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We present a generalized energy-based fragmentation (GEBF) approach for approximately predicting the
ground-state energies and molecular properties of large molecules, especially those charged and polar molecules.
In this approach, the total energy (or properties) of a large molecule can be approximately obtained from
energy (or properties) calculations on various small subsystems, each of which is constructed to contain a
certain fragment and its local surroundings within a given distance. In the quantum chemistry calculation of

a given subsystem, those distant atoms (outside this subsystem) are modeled as background point charges at
the corresponding nuclear centers. This treatment allows long-range electrostatic interaction and polarization
effects between distant fragments to be taken into account approximately, which are very important for polar
and charged molecules. We also propose a new fragmentation scheme for constructing subsystems. Our test
calculations at the Hartred-ock and second-order MgllePlesser perturbation theory levels demonstrate

that the approach could yield satisfactory ground-state energies, the dipole moments, and static polarizabilities
for polar and charged molecules such as water clusters and proteins.

1. Introduction (MOs) of a series of subsystems. Such DM-based approaches
have been shown to be capable for giving quite accurate ground-

Linear scaling electronic structure algorithms have been . .
developed for more than a decade, which are expected to pestate energies and some molecular properties. But the use of

applicable to quantum mechanics calculations of large mol- this type of approach fgr performing geometry optimizations
ecules. Many useful algorithms have been proposed for theand_ frequency calcu!atlons_ of large molecules has not been
Hartree-Fock (HF) and density functional theory (DFT) achieved. However, in various energy-based approaches, the
calculationst~1 post-HF calculations such as MaHePlesser total energy of a target molecule can be directly denvgd from
perturbation theory (MP) and coupled cluster theory (EC¥? the energies of all subsys_tems constructed acc_:ordlng to a
In addition, some lower order or linear scaling algorithms for fragr_nentatlon sc_heme. This type of approach is Qe'_‘efa”y
energy gradient calculatioh®2%-32 and molecular properties ~aPplicable at various theory levels and can be easily imple-
calculation&®*~36 have also been proposed. For instance, the static mented for the geometry optimizations, calculations of vibra-

response properties of molecules are usually computed throughtional frequ'encies and other'properties. Depending on different
solving the coupled-perturbed self-consistent-field (CPSCF) fragmentation schemes, various energy-based approaches have

method, whose computational cost scales as the fifth power of P&€Nn proposeth:>1:5%659These approaches have been sr;own
the number of basis functiodd3 Several approaches have been t0bequite successfulfor nonpolar orless charged moletifés
developed for reducing the scaling of the CPSCF calculaigh. But test calculations .also showed that they might give less
Among them, a promising approach is the linear scaling density ccurate results for highly polar and charged molectfid
matrix perturbation theory developed very recef#§ How- treat the charge_d molgcules, J|ang_ an_d Ma et al. improved our
ever, such linear scaling algorithms have not been establishedPrevious work in their electrostatic field-adapted molecular
as a practical tool for geometry optimizations and molecular fractionation with conjugated caps (EFA-MFCC) approach by
properties calculations, because the crossover between thes@dding point charges on the charge centers of those charged
linear scaling algorithms and corresponding conventional meth- 9roups (outside a given subsystethhen, these point charges
ods occurs at quite large molecules. are incorporated in the quantum chemistry calculations of
The development of alternative approaches for performing Various subsystems. This modified approach was found to give
quantum chemistry calculations for very large molecules, such improved r_esults for some charge_d biomolecules. However, their
as molecular fragmentation approaches, is also an active are@PProach is not applicable for highly polar molecules such as
in the recent year®5° There are mainly two types of o-helix polypeptides and water clusters, and also for those
fragmentation approaches, one is the density matrix (DM) basedcharged molecules with delocalized charges in some groups (in
approach®6 and the other is the energy-based appré&cH. which charges may spread over several atoms rather than a
In the DM-based approaches, the total energy of a targetspecific atom). To treat large cluster systems, Sakai and Morita
molecule is calculated from the assembled density matrix, which 'ecently proposed the integrated multicenter molecular orbitals

is constructed from the density matrices or molecular orbitals (IMICMO) method>*5* which can also be considered as a
energy-based fragmentation approach. In this approach the total

