S &A7) S O(F-1)

SOMO—4 14.2/13.1/15.4 9.4/9.7/9.6 71.4/72.5/68.6 0.1/0.2/0.3 1.7/2.3/12.2
SOMO—3 15.0/14.4/16.2 3.5/3.6/3.7 78.9/79.4/76.3 0.3/0.2/0.4 0.3/0.4/0.4
SOMO—2 8.5/8.0/10.6 85.2/85.7/82.5 5.6/5.6/5.6 0.1/0.0/0.3 0.1/0.1/0.2
SOMO—1 3.9/2.6/5.2 85.4/86.6/82.6 7.0/7.2/7.5 2.4/2.2/3.1 0.2/0.2/0.2
SOMO 66.7/66.3/65.2 13.5/13.9/13.5 9.2/9.4/9.5 5.8/5.7/5.8 3.2/3.3/3.6
SOMO+1 15.6/11.4/12.4 0.7/0.7/2.0 0.2/0.4/0.6 50.4/35.2/42.0 0.7/1.1/2.0
SOMO+2 39.8/10.8/9.8 0.3/0.3/0.9 1.9/4.8/10.9 1.4/4.5/5.4 —1.5/9.5/12.2
SOMO+3 17.8/12.9/9.1 0.1/1.0/3.5 0.3/0.4/1.4 31.0/25.8/27.2 1.5/1.92.6

Cu X} SOMO+2 f5THk 39.8%Z) e ) At 511K 4 174,
T4y G B R M 0T AN Mulliken 5720 8 15
T Cu DTk, SEbr BIL e InAIEE ek B ok i v 5
DASAEAERIFE A T SEPE, an SCPA J7vEAH S B (i
25.5% KRR, T LGS R B i1 B A3 3 b A A
FHEE RO AN T3

FIFH o 0 A5 R4 SR 1 s it i i ok
P S A AR BRATE &, BRI 5UE R o1
BRI Ay 51 PR Dk = SCHIAA, (R T R T 43 b

A RE DA AN S & Pk Il TS 45 i /), % T NAO J7ik
AN 56 25 P R B ] DA D 1) LA O SR BILIE X 43 7 Ui
DTSR AT B, BRI S A M . AT RIS TR
RS AN TE A TEIRA 2, 53R 3 B A
I 1%, AHLERRA A AN e ML AT AR, f ]
2 =R R AR FE A 6 LUMO+-2 [ 5T
ik, NAO J7VE1S B 25.6% 0 18 %t o Wb 7 72 1 4 SR
IS A3 P I B e T R A A AR
N, BRI AL s BUEXT LUMO-2 (W uTik ik
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29.6%. Ifif BB AR AR I A H A& W I R L, e
BB R R (A R i R, S DR 0 43 T R DT
BRI S A DR, 75 W) ads 2 Aol 5 R0 S 4 F Al v
SN DRI, 6 AN T8 A MR (R 150 A DL S5 )
K53 (0 7 i8R S i ik

102 3 PRI . — S M TR 43 8 vh Mulliken J7
EAINAO J7iE 1) 45 R4 T 8R $:3r 0%, 1M Hirshfeld
R3O 25 S EN AR, X SEBR BRI T S k) 4 07
1 R ST PP S L R A e 1 e 7 B 5 54
TR 25 (R N BIASET 7 () B, T 20 T 40 T N AE
FEE DA S HOE R ARTE. B 2% 1) HOMO—1 j2:

AN TR B S 38 5 T T 2R RSP p B0 T
(e, 2L BRI AL B b T 40 s i T T Ak, ekt
U FROE R DTERA RN Ky 0%, SR1M T2 7 b
Sy IEA B T X R T ERE A TN, SELE s
3.9%[M 5Bt Hirshfeld J7yAN TSR, FFLE
Q=S A 1) LUMO % I (1) 72 Her IR BE308 7 1) S Bt
b, AR RN SR T s B0t SRRV R o]
REXT A FRE AT DTk, HRIREDR Dk 43 0 5 ok By
—/NEAMRN T AR A%, S8 Hirshfeld %I 43N 4 &
Xf LUMO 5 5.4%[FI 5Tk, FT LSz 2 i) %) 43 X Ui pl oy
IRERR A — 2 SRR, W IEAfA TRIL &5 R 2
2.3.2  FRLAARFUM G PR

T 2488 1) 38 o or R i v 5ok 1 7 v o s
(1) 53 MR A7 B S SE AL 1), AT BT AEAN IR 3
Y1 JE 7 TR R BOT i S R A U D T B I
A, A2 3 TP ORI AL A7 B B 14— JZ AR A AR
BCRRER, ISR IR A R B, A A R A Bk S T
L5 JE DR - R 2 - Al e R A W O, TR AN D 4 %
R EE R DURRARDN T2 TR 6-31G* R i R AL
PRI 6 BTz, 5SS S A0S 5 1) S 21 52 2 PE 8 o,
Jii il B 40 5 4 P R B AR AE — s R bl e Tl 7
T PR 5 R BT /R, 5D 5 LB iS5 40 1 L 1) Dk
AT R B T AR L, XA A )R ST
T R TR AS [ R S R, IR 9 4%
BNt W, IA%] T 8.9%. 1fi NAO J5 %A1 Hirshfeld %I
YRR I 5 25 AR BIRAN W3, 5 KR AN
0.6%, ‘o ARGt e . SN e W3
(AR AR I3 ARABL, AR KRR U] T BT 45 AR 4L
IS X B U 5 4 U R BB A R IE A e .. A
2N Hirshfeld X4 3difsoe v g, B+ NAO 77
TR B 0T IR 0.258%, 1 Hirshfeld 77741
JiBIRRAE N 0.175%. HJSUAFI NAO 5 AOIM [k & H
— AL Z AL, AOIM Kt i1 of A4 F B #% 21) STO K&
BRI ], T S 2 TR K 4 77 3 DK 0 S i o B A 7 B

