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s AXETHALENEELARE T —MH A S #E KA 3 F & H# (block-orthogonalized orbitals, BOOs),
H R T —FER T BN 8% (post-VBSCF) 77 i ¥ J #1. 18 A3 By %7 77 2. BOOF] Bt B & %18 1 3 1E 2 o 2 35k
R R, B RAERT £ SGpost-VBSCFF AR FHNFHENU EHENEELI U TR W R, o, ZHEDL
YRR T 5 S )42 41 A 48 B 1E ] (valence bond configuration interaction, VBCI) 7 i fE AL 32 £ )8 T4 F R EN AR M. 5
T 4 2 880 42 A R F #L1E (hybrid atomic orbital, HAO)HY & S VBCI 77 i A t, K A BOO & %1 i# #y VBCI A X 7
BT HANBEMNENNFEEG, MAETEREAEE LHZRT —ERA. AXWIEIARA—FLE

5 A HIpost-VBSCF 77 i A 5 ik 42 £ 7 2 A,

Kkl

TEMA T T, 4T3l (molecular orbital,
MO L F AT i R k. R,
it (valence bond, VB)HLSIE Ak K AL s B
Z—, SEMEHIET RO A A X, SR T VMY
b2 EGRT EDAY DL A, HROORTEVF 2402 50 h i 315
FEHA. PSR T B H ) TR F T4
PR, SRR T BRAR o A s E T . FT
B8O FIAk A s I A5 S FE .

EMCRE M, FIEAM L A A
Yi(valence bond self-consistent field, VBSCF)!"* 75y,
EZITIE, Z2H IR BRI R A M B ek A Ze vl 4H
A B, MCRE M NS R — R RIR I 2 ST,
AT DR G- 2% PR 29 . PRER SN R SR A R OCHRAR
APESHE A, WA THMASHITE. Xl
FH ™A 22 38504 T S0 0 P 3 0 B pR B, X S
BRSO Y, T2 ML M A5 R, SR, 558 e kA (]

HiA¥(complete active space self-consistent field,

ENE BT ik, RIERE, ERE, AR TR

CASSCF)P 1 ik2qpl, VBSCF ik B Rt & i A5 4
%, ABVDEIEADE. S TIEVBSCE ik h % Bl
A, DA R ARG R, AR T —RIE M A
&Y (post-VBSCF) J7 . Ho 6% fE i s Ve iy
I 1 %, 38 4t 5 (breathing orbital valence bond,
BOVB)“* ik, il 4l &% 7 sREiS (density func-
tional theory, DFT)A%% 77 pRif/1 5 (density functional
valence bond, DFVB)"Jrik, AR 1& 5 i 2]
BIE I & B EZH 25 AR B FH (valence bond configura-
tion interaction, VBCI)!">'*VRIr4e il (valence bond
second-order perturbation theory, VBPT2)!'Hif.

TEH FATH e R B0 b, @t 5] AKEHUIE
1 DT BB S A OC i BB, 1258 m 7+
B Ty 38 SR R 3 s 0 IE N A e SR .
SR, AR LT Ak Y e 08 2% SR S8 OC, 1%
KiE Tt J5 Hartree-Fock(post-HF) 7 AU A RCR, f#
HCAH SR B B AH G HE BT Pl 85 2 58 A A S AR AR
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(full configuration interaction, FCI). J&TFMOR# F & 5k
A A R 5 7 R FE RO IR i (projected  atomic
orbitals, PAOs)!'*""VRIX} [ Sk if (pair natural orbitals,
PNOs) 2] PAOs 3l i i A1 5 bR B3 B FLiE
ZE R AR, BRI, PAOsS T A i) i Bl & 1E s
f, (HEMTZRSRIEIESSH). 454 Pulay I 227
HE&, Werners A\ & & T 1T PAOR —FrMoller-Plesset
M (second order Moller-Plesset perturbation theory,
MP2)282) - HAH (coupled-cluster, CC)PO33145 771k,
IS EEUG SNBSS, KRBT EEAR
post-HF J5 2. MiPNOs ¢4 1 238 i X i — % i Sl S i
Fa i AH L 0T 28 B, IE XA Az % B AR 2. R,
J& T [R—XF 5 PEHIE AYPNOsZ [l A H.IEAS, AS[R]XTE]
(IPNOSANIEAS. PNOJTIEM— A B E AT, MG
S RIYRE, P PNOsE R ) F— 8, X
FhRHPE A PNOJT A AE AL B 24 1 FL T 25 A ), BES
PRFFBARITH o, IR TR RIS TERIRCR. Sk
TPNOK & J5 post-HF 771k FIHES A 24 A 7 30T [ SR %N
1# (local pair natural orbital, LPNO)?!. iy it— L F&AfKAR
JE, Neese 5 N PLE SIS HSLPNO T A0 5, 12
H T B F A LPNO(domain-based local pair natural
orbital, DLPNO)***** 1% ILF1% 7 Z A DLPNO-
MP2FIDLPNO-CCSD(T)feW A &0 a5 %0 e A~
JEF RS PRARBE R 5500 IR R 2 Nl T 25
T FEIE (second-order N-electron valence state perturba-
tion theory, NEVPT2)",