* Corresponding author. E-mail: shuhua@nju.edu.cn. electronic energy of a larger cluster system is also expressed as
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the summation of electronic energies of some small clusters.is completely ignored. For nonpolar macromolecules, the neglect
For a given small cluster, those distant molecules (outside this of this interaction has little influence on the calculated total
cluster) are also modeled by point charges, which are incorpo- energy, as shown in previous test calculati®hi8®>°However,
rated in the quantum calculation of this cluster. The method this approximation will lead to serious errors for charged and
has been shown to give satisfactory ground-state energies anchighly polar macromolecules such as proteins or water clusters,
vibrational frequencies for neutral and charged water clusters.in which the interaction between two distant fragments may be
In the present work, we suggest a generalized energy-basecelectrostatic in origin and thus long-range.
fragmentation (GEBF) approach for treating general large  Before we introduce a GEBF approach for treating general
molecules (macromolecules or large cluster systems), which maymglecules, we will propose a new way of constructing sub-
be charged or highly polar. In this approach, those distant atomsgystems for a given target system. The overall procedure
of the target molecule, which are not e>.<plicitly included in a follows: (1) Divide a target molecule into fragments of
given subsystem, are represented as point charges. These poilymparable size. (2) Cap each fragment (called central fragment)
charges are then incorporated in the quantum calculations ofyit its neighboring fragments to construct closed-shell sub-
subsystems. In this way, not only the electrostatic interaction gystems, For convenience, these subsystems are called primitive
between d|stan_t fragments but also the polarization of a given subsystems (the total number is equal to the total number of
fragment by distant atoms of the target molecule are ap- fagments). I the neighboring fragment is bonded to the rest
proximately taken into account. The way we use here for treating ¢ {he system by a covalent single bond-X (X belongs to
the interaction between distant fragments is similar to that in this fragment), we need to replace the X bond with the X-H
the field-adapted adjustable density matrix assembler (FA- o4 The position of this added hydrogen atom could be
ADMA) apprqach‘l an(_:I the IMICMO methO(_gp’Sl The main . determined as discussed elsewtidere, for a given fragment,
purpose of this paper is to develop a very simple but effectlvg its neighboring fragments are those fragments that are linked
way to compute the total energy of a general large system (th'sto this fragment through a covalent bond or a hydrogen 158nd.
molecule may be a macromolecule or a weakly bonded CIUSterIn some cases such as molecular clusters, each molecule is

“hosenas a fragment, and its neighboring fragments are defined
to be those molecules within a given distance threslild
Obviously, a largef; value will generate larger subsystems
and thus lead to more accurate results. To take a compromise
between accuracy and computational cost, we usually choose a

approach for large cluster systems is somewhat similar to the
IMICMO method?3%51 However, an advantage of the present

approach over the IMICMO method is that the present approach
is also applicable for treating general large macromolecules, in

which different parts are bonded covalently. In comparison with moderatet; value. For example, for water clusters, we &gt

the previous EFA-MFCC approaéh,the present approach : )
represents a further improvement because the electrostatict0 be 3 A. If a subsystem is totally embedded in another larger

interaction between polar groups is now taken into account. In Subsystem, then this subsystem is eliminated from the list.

the present work, we also propose a new fragmentation schemeSUppose that. the maximum numper of fragments in all primitive
which is different from those in all previous work%51:53-56.59 SUbSYSIems isinax (there may exist many such subsystems).

