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Figure 1 (Color online) Hexapeptidle (DAADAA) and its manual
fragmentation scheme. (a) Molecular structure and the bond breaking.
The bold solid line represents the places for the cut bond and the dotted
line represents the additional cut bond in an automatic fragmentation. (b)
The fragmentation scheme with box models. The solid and dotted lines
represent covalent single bonds and hydrogen bonds, respectively
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Figure 2 (Color online) Unmerged primitive subsystems, each of
which is built with each fragment as center. The fragment inside the
circle represents central fragment. The fragments contained in each
subsystem are listed in parentheses
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Figure 3 (Color online) The GEBF subsystems. (a) The retained primitive subsystem after removing the redundant subsystems and adding the extra
two-body subsystems; (b) the derivative subsystems using the inclusion-exclusion principle. The fragment in circle represents the central fragment. The
fragments contained in each subsystem are listed in parentheses. The number outside the parentheses is the coefficient of the subsystem
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Figure 4 Electrostatically embedded subsystems. The solid box represents the fragment, and the dotted box represents the background charges. The
fragment in circle represents the central fragment. The fragments contained in each subsystem are listed in parentheses. The number outside the paren-
theses is the coefficient of the subsystem
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Table 1 The subsystems of the Hexapeptide (DAADAA) and the GEBF energy
m S Cu E, m S Cu E,
1 (1234) +1 -1654.52152 2 (456) +1 —1220.58293
3 (345) +1 —-1180.97200 4 (15) +1 —727.54120
5 (34) -1 —934.16354 6 (45) -1 —-1012.90692
7 (0 -1 —479.62172 8 5) -1 —252.93539
9 Q +1 -5.01535 it - - —2109.00552

a) HILFEA 5B BILYPHIG-311G(d,p), RERHL7 Hau., £LB3LYPAER H-2109.00665 a.u.
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Figure 5 (Color online) Some clusters and macromolecules calculated with the GEBF method for the ground state energies. (a), (b) Two water
20-mers; (c)—(e) water 32-mer, 64-mer, and 144-mer; (f) the clusters of methanol in aqueous solution with a multi-layer model; (g) a protein (PDB ID:

1FGD); (h) A DNA molecule (PDB ID: 6ASF)

1 TE'F;&(Hesman)L,T UJEU?%/T%JM

anqB _; " anqB (4
iZHessian 7] DL T4 g R 4 1H 58, DU 52 30 KAk
RELLIMGIE | hr 8Ok | F sidRahnae . T2k
Sl FI Hﬂ BT

WAL, FARAR AR B AN AR | S
(LN 1&%)?#»‘?&5’{6_93 A AR EJH QFR), 7]
LA LR 20 20 A5 00

2= ZCQ (2=p,a,.0, ), (16)
FHovh Q) WA 85 5 5 A H A 1 58 m A TR R 0 1 R

e BRI , of JRAE T A L 62 B i
IS _Iu%%/Tﬁ“biﬁﬁl\ﬁ?ﬁ%(li)%ﬂﬁ?ﬂ%’f&%ﬁ(m)ﬂ’]

S
B 0’E
O. = .
' 0Bom,
JE T 1A T B9 25 ) [a) 1 o i i B0nT DL 3R 7 Sk B il ik
T AR BRI 4 1/3:

17)

A 1 A
o =§tr(0' ). (18)

e, BT AR AR a] AR 1245 () [ 1 B
W RS S 5 A W R R R R B 22

ot = crlso o

ref *

(19)

2.2 WHIBEI

GEBF ) 1% 1] LIZEHF, DFTAIMP2/KF I #4757k
ENEN IR R ALY R AN NS = ¥5) A k= A I NN A=

3433



A % b B 20185118 £63% Z33H
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Figure 6 (Color online) Some systems calculated by GEBF method for structures and properties. (a) a-cyclodextrin-templated porphyrin nanoring;

(b) CA3-M3 supramolecular aggregate, in which CA represents cyanuric acid and M represents melamine; (c)—(e) the structures of 3;-helix polya-
lanines, AcAsNH,, after 5-picosecond dynamics using GEBF-M06-2X, AMBER99, and semi-empirical DFTB-D methods, respectively
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Figure 7 (Color online) Electrostatically embedded active subsystems for excited-state calculations. The black block with white number represents the

active fragment, the solid box represents the inactive fragment, and the dashed box represents the point charges. The fragment in circle represents the central
fragment. The fragments contained in each subsystem are listed in parentheses. The number outside the parentheses is the coefficient of the subsystem

3 KRIEZRM SR &

31 Rk ik

GEBF ik agidfe) ™ 21 7 KAk &R 09 Jey i & 24511
RO e AR, HESR RN R B L ol
Bl O THPE DR, HN A B AR Ry <Tm B, 7E R
TR R A IR, A5 I b A AR R BRR S i
TR, HATFERABERAIEGEETERR. K5 Bir
TR R U 2 A5 S B 2 Eps 1T AR R A M AT P F 1R R
FR B K 5 e A M AN AR 6 IR R A SRS B R 2k
AN, X BT TR R AR A TE T S5 L
A A 75 2N - GEBFRE = BF IE W R :
Ey = %cmﬁ; +§cm£‘m +(1—M§Z Cm]zz%,