IR B R A 3 Ty S R AR T R T,
G YRPGE Z A EIERS. SRmfEM e, TS
B EA I A SR A S R 2, VBSCF T AT
TAEIEA R FHE. EVBCHTE , Tl 1F el
JF- F A VBSCF (i 5 08 % 52 2 i 10 56 R 4 =S
[h], A AT R A S I 2 Al (hybrid - atomic
orbital, HAO)ZEHIMBHIIE. X FEMY M HLIE (RIE T
VBCLJ7 2 1 0 A0 St o BIHR SR 90 A W e 1) k2 51
18, AR HIR R Z A AE T AN [R) S 14 of 4 2018 s 4
EHAIESE, X LG VBCIRBER I T/IME R Y
THE.

TEVBPT2 ik, FATE & SR A E
AT EIE VERUE, IR A R A B L R AL
2, WE T HASEESERNESRE. 5

VBCIHI e, T RS 56 H0E A a R,
VBPT2RHERCR T &, REN T R FIR AR

B SRMTVBPT2 ML 1Y B sl e 5 B0U& M B2 A
FEEAT IR A T2 S

25 FAINR, post-VBSCF J7 vk Hh it i L A4 i i
T S ST S A0R 8] 0 21 50 S 114 A B 7 X
TCER PRATTRE 3 A R U AR AT e R R, IR
RAT eSS HAHLEA W2 IER KR, T, Ak
BT —FhH i post-VBSCF 5 i i BT A58 7 %, [
R SHE BIB9S I B0, & B s i post-
VBSCFJ5 i A R L.

1 BBk
1.1 VBSCFJjik

TENCLEM ST, VBSCE B2 —FPh B %
FEATTVE, Hk s EUR IT M HLSP(Heitler-London-Sla-
ter-Pauling) PREL (SRR NN B PREORY L PELL A&, B

p= ;CKQ?K, (1)

Hirr @ XN T — R MR, Cioe NI R
B YA S A R 1 A R R R, S
ZEME S TP I LewisZ5 55 M. IR R 1Y S RE I EFT R 5L
FERECH T AR 7 A 2

HC = EMC, )
Herp, HRIM 3500 R s 2 e B A B A6 . st
B PR A A RS 2, s A& Coulson-
ChirgwinZAz{*:

Wy = ; CyC My, . (3)

1.2 GhBhiGTEE R

HE TG, ASCHERE R E X (1) fE
VBSCFil sk £ I A S5 F vh R 280 5 4l iy i Rk
TEYERIE, Romhi, j, &, 1 5 Q) TEANEM S rh A
A G R E s BN PEGE, Ros R u, v, w,
(3) 1ERTA M A rh R s A BUE B e LE, 4R
Fra, b, c, 327, (4) $6F5p, q, 1, s, - BT EHA.