In addition, the GEBF approach is shown to be directly (3) Constructr-iragment (n = Nmax— 1) derivative subsystems.

applicable for approximately computing the dipole moment and If the .net.numbe!r O.f. a specifiorfragment interaction term
static polarizability of large molecules. occurring in all primitive subsystems ks we then construct a

This paper is organized as follows. In section 2, the theory derivative subsystem containing thesefragments, with its

and computational details of the GEBF approach are introduced.coeﬁ'c'ent_ pelng chose_n as 61_ K). Thus_, the net number of
In section 3, we illustrate the accuracy of this approach for some each specifien-fragment interaction term in all subsystems (both

typical macromolecules and larger clusters, and make Compari_primitivg and derivative) is 1. Similarly, f(_)r all othen-fragment .

sons with conventional calculations. Finally, a brief summary INteraction terms, we can construct their corresponding deriva-

is given in section 4. tive supsystems. (4) Fonfragment (N = Nmax — 2,_ s 2, 1)
interaction terms, we repeat the process described above to

2. Methodology construct corresponding derivative subsystems. (5) Construct
) ) 5759 additional two-fragment subsystems. Although in primitive and
In previous energy-based fragmentation approaehs>” derivative subsystems, most important two-fragment interactions

the total ground-state energy of the target system can bepgye heen taken into account, many non-negligible two-fragment
expressed as interactions are not included explicitly. In general, if the distance

M between two fragments is larger than a thresipldé, is set
E = ZC E 1) to be 8 A in ourcalculations), the interaction between these
ot g mm two fragments can be approximately modeled by the Coulomb

interaction between point charges of these two fragments.
whereEn, andCy, is the ground-state energy and coefficient of However, when the fragmenfragment distance is less than
the mth subsystem andV is the number of constructed &, it is better to compute their interaction by subtracting the
subsystems. The basic procedures of these energy-based fragenergy of the corresponding dimer from the energies of two
mentation approaches include (1) divide a target molecule into separated monomers (formed by adding hydrogen atoms to
small fragments, (2) construct subsystems from small fragmentsfragments if necessary). As a result, some two-fragment
according to some rules, (3) perform conventional quantum subsystems (the distance between two fragments is less than
chemistry calculations on these subsystems, and (4) obtain the5,) are added to get more accurate results. To illustrate this new
total energy of the target molecule using eq 1. It should be fragmentation scheme, we take mixe(8,¢-acetyl(glyyNH; as
pointed out that in constructing subsystems, only the local an example. This molecule can be divided into six fragments,
surroundings of a given fragment within a given distance are as shown in Figure 1. According to the connectivity of various
explicitly considered. In other words, the interaction between a fragments, we can form six subsystems in the first step, which
given fragment and those distant atoms of the target moleculecan be denoted as (1234), (1235), (12346), (13456), (2456), and
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(1346) and set its coefficient to be-{). In a similar way, we

can build three-fragment, two-fragment, and one-fragment
derivative subsystems. Totally, for this model system 14
subsystems can be obtained (as shown in Figure 1) and their
coefficients are listed in Table 1. By checking this table, one
can see that the net number of each intrafragment term or each
specificn-fragment termif = 2, 3, ...,Nmax ) is 1.

It should be pointed out that in the construction of all
subsystems, most important three- or four-fragment interaction
terms are included, but not all of them are explicitly treated.
The neglect of some three- or four-fragment interaction terms
may give rise to some errors in the total energy, but our
calculations show that the addition of corresponding three- or
four-fragment subsystems only brings insignificant improve-
ment. For a target system, the construction of all subsystems
can be initiated by manually assigning all fragments, and then
the subsequent steps can be completed automatically by running
a program. Within this fragmentation scheme, the renumbering
of all fragments in the target molecule will lead to identical
subsystems. Thus, the same total energy will be obtained,
regardless of the labels of various fragments.