(20)

XH, E FOREmAH A TR RN
AfghE, HAMSFERAD. XEHEEENREER
i AR 22 6 07 B4 5 S5 R A R, i R ) R R
AT, AT A SR IE A AT W TR LR oS
WK, MBS 1 i A SR R oL, IR AT
MTETESR, E 4TS R TR R 3N (R TR
WY IR R, BT R aRR R, XET
R MER TR E. 77T Bin R RWHE
AREG, BRI AR R A H T RSO, X L E
& H R AR R LR [ DA TE PR R A e
ARG TR R, WE 7R (1234)K R,

3.2 TG

H BIGEBF A LL1E & i % & {2 PR (time-dependent
DFT, TDDFT)FE LG #ECC2/KF F i T RAK &R
R R A, b Ce2ny ALl I Psid R R 705
L. PEI8EFA1MH I GEBF-TDDFTHISE il — b KK 5,

E 8 (ML % ()l FIGEBFIHH R IR A Rk (A &, (a) TNER-7K
HI#E; (b) TRR-CAEHIRE; () MENE-KIAIRE; () AL
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Figure 9 (Color online) Illustration of PBC-GEBF primitive subsys-
tem. (a) Molecular crystal of urea; (b) an electrostatically embedded
primitive subsystems. The wireframe represents the point charges on the
urea molecules in a 5x5x5 supercell

Sx5x5 R AL 2 B R IR A I R I TR R, Hip 4k
ARBIRIFRIR s far. 1158 T4 PBC-GEBF/™ A= [ i i
AR TIRSR, e atEEd e, 23), 2H%
T A BE e T SR

4.3 p A

PBC-GEBF /7 i: 1l LI FBER IR R, Wor+
., BTWARSAE ., WRENRERITE . WAL
TR 3 6 3 S e I A g AT 08081 ] 10 2 fif
PBC-GEBF /7 ik 5E I ER R &R, HE 10(a) & & T
A5 64K A3 F I VK LA A, [ 10(b) & 7E (a) ¥ it
Je 1 JE W K, AT A T PBC-GEBF-CCSD(T)-
F12bJ7 ¥ 3158 1A% (a) Ml (b) A vk Rl Ak o 72 g 104
SERI B AT RE RN ZE A e, BFR R, T AIAE
R RS AR K, ARIBIZ R H 2 58K
455, PBC-GEBF4: 4 mite FE FL 1A DG i vl LA 25
A B R [E110(c) & FHPBC-GEBF-MP2 Jy

R 6-311++G(d,p) & 41 T I AL 45 21 (4 H I il i 26
([MeNH;][NO; ) & Tl K i iR g5 /147, Ao, F&
PR Z SRR B3R N-OB B (d,, dofilds) . 48 ff
(0). MM AN A E S T T . it ER2
AL, X3 N-ORE B 09k 22 ¥/ F0.05 A,
O-N-NfE MR IE s /N T 1°, RSP a Tk
FAf B A 2243 DI A HE30.05 AFN0.2°, (RFR (V)8 22
INTF0.05%. B TAE 5 PBC-MP2AR #i T S i i 4
1k, PBC-GEBF 7 ik L5 & MRS i KRB, T
12 T 53T A8 R A 45 Yk SRR A 2R 11 45 4 A
Fait .

5 ZiwhE

IS S T RE R A o R, KT ElEER
PRI R 1 S RE B (Mg 0 T AR IR o — R 51
R 1R 72 1 fil 22 R B A 8 B 0% 1 201 (S A I 7 B
HRBOMLEEA S, Niseilk 718 Fi )ik
() bx BE PR M, T DL 7E HE, DFT, MP2, MP2-F12,
CCSD(T) & CCSD(T)-F1245 7K - | 512 PR M s BE 1) 1
FALAIR. e A U TR 8o, &
PR RS AR SR 3R i SRS e et (B 4 AR X
fEfm . ZiAHE. AGEE) . (AR . FRSIb®R . s
AR UL . DK TF 3l 12 . PR3
SR ELAM L ) . RTIPERT . R A
H WG 4. ROk, i — 2P ik GEBF Al
PBC-GEBFR.IL, &5 it AAGEEME BE, ol A KR
He 22 18] 54 A B R EC A RN G BSORE B T, O T S v A
AR KRR A B AR RE, PR BIE 2 TR I
B SRR R RGO . T AR R 3
JIFR A, HE— 2 S8 AN R, BT iR
oy FH 2 B Z2 270 B R 43 FNE SR AR R (4115 AL

B 10 (MZROE @) ffi FHPBC-GEBFI T IFR T RIIAMEIR R, () vKIA; (b) JAMIMEK; (o) W RERSRRER B T A T ik
Figure 10 (Color online) Some periodic systems calculated by PBC-GEBF method. (a) Ice-; crystal; (b) periodic water liquid; (c) methyl ammonium

nitrate ionic liquid crystal
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%2 fEFPBC-GEBF-MP2 4415 5 B B Rl MR 2h i AR B EB 4 N—-OFE B8 (dy, d, Flds). %E4(0). RS HH 5N LRERNIRE,
FHERBEAN 6-311++G**