VBSCFI3 T A 418 40 18 3 A 2 AR IR AC Y.
i T AR MBI A S A rh R B 4, R
FAT AT AFEAE IS MRS 25 R T Lowdin i 52 461424,
1533 —2H IE A ARTE PR BILIE {4;) A U2 VBSCFRE £
TEMCEERN b, FRA A& R BT iy, (H S R
1B {¢;} IEAC:
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o, Fla o= (7 ™)

= [V V1, (5) =h, +%?Dmuw|mm Fom| qn)| (12)
V!=Tst! ©)  Jpur, hy ST B, Dyl b BB i K 0
V= 1'sT? () VBSCFEEMEIETT, (pglmn)fi-Mullikenbiic 1AL T

TERG)~(D, SEIERBESHEME, THT>
FEAR TR AR YEPOE A RBUERE, R LT~
FNFE . ] LASIERA TF 38 24 1T :

(¢:19/)=0, (®)
L B T P AL 1 8 PR BSOS VBS R R i3 A
g, VBSCF A b i ML 5 A U I 52
B MBS IR TEZ, (RS A RS 1 2.

1.3 YuFAHLii(block-orthogonalized orbitals, BOOs)
RS

L LowdiniE S FRAT M 1 T — 41 1E s HAS L
A AR AR TS PEPE (). FEpost-VBSCFYT
Bk, ST R B AR IS I I 0 B SE F R AS
XN FIEMi b %, R, FA TR {4} 4T Pipek-
Mezey (PM)EIAL™, FAfbMulliken 514 & £ i
SETT R Lpy, ), MNTTTAS B —2H 1F 32 HA A 2 A AE TG

?ﬂﬁ{qﬁiPM}:
N n A2
(Lpm) = ZZ‘%‘ ) )
Horr, g JEBUE X AR Mulliken L faf (Y TTHR. 2808

PME B 3 g, ™ | 0% g 7 A7 o 88 01 2
Heb:

N
=2 Tty (10)
n=1

PRI IR A% e . FRAT75 20 X L BB ) AR
SAERE— AN b, BIFERRA B el i b XM
Bea, %Xiﬂiﬁqﬁ PMAEGA N I ERIBTR 53 g PN

¢ M = Z e (11)

S, N AR SR 459,
WA A PMAESTESA b TR ™M b BT A L 1)

"M> >0.9,
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T (p g RS LT AR B FH805, m Al T AH [ H
FR). e, W AL ERE BRI A Fock R, 453
BOOLI K AR BB RE. T AR Pk i 2 [l A i 1Y
BOO A LIl A H IE A HUE B e i, BRI LTS

RIEIERE. DL B R T LUMET 2 5 SO iR U 25 1]
BOOI 43
1.4 post-VBSCFH R HILE 1%
T ETRATA A o PR s A B R
P =STV TS, (13)

Forb, THIV 232 o5 8 U A4 2 RO R 5 R
XHAESER P, AMEEH ORI AR A B T REHIE
Z3 (0], AR (13)BER R Y M U 2 B Jalry . Xk
HE LB AT PMUE AR - i S A R A 4 U )
KO~A)NFEIEIE' 1. ¥’ B BHANI IR

Hezs [, TU?%?UE—%E%EM?.@E@JE?%I@WA
=Py, = Z|ﬂ )S{v| o

%%{go'/*}%n{qs' o BT L — 25 53

FIBOOHEMLIE (g, | Flig, ). th T M FIFTATHLI £ 1E
B HE S b, AT LUR G X (12) g i 2
BOOHEHLIt{p,'}. *T4¢";'}, TLMIENIHAES P ISR
IR R RS I, ST, i BOOHE L
TR T : %5, 0 29 h AL T (g )
HEFUIE, (3G AT PR TE 5. RO Y HE

BT IEACALFIPME k. BeJa, HRAEC(10)~(12)k 1
AHN FIBOORE I, i[RI 5 B S AR PRI IE 22,

RN PHAELR SPHE T B (g, g, IR0

post-VBSCFit B Ry m, JIf i B 5 T )5 3 post-
VBSCFIH A HA R SR E. D LR aEE T &
PEA RS A AR A ENUIR, #5802 R A IEAS
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Figure 1 Flowchart of the construction of inactive, active, and virtual orbitals in this work
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Zi b, a0 EAG S A BOO R BLIE [R] s S 1 5 dulk 1
FNEASYE. AR, AICHg o+ R ka1 I BOO K LA &
GTTEAN AR B AR, LAk, XRERERE R LU T
2R IR, ik TR VBCUT L LR 2
JEF-43F ) )