An essential requirement for an energy-based fragmentation
approach is that the net number of added hydrogen atoms (“link”
atoms) must be zero. Let us analyze whether the above-described
fragmentation procedure meets this requirement. In general, an
arbitrary fragment is linked to fragmenj through a covalent
bond (otherwise no link hydrogen atoms are required). Accord-
ing to our construction rules described above, the net number
of subsystems including both fragmentandj, 4j, must be
equal to 1. In other subsystems includingut withoutj, an
extra hydrogen atom must be bonded.tAssume that the net
Figure 1. Fragmentation scheme and constructed subsystems for number of such subsystems is denotedi@s In addition, we
mixed-o/3ip-acetyl(glysNH,. In the schematic diagram, solid_ lines  know that the net number of subsystems includingj, must
between fragments stand for covalent bonds, and dashed lines stan%e equal to 1. Becausie= /1” + /h(j), we then deducéi(j) =0.

for hydrogen bonds. In the primitive subsystems, the central fragment __ .
is denoted with a cycle. For all subsystems, hydrogen atoms added forThls result clearly shows that extra hydrogen atoms bonded to

valence saturation are explicitly displayed. fragmenti occurring in all subsystems are cancelled.
_ As shown previously, the total energy of a large molecule
TABLE 1: All Subsystems Constructed for can be approximately obtained from eq 1 through the calcula-
Mixed-a/3;5-acetyl(gly)sNH 22 : - .
tions of all subsystems if the target molecule is nonpolar and
subsystem coefficient components subsystem coefficient components naytral. However, for highly polar or charged molecules, we

(1346) (123)

ey B

(246) (456)

( N/q”l ...... ./‘% Ef;&l

(25

(46) 2 (3

1 1 (1235) 8 -1 (246) have suggested earlier that those atoms not included in a given

g 1 gigiggg 1?) —11 (‘g’g subsystem should be approximately represented as point charges.

1 1 (2456) 11 1 25) Then these point charges_located at the correspond_lng nuclear

5 -1 (1346) 12 1 (46) centers are incorporated into the quantum calculations of all

6 -1 (123) 13 1 2) constructed subsystems, which can be done with the Gaussian

7 -1 (135) 14 1 (©) 03 progranfi! (thus no additional programming effort is needed).

a Components of a given subsystem stand for all fragments involved SO within the GEBF approach, each subsystem is computed in

(hydrogen atoms may add). the presence of point charges on those distant atoms (outside

this subsystem). It should be pointed out that charges on those
(3456) (the labels of fragments are combined to specify a junction atoms (atoms replaced by extra hydrogen atoms) are
subsystem, and hydrogen atoms added for saturating danglingully taken into account in calculations on subsystems (because
bonds are implicitly assumed to belong to the corresponding they are far apart from the central fragment and their influence
fragment; see Figure 1). Clearly, two subsystems (1234) andcan be neglected). Now we discuss how to obtain these partial
(3456) can be eliminated because they are included in two largercharges used for quantum chemical calculations on subsystems.
subsystems (12346) and (13456). Then the retained fourAlthough various schemes have been proposed to compute
primitive subsystems are (1235), (12346), (13456), and (2456), atomic charge& 67 we have found that the use of natural
in which the maximum number of fragments in these subsystemscharges from natural population analysis (NEAY leads to
is five, as seen in Table 1. Second, by checking four-fragment satisfactory results, as shown later in the next section. An
interaction terms in four subsystems, we construct correspondingiterative way for obtaining these natural charges can be described
derivative subsystems. For example, because the 1-2-3-4 ternbelow. First, we perform a standard HF (or DFT) calculation
occurs only once in all four primitive subsystems, it is not for each primitive subsystem without including background
necessary to construct a derivative subsystem (1234). But forcharges. Then, only natural charges on the central fragment are
the 1-3-4-6 term, we can see that it occurs twice in two five- extracted from the corresponding NPA calculation. Calculations
fragment subsystems, so we have to build a derivative subsystenon all primitive subsystems (its number is equal to the number
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of fragments) will produce an initial guess for partial charges TABLE 2: GEBF-Energy Deviations with Respect to the
on all atoms. Next, these partial charges are incorporated in thec%nvennonal Enefrg|es for (';]b0+)5(H0_)5(H20)22 by Using
HF (or DFT) calculation of each primitive subsystem (to replace 2ierent Types of Atomic Charges