BRI R, g5 R E A RS R S R
FETE A I o RIS, 0K 6 i1 RL o 9F
e LB IE o5 B A, 15 2000 0 AH Y R HL A 1R AR 4K
Mulliken J7 3205 B (1) e A A ER, i HAX /3 A 7
FAEX 8, SEAAR%) Mulliken HLAR AR B d ik —
0.49; KElth NAO 1 Hirshfeld 7775 1) - AMX 4 {8 /),
7 HLAE IEAELAN G AR X TR 04T 45 A 3455 1) 23 A, 4 Bk TRIAR
KA AN ELARIY, 75 2 e s J 7 W g PR S i gk —
A 554k, XA KRR EE LR T A4 NPA 1 Hirshfeld
i o} 6 20 AR AL AN AR,

— Mulliken
— NAO
------ Hirshfeld

| 1 1 1 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18 20 22 24
Serial number of molecular orbitals

Composition variation/%
Lo = N W R Ly ® O

B6 A ¥ T A7 57 K64 1h 6-31G* 42T 6-31+G(2d),
I HAs HAR SR 6-31G* [k 6-31G Ji5, MIALAR 5%
B G TRE TR AR M. Sk | a0 SE2 kLR 273 1)
AR H AT 3 v K bR Tk L 0 R R T B0 TR LA K
Hirshfeld 73 753k A3 45 K. AKFAIELAER 0% 0L E,
Gy T AR AL ) HF/6-31G LA I 45 3R

Figure 6 The variation of contribution from meta-carbon of
aniline to each occupied MO was calculated when the basis-set of
meta-carbon increased from 6-31G* to 6-31+G(2d) and the ba-
sis-sets of the other atoms decreased from 6-31G* to 6-31G.
Thick solid line, thin solid line and short dashed line represented
the result from adding contribution of basis functions (calculated
by Mulliken method), adding contribution of atomic orbitals
(calculated by NAO method) and Hirshfeld partition method
respectively. The horizontal thin-dashed line showed the position
of 0%. The molecular structure was optimized at HF/6-31G*

3 #Hig

A AR N F AR S 1 PUE oy 1R S
KAt B ITE R R R, o B SR R
%, TR R R NS, SHEYERRE AR, X T
b P 0E P 3 e BRI TH A, Mulliken, Stout-Politzer
I SCPA Tl n] LME ], 45 R A& BN B ). fRiX 3
Bk, T SCPA Jiididm I faise, THE I AT 2%
FEAT I, S5 AR UEAE A W B R U X ], 1T ELAE R
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IS o VS S EPEL T Mulliken F1- Stout-Politzer
Jiik, BT CURHERAAE ). SRR & D KU EA3)
L PR BN S A FH BRI 7R e B e A, T ] g A
SCPA JiVEI RO, 73— 7 i Afifs D LB F A
Bl 50 2R 4 U (1 DTERAN B N L e 3 R B g
Mulliken 7775 HER I 25 LA & BRI S, (HSEPR B
RO T 558 bR O 5 X0 P AT DTk 7 axX A ) Rk
Mulliken 77 K45 RARIAT T 2 (1) 02 “ FE ek B /e g b
MREIE” . MR BOTIREEIE 0% A — e RR e
ZEuE, I I R U SR s S T
B RIS RN A 5 oK B B P A a1,
B LA Mulliken 77 2 43 #8138 1 o A R R = X
Stout-Politzer J7 V£ AEAS X K53 | b Mulliken 53
Ji AT A AYE, (RE SRR N B A B A AL A
F, LT BB AR B AR T T, S EE
PRPEARZE, B LA B AR .

TEY e FE T VF 55U BE 0 4 T B sk ) g5 vk
oh, W I BT S I I R DT R R 1R D vk A 1
HLBAREE R G, H RN, BAUE A LR
H0 5 R PUERT N OGRS NAO J5iA1 AOIM
JNEAS LR T 58, JEAAT MR, (R 2 50 0L N 45 )
AR . JRVELEA DL 2 e R, (A — e
P80 T EH A WIS AK IR, AR A S P
FRAE . HIEE NAO J7¥%, AOIM J7vEAl s k4l Fase
PETE R, (RS AR e i O i S (H AN ), A
REDRUFES SN IE. JI oM /IME A TR ok B0 2
Mk RS, EAERA G WSk, WA E NAO
J7 i 2 AL

X T TR T s L, R R DTk n
) 75 2 AR AROR P 35 ate, Tf ELXS R A03E 43 A mT A2
25, ANEBUE. LIRS NAO 7 S AH
I R i B DR IRk SR AR, LR SO, TF
S FE R, AR O Bl fo T KL 20 S A P ) R AR ) 5
ma, FL A D 0 1 oyt et BAR 3R 7. 8 NAO
T VE 4y BT M AUIE I I [R] I 2% SR 9 Ji - v FEL 4 R AR A
BTG, T AR, W 5%, I L
SO S22 TR 43 743 B, A5 R BR AL AR i 5 1R m ik
SEAF AR A3 7R A AR SR BB, 6 B PUE M
FEAa] PR i A pR B I B — e AT b, 34
TR R T E, W 16 B 45 AT AN BE S
A TEA B H B U o B A SRR AL, SR L TR I &5 454
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