2 RS

B A A JE T T B (XM VB4R 4
rhE T, SR (45 LiH, HF, HCI, F,, Cl)H -
BRI, TS 1] A (2e,20), fH FH ALY N
6-31G**. ZJFRF4FH, JHHITEYER T AC—CRUH
PR T, LBELL R RIRAEBE S F(CoH, C3HM
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Figure 2 Illustration of the orthogonality among inactive, active and
virtual orbitals in this work
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XS 43 F ], 150tk T A LT, A, i
EMVBCIHEITALIH, HF, HCL, FoCLIFE]1F
WA B (Beg) « MFBSS B I (Eary) LA BB 731 B (bond
dissociation energy, BDE). X} TS HE &, @Hﬁ‘{fﬁf}
A LI 15 LA A R 5 T 36T (o, 13 900
ekt T FILARIIA T, BT8R BT
i, I A BRI g, | B B RO VBT
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F1 ETFAREEHENVBCIHHEWE T4 FHE.q(Hartree). Eg;is(Hartree)fIBDE(kcal/mol)

Table 1 VBCI calculations of E.q, Eg (in Hartree), and BDE (in kcal/mol) for diatomic molecules using different virtual orbitals

Ui o, L g i HAOHEHLES gt
Eqq —8.008730 —8.008720 —8.008756

LiH Egis —7.929891 —7.929891 —7.929937
BDE 49.5 49.5 49.5 56.6
Eqq —100.171345 —100.180271 —100.178956

HF Egis —99.976706 —99.976706 —99.973762
BDE 122.1 127.7 128.8 137.2
Eqq —460.197208 —460.207909 —460.202147

HCl1 Egis —460.049955 —460.049955 —460.043244
BDE 92.4 99.1 99.7 101.2
Eqq —198.982500 —199.000667 —198.994505

F, Egis —198.950599 —198.950599 —198.942559
BDE 20.0 31.4 32.6 38.0
Eqq —919.123849 —919.140092 —919.127560

Cl, Egis —919.081591 —919.081591 —919.072941
BDE 26.5 36.7 343 58.0

$YBDES BRI, BIl, 4 FHCIM T, (o,

Fl{g, BRI VBCU TS EI I BDESH 1 992,471
99.1 keal/mol, JE# BT SLH{EH101.2 keal/mol. X
BRELIER, M, P, | A 5 8 BDER) 2

SEE NI, ANE,S>T-HIBDESF5I2520.0#131.4 keal/mol,
CL> T-HIBDEZM 91 }926.5F136.7 keal/mol. H KN,

T P TR g, PRI post-VBSCF T 51
REAS 45 T SE S RS . R, R SCAYVBCIIF AT 1y 3k
TAg,! .

AL THAOMIE S VBCL, JE TA ST IBOO
REHLIE A VBCIFER: T LiHLAS M SR F-43 1 FR R 45 1
THARR AT RE . Hoh, ClLor T P 25 R0 g S hE
AR GEVBCT 243 B AR T 297.9F15.4 keal/mol,
A4 2] BDEWES A W, SAkUd, A Iese
VBCH R Hfifi 4% 2 I HAO, #:TBOORVBCI
XFIURR I XU F ¥4 45 R BDE, T4 X} A 1
A —ERREERRL. BXH /A8 K 20k A BOO#LIE
AR s B, L IE R PR R X PR s 3 R, BOOKE
PUBE LS A SRS EIE RS, A [ e 8
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I R R J5 VBSCEF T 4 18y ml B
PE. ISTRIS2Zr BILAF, A 245850 F 0, J&oR T AR Y
BOOEHLIH.