those distant atoms), and partial charges on all atoms of the energy deviation (mH)

target molecule can be recalculated as described above. In charges HE MP2
principle, we could repeat the above step until partial charges no charges 6172 13003

on all atoms are converged. In fact, we have found that one Mulliken —5.44 —8.87
iteration is usually enough to produce nearly convergent natural ESP —7.06 —8.36
charges. Therefore, the natural charges from the first iteration Natural —0.49 0.34

are employed for the energy and properties calculations of the  a1he conventional HF and MP2 energies ar@432.28054 and
target molecule in the GEBF approach. —2439.75819 au, respectively.

The most important question for the GEBF approach is how _ o _
to obtain the total energy expression of a target molecule from the first and second derivatives of the total energy with respect
the energies of its various subsystems. Fortunately, we find thatto the electric field?

there exists a very simple relationship between the total energy 9E

of the target molecule and those of all subsystems constructed w=—-= (i=xy.2 (3)
within the GEBF approach, oF;
2
M M QaQs o = — J°E (ij=
_ ~ i 1] - nyva (4)
Erot = ;CmEm - (;cm - 1)2 BzA -~ 2) i oF,0F,

Then, within the GEBF approach, the dipole moment, and static
whereE, is the total energy of theth subsystem including  polarizability of the target molecule can be approximately
the self-energy of charges (on those distant ato@g)is the calculated a
coefficient of themth subsystem, an@a is the partial charge
on atom A. We will give a simple analysis for the derivation of
this equation. Suppose there Alesubsystems constructed for
a target molecule. For an arbitrary fragmenif all atoms of
th?s fragment are treated as backgro_und point charges, we denotgvhereQm is the corresponding property of tith subsystem
this fragment as a dummy fragmeifit Because the total net  (yith distant atoms represented as point charges). In a recent
number of fragment and its dummy counterpart occurring in- o1 by Zhang et al® a similar formula for estimating the
all subsystems isi + Zr = Y1 Crm, the net number of the  gipole moment was implemented in their molecular fractionation
dummy fragmeni’ is 4y = YCm — 1 (i = 1 by construc-  with conjugated caps (MFCC) approach, but the subsystems
tion). If we simply calculate the total energy of the target system were not in the presence of background charges. Equation 5
as the sum of energies of all subsystems, the self-energy of thecould also be applied to calculate other molecular properties,

Q=D Col  (Q= 3,06, ) )

M =

charges on each fragment will be counted fhCn — 1) which will be explored in our future work. In addition, we found

times and thus should be removed. On the other hand, in allthat within the current implementation of the GEBF approach,
subsystems the two-fragment interaction term betwesmd] it is difficult to give quantitative predictions on static hyper-

may exist in four different forms, such asj, i—j', i'—j, and polarizability, which can be derived from the third energy
i'=j’, with their net number denoted dg, Ay, Aij, and iy, derivatives. The reasons are not clear yet.

respectively. For instance, thej' term denotes that in a given
subsystem the fragmenis explicitly treated, and the fragment 3. Results and Discussion

] is modeled as point charges. By construction, we higvé In this section, we will illustrate the effectiveness and