Table 2 Comparison of some N-O distances (d|, d>, d3), bond angle (&), and lattice parameters of optimized methyl ammonium nitrate ionic
liquid crystal at the PBC-GEBF-MP2/6-311++G** level with the corresponding experimental values

Z Ay SR fH PBC-GEBF i 2
di(A) 3.286 3.330 0.044
dr(A) 2.885 2.925 0.040
ds(A) 1.233 1.256 0.023
a(°) 120.5 121.3 0.8
a(A) 10.408 10.452 0.044
b(A) 6.570 6.558 -0.012
c(A) 6.404 6.391 -0.013
a(®) 90.0 90.1 0.1
B 90.0 90.2 0.2
7(°) 90.0 90.2 0.2
V(A?) 4379 438.1 0.2
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Fast quantum chemistry calculations for large molecules and
condensed-phase systems: The developments and applications
of generalized energy-based fragmentation approach

Kang Liao, Zheng Cheng, Yunzhi Li, Dongbo Zhao, Wei Li" & Shuhua Li*

Institute of Theoretical and Computational Chemistry, Key Laboratory of Mesoscopic Chemistry of Ministry of Education, School of Chemistry and
Chemical Engineering, Nanjing University, Nanjing 210023, China
* Corresponding authors, E-mail: wli@nju.edu.cn; shuhua@nju.edu.cn

It is a challenge in theoretical chemistry to perform the quantum chemistry calculations for large molecules and condensed-
phase systems due to the high scalings of the conventional quantum chemistry methods. In order to treat more and more com-
plicated systems in experiments, the development of linear scaling quantum chemistry methods is an active area in theoretical
studies. There are two categories of these methods. One is the category of first-principle base methods, including linear scaling
Hartree-Fock (HF) and density functional theory (DFT) methods and local correlation methods. Another is the category of
fragment-based methods, including density matrix based methods and energy-based fragmentation methods. The energy-based
fragmentation approach has been developed rapidly in the last decade due to its simplicity, effectiveness, and extendibility.

In this article, we review the developments and applications of the generalized energy-based fragmentation (GEBF) approach
proposed in our research group. The basic idea of the GEBF approach is that the total ground-state energy of a large system can
be linearly combined by the corresponding ground-state energies of various subsystems, each of which is embedded in the back-
ground charges on the places of those atoms outside the subsystem. In the GEBF approach, the target system is divided into var-
ious medium-sized fragments, each of which (called central fragment) is capped by its neighboring fragments to form a primitive
subsystem. Then, the inclusion-exclusion principle is applied to all primitive subsystems to generate the derivative subsystems.
The point charges, from natural population analysis, on all atoms are iteratively obtained by extracting the charges on the central
fragments in primitive subsystems or combining the charges on all subsystems. Then the energies or energy derivatives of the
target system could be combined by the corresponding values of all electrostatically embedded subsystems.

The GEBF approach could be applied to the ground-state energies (including the relative energies or binding energies) of a
broad range of large systems including molecular clusters, supramolecular systems, proteins, nucleic acids, and etc. The com-
putational levels include HF, DFT, second-order Mgller-Plesset perturbation theory (MP2), coupled cluster singles and doubles
(CCSD), CCSD with triples correction [CCSD(T)], and explicitly correlated MP2-F12 and CCSD(T)-F12x (x=a,b) methods.
With the GEBF energy derivatives (including energy gradients, Hessians, and so on), the approaches could be employed for
optimizing the molecular geometries, performing ab initio molecular dynamics, computing the vibrational spectroscopies (in-
cluding the IR and Raman spectroscopies) and nuclear magnetic resonance (NMR) chemical shifts of large systems at the HF,
DFT, and MP2 levels. GEBF approach is also extended to the localized excited states by defining those subsystems including
local excitation as the active subsystems, which are treated by the excited-state calculations at the time-dependent DFT or ap-
proximate equation-of-motion CCSD (CC2) levels. Then the GEBF-TDDFT or GEBF-CC2 could be used to compute electron-
ic absorption spectra of solutions or large molecules with local excitations. The GEBF approach under the periodic boundary
conditions (PBC) is also been implemented by constructing the subsystems in a super cell and employing the Ewald summation
and compensation field methods to take the effect of the long-range electrostatic interaction of the crystal environment into
account. The PBC-GEBF approach has been used to compute the lattice energies, crystal structures, IR and Raman spectra, and
NMR chemical shifts of various condensed-phase systems, including molecular crystals, liquids, ionic liquid crystals, and solu-
tions. Thus, the GEBF and PBC-GEBF approaches are expected to be widely applied to the energies, structures, and molecular
properties of a broad range of large systems and condensed-phase systems.

quantum chemistry calculation, large molecule, condensed-phase system, linear scaling, energy-based
fragmentation approach
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