#2251 T VBSCF, BOVBHIVBCIy 115 i AU
F4rF AR BE(resonance energy, RE). TEZ4 ML FE RIS
i, RERE SO A BT E(D) FIE(Dp) I RER 22,
HH D2 RE A AN RS (AR SO T B RS AR & B
SR M N S5 ), T O Rl T
ML R R gL, AFR2HTRTLUE R, T HE
TEASH THIE, BOVBAIVBCHTEAS S| HRESL & T
VBSCF. T T BOVBJT X T E(@g) A Z5H 111
M TVBSCE, FIBOVBRYHE &l T REMIEUE.
Xf H i FTHAOFIBOO#IE I VBCL i vk, Hiat A5 21
REXS R T CLEASM 3R H B2 (FH 252 keal/mol
). X TFCLA T, B THAOHIE L4 VBCIH 425
48.9 kcal/molfRE, 13 TFBOORIVBCIfSE|HRE N
44.2 keal/mol, & & T"VBSCFi&15 5] 1%43.2 kecal/mol.
I FREJFAERDIN A B, 229 AR Y 5 VBSCF
DA R 25 78 A BRI, ELORFE T AR Y
EE#R, X R TBOOM post-VBSCF 7 1L AEMS A
B R BNASHIOE,  IF I T4 B B S ) B
e



ol
vy

2R T

Z23%1 4 T VBSCF, BOVBAHIZFBOOM VBCIY
PR Z T 57 (CH,y, CoHg, C3HMIC,He))
RE. 2 TFHAOME S VBCIT L AE A L5 14> T I
E—E B, =T 2 E T s AR A
TCE T WA BN T L, DA S 80R 1 K LA 1)
PRIXE, R R3NP R 45 R AR R 45 5L

XFE(@)FE(@)HITE, FEFBOOKVBCIE
25 KT VBSCFAIBOVBIYZE R firfs VBCIHRE R
B HLBOVBF#KI#130.1 Hartree, 1 TVBCI
HLLBOVBH U258 T shaS A E. [H3. 195 ir
W, BOVBE i TRE, TMVBCIHE G REXK T
BOVB, #M T Ha &8 FE . ok, 1efr
MR A4 Z R 7201, BOVBRIVBCIYZ H 211
e R I ARHIRE, TMRAEEEC H oc B EA =
(IRE, RIFTEXTREMTHE LA T — 85000 e e

3.2

4 H5B

AT VSRS, $2H T —2KHn i
Hii—HERGE, IR R T —Fipost-VBSCF i ik
R PEEAE TS, X — REIE R 1 T RN
JBT T BRI A R SR SR RS E, P T {5 Bipost-VBSCF
i AR A G AT T R RCR B Y PIE R . [R]A,
ZT R M T T A E WUR R R VBCY
AR T TR R, b K R v AR L i
I Bpost-VBSCF Jy L B85 | FE A

FHESEFFW], JETBOOKHUIE Y VBCI AR
KO TFERRPHERRML TEE TS, FRETHE
Mg b B AL A MR A R s, SR T 4a X fig
HE AR EAE R, LA, BOORYHLIERERT LIME A
post-VBSCFJy i HH T i & th B2 4 () T S8 20,
— T RROR. X — 07 PR R S TAE IR A
HE.

#2  REFEHEREFSHTFHRE(keal/mol)”
Table 2 RE (in kcal/mol) of diatomic molecules calculated by different methods
aF VBSCF BOVB VBCI(HAO) VBCI(BOO)
LiH 1.2 1.4 6.5 7.5
HF 72.7 83.3 82.3 84.4
HCl 273 30.9 34.0 31.6
F, 41.7 62.3 54.0 53.5
Cl, 432 52.0 48.9 442