L & Jij + diy = FCm. If the distance between fragmerits applicability of the present GEBF approach for various highly
andj is less thart, we have; :Ml andZy = Aij = 0 (i = polar and charged systems, including small proteins and water
A= Aj). As a result, Ay = 3Cn — 1. Thus thei’'—j' clusters. All the conventional quantum chemistry calculations
interaction term has been counted fgiCm — 1) times and  for the target systems and their subsystems are performed with
should be removed (because thg interaction term has been  the GAUSSIAN 03 packag®. For MP2 calculations, all
incorporated). If the distance betweeandj is larger thargs, electrons are correlated, and 6d Cartesian functions are used
Aj = 0 andij = Zi; = 1. Then,Aij = ¥Cr — 2. It is well- for polarized basis sets. The present GEBF approach has been
known that when two fragments are separated from a distanceimplemented in the LSQC quantum chemistry pack&ge.
&2 (8 Ain the present work), the two-fragment interaction terms  First, we want to investigate the influence of different types
approximately satisfyEj ~ Ej ~ Ej ~ Eyy. Because the  of point charges on the total energy of the target system. We
interaction terms—j', i'—j, andi’'—j" are all included in the  have taken (HO")s(HO )s(H20)2 a heavily charged water
energies of all subsystems, we should removeith¢ term cluster, as a test molecule. Table 2 shows the energy deviations
for (3MCm — 1) times to ensure that the interaction betweéen obtained from the GEBF approach with respect to the corre-
andj is only counted once. In summary, a combination of all sponding conventional values at the HF and MP2 levels (6-
the intrafragment and two-fragment electrostatic interaction 311G* basis set is used). Here the point charges are calculated
terms required to be deleted is just equal to the second term offrom the conventional HF calculation on the whole system. One
eq 2, which completes the proof. can see from Table 2 that if point charges are not considered,
One may wonder whether eq 2 can also be extended for both the HF and MP2 energies given by the GEBF approach
calculations on some molecular properties of large molecules. deviate from the conventional values by1.72 and—130.03
By adding an external electric fiekl (i = x, y, Z) to a molecule, milliHartree (mH), respectively. When the natural chaf§€s
one can express the dipole moment and static polarizability asare used as background charges, the GEBF-HF and GEBF-MP2
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TABLE 3: GEBF-Energy Deviations with Respect to the
Conventional Energies for (HO*)s(HO ~)s(H20),2 by Using
Natural Charges from Different Iteration Steps?

energy deviation (mH) mean deviation
iteration step HF MP2 of NPA charges

0 —-1.11 —1.33 0.0160
1 —0.35 0.49 0.0031
2 —0.36 0.47 0.0029
3 —0.36 0.47 0.0029

of the largest
subsystem

basis functions

GEBF
216.94
327.91
439.52
559.26
673.82
219.58
743.18
712.30
729.11
903.04
920.95
877.63
1088.66
2236.43
1176.09
1633.50
1313.21
1307.78
1416.76
1460.90

a1n the last column, the mean deviation between the NPA charges
from the GEBF approach and those from the conventional calculation
on the whole system is listed.

polarizability (B&hr

conventional
215.54
324.93
435.46
551.87
665.45
219.25
756.57
724.39
742.03
886.57
911.58
865.50
1081.53
2211.96
1161.99
1627.85
1295.15
1285.34
1424.82
1437.23

energies are different from the conventional values only by less
than 0.5 mH, significantly better than those with Mulliken
charge®-%3 and electrostatic potential (ESP) char§e® For
other systems, we also obtained similar trends. Thus the naturalg
charges are adopted in the present work. Next, for this molecule,
we have investigated how many iterations are required to obtain3
nearly convergent natural charges, according to the procedures
described earlier in the preceding section. The results are liste

in Table 3. One can see that the GEBF-HF and GEBF-MP2
energies are almost convergent when the natural charges ar®
obtained from the first iteration. In addition, a comparison of 2
the natural charges from the GEBF approach with those from
the conventional calculation on the whole system (listed in the
last column of TABLE 3) shows that the mean deviation
between them is only 0.003 after the first iteration. This result
indicates that the natural charges after the first iteration are quite 5
close to those exact natural charges from the whole system,g
and thus can be adopted as background charges in subsystem
calculations. It should be mentioned that the sum of charges ong
all atoms of the whole system obtained in this way is not a 2
precise integer value. But the calculated total charges usually'g
deviate from the corresponding integer by a small value. For
example, the total natural charge is ont.034 for (HO™)s-
(HO_)5(H20)22.

The systems we have chosen for validating the applicability
of the GEBF approach at the HF level are a series of water
clusters and proteins. They include ice-like water clustes®fk
(n = 32, 48, 64, 80, 96), and @@")5(HO )5(H20),2, three
conformers of acetyl(alg)\H, peptide 6= 10, 18), and eleven
proteins from the protein data bank (PDB}-or some medium-
sized molecules, we have used the 6-311G** or 6-311G* basis g
set, and for relatively larger proteins we have used the 6-31G o
basis set for saving the computational time. The geometries of &
all studied molecules are taken from other literatures or &
constructed by us. For these systems, the fragmentation detail%
are described below. For water clusters, each water moleculeg
is selected as a fragment. And for proteins, we cut theCC
bond between-carbon and the carbonyl group in the central
residues, the SS bond between two residues, and the©
bond betweer— andy—carbons in five residues with large
side chains (Arg, Lys, Phe, Trp, and Tyr).

For selected water clusters and proteins, we have shown their
total energies, dipole moments, and static polarizabilities W
calculated by the conventional HF and GEBF-HF calculations
in Table 4 for comparison. For all studied systems, the ®
differences between the GEBF-HF energies and the conventional2
HF values are less than 14 mH. For ice-like water clusters, the 3
GEBF approach can reproduce the conventional HF energies®
quite well, with errors less than 4.0 mH. For the charged water <«
cluster (HO™)s(HO™)s(H20).2, the GEBF-HF energy deviates
from the conventional HF value only by 0.4 mH. But if
background charges are not included, the corresponding energ

38.55
91.46
94.78

5.77
150.28

GEBF
19.23
12.02

9.59
3.79
46.70

250.77

178.15

144.71

36.66

485.74

117.14
129.54

136.99

232.03

61.99

40.68
90.42
93.57

150.50

5.75
251.47

dipole moment (Debye)
conventional
19.26
12.05
9.74
3.93
46.73
178.44
144.78
37.08
484.77
117.66
128.55
137.87
230.94
61.93

nventional a

1.07 (1.25)
—0.65 (37.03)
—1.45 (47.76)

—5.49
—5.23
—2.53
—2.28

GEBF (mH)
-13.38

—0.06 (27.77)
—1.32 (47.11)
—2.01 (71.03)
—2.49 (122.13)
—3.52 (192.21)
—0.40 (-61.88)

—4.06
—8.44
1.65
—4.10
—4.34
-0.15

total energy

conventional (au)
—2433.660 98
—3650.537 68
—4867.448 88
—6084.515 33
—7301.522 60
—2432.267 91
—4634.234 92
—4633.988 84
—4634.295 77
—6832.988 11
—7108.158 63
—6808.852 81
—7610.993 01
—17994.671 09
—11118.098 34
—9693.830 82
—10010.378 48
—11988.640 78

—10055.552 46
—11335.149 97

tic Polarizability Calculat

basis set and basis
functions
6-311G** (960)
6-311G** (1440)
6-311G** (1920)
6-311G** (2400)
6-311G** (2880)
6-311G* (768)
6-311G* (1977)
6-311G* (1977)
6-311G* (1977)
6-311G* (2324)
6-311G* (2432)
6-311G* (2291)
6-311G* (2896)
6-31G (3597)
6-31G (1749)
6-31G (2447)
6-31G (1973)
6-31G (1894)
6-31G (2206)

6-31G (2164)
aThe relative energies with respect to corresponding conventional energies, and those without point charges included in parEmhesetber of positive and negative charge centers included

parentheses for eleven proteins.