a) VBCI(HAO)FVBCI(BOO) 3| A {# FHHAOHIBOOFLIK ) VBCLT

%3 FEBEHESETHTFRENERRIEN AN ERE@), Hartree). 2L R (E@q), Hartree HIRE(keal/mol)
Table 3  E(®x), E(Dg,) (in Hartree), and RE (in kcal/mol) of polyatomic molecules calculated by different methods
iy VBSCF BOVB VBCI(BOO)
E(Dy) —77.989356 —77.989356 —78.117469
C,Hy E(Dg) —78.021609 —78.037956 —78.159939
RE 20.2 30.5 26.7
E(Dg) —79.159662 —79.159662 —79.326672
C,Hg E(Dygyp) —79.193034 —79.205707 —79.356209
RE 20.9 28.9 18.5
E(Dg) —116.951959 —116.951959 —117.169732
C;Hg E(Dgyy) —116.991855 —117.009051 —117.208094
RE 25.0 35.8 24.1
E(Dg) —154.694381 —154.694381 —154.962095
C4Hg E(Dgy) —154.748102 —154.770946 —155.019730
RE 33.7 48.1 36.2
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Block-orthogonalized orbitals and their applications in
post-valence bond self-consistent field calculations
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In modern quantum chemistry, valence bond (VB) theory remains a valuable tool for understanding chemical bonding,
providing intuitive insights into electronic structures through its electron-pair bonding model. While molecular orbital
(MO) theory dominates electronic structure calculations, VB theory continues to be significant for its ability to offer clear
chemical interpretations and an intuitive understanding of molecular bonding, electronic effects, and chemical reaction
mechanics. Among the ab initio approaches in VB theory, the valence bond self-consistent field (VBSCF) method is
foundational. By expressing the wave function as a linear combination of VB structures, the VBSCF method is inherently
multi-configurational. This characteristic allows VBSCF to effectively incorporate static correlation, which is crucial for
accurately describing strongly correlated systems or processes, such as bond dissociation and singlet diradicals and is also
applicable to excited-state calculations. However, while the VBSCF method accounts for static correlation, it does not
incorporate dynamic correlation. One often used and computationally efficient improvement is to include the contribution
from virtual orbitals to account for dynamic correlation. This is typically achieved through treatments such as configuration
interaction (CI) or perturbation theory (PT).

This study introduces a novel orbital type, termed block-orthogonalized orbitals (BOOs), within the framework of ab
initio VB theory. BOOs are designed to tackle the long-standing challenge of balancing chemical intuitiveness with the
requirement for orbital orthogonality in post-VBSCF methods. Traditional post-VBSCF methods, such as valence bond
configuration interaction (VBCI) and valence bond perturbation theory (VBPT2), often concern a trade-off between
maintaining localized orbital representations and achieving computational efficiency. To address this challenge, the BOOs
are constructed as follows: first, the delocalized virtual orbitals are obtained by projecting out the occupied orbitals. These
virtual orbitals are then projected onto each fragment of the studied molecule, and subsequently orthogonalized for the
occupied orbitals. Thus, the proposed BOOs provide a solution by combining both internal orthogonality and orbital
locality, enhancing the efficiency of post-VBSCF calculations without sacrificing chemical interpretability. Moreover, the
BOO-based VBCI method improves computational accuracy, particularly for bond dissociation energies (BDEs) and
resonance energies (REs) in both diatomic and polyatomic molecules.

Computational results for molecules including LiH, HF, HCIL, F,, Cl,, and several polyatomic systems such as ethylene
and cyclopropane, are presented in this study. Two strategies for constructing BOOs with different types of locality are
compared, and it is concluded that more localized BOOs are particularly advantageous for post-VBSCF methods. The
absolute energies, BDEs and REs of the studied molecules are presented, indicating that the BOO-based VBCI method
yields more accurate results compared to the traditional method utilizing hybrid atomic orbitals (HAOs), mainly due to the
slight delocalization of BOOs. For instance, the BDEs calculated using the BOO-based VBCI for HCI, F,, and Cl, are
closer to experimental values than those obtained from HAO-based VBCI. Additionally, the BOO-based approach also
provides reasonable REs for the studied molecules. Finally, the BOO-based method addresses the issue where part of the
inactive HAOs are not strictly localized on a single atom, thereby successfully extending the applicability of VBCI to
polyatomic molecules.

In conclusion, the introduction of BOOs represents a significant advancement in post-VBSCF methods, offering a
balanced approach to orbital localization and orthogonality. This new orbital construction scheme preserves the chemical
intuitiveness inherent in VB theory while enhancing both computational efficiency and accuracy, thereby establishing the
foundation for the further development of efficient post-VBSCF methods and algorithms.

post-valence bond self-consistent field method, block-orthogonalized orbitals, virtual orbitals, dynamic electronic
correlation
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