e

o]
=
@]
0
Q
)
S
]
c
T

t

molecule

ike (H0)s2
ike (HoO)as
ike (H0)sa
ike (H2O)s0

ike (H20)96
(H30M)s(HO™)5(H20)22

epidermal growth factor subdomain (1FGD;,71)

crambin (1CNR, 337)
vacuolar targeting peptide (1VTP{%")

o-conotoxin pnib (LAKG, 127)°
trypsin inhibitor Il (2ETI, 437)

o-conotoxin mii (LM2C, 317)
o-conotoxin pnil (LPEN, 127)
u-conotoxin giiib (1GIB, 1157)
Bovine lactoferricin (1LFC, 917)
w-conotoxin mviia (LOMG, 727)
tertiapin (1TER, 717)

p-strand acetyl(ala)NH-
3io-helix acetyl(alagsNH2
a-helix acetyl(ala)sNH;

ice-
ice-
ice-
ice-
ice-
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TABLE 5: HF and MP2 Energies Calculated from the Conventional and GEBF Approaches with the 6-311G* Basis Set

basis functions conventional (au) GEBF (mH)
whole largest

molecule system subsystem HF MP2 HF MP2
p-strand acetyl(ala)NH; 1191 396 —2667.042 11 —2676.607 67 0.49 1.41
3,0-helix acetyl(alajpNH, 1191 616 —2667.064 28 —2676.672 67 -0.32 0.33
a-helix acetyl(alajoNH> 1191 628 —2667.045 58 —2676.659 72 0.27 1.01
(H20)s2 800 300 —2433.466 43 —2440.882 29 0.02 0.88
(H20)a0 1000 300 —3041.730 36 —3051.006 71 0.57 2.23
(H2O)as 1200 300 —3650.122 28 —3661.259 38 0.23 2.24
(H30M)s(HO™)s(H20)22 800 281 —2432.280 54 —2439.758 19 —0.35 0.49

2 The relative energies with respect to the conventional HF or MP2 energies.

difference for this molecule will climb up to about 61.9 mH. 600 |- °
For three conformers of acetyl(ajg)lH» peptide, the maximum — o— Conventional HF

deviation of the GEBF-HF energy from the conventional HF 50 —a— GEBF-HF

energy is 1.45 mH for the-helix structure, but 47.76 mH if
the background charges are not included. But forAtstrand

structure, the GEBF-HF energies differ from the conventional g oo °

values by about 1.1 mH either with or without background % I /
charges. Although both conformers are not charged, it is well- § 31

known that thex-helix structure is highly polar but the-strand 5 r O/
structure is a weakly polar molecule. The performance of the &

200 |
GEBF approach for these two conformers shows that the GEBF L /
approach can give satisfactory descriptions for the polarization 40 |

effect introduced by polar groups. For eleven proteins with at &

most 16 charge centers, their GEBF-HF energies deviate from 0 T,
conventional HF energies by at mosfi3.38 mH for crambin 16 32 48 64 80 % 112
(PDB id: 1CNR), which is the largest molecule in our Number of water molecules

calculations. For crambin, there are 642 atoms with 3597 basisFigure 2. CPU times for conventional HF and GEBF-HF calculations
functions (6-31G), and in the GEBF calculations the largest of ice-like water clusters at the 6-311G** basis set.

subsystem includes only 124 atoms with 675 basis functions.
On the other hand, one can see from Table 4 that for all systemsSMaller than the target molecule, the crossover between
under study the GEBF approach can give satisfactory resultsconventional HF and GEBF-HF calculations will occur at
on the dipole moment and polarizability properties. For the medium-sized molecules. As shown in Figure 2 .for ice-like
dipole moment, the largest and mean deviations with respectVater clusters, one can see that the crossover point appears at
to the conventional values are 5.2% and 0.9%, respectively. And (H2O)s (@ll the calculations are carried out on 3.0 GHz Pentium
for the static polarizability, the largest and mean deviations are 4 workstgﬂons). On the other hand, at the MP2 level the
1.9% and 1.2%, respectivelyherefore, all the results at the computa}tlonal advanta.ge of the GEBF, approagh over the
HF level show that the present GEBF approach can predict the COnVentional approach is much more ObVIOLiS. For instance, for
ground-state energy, the dipole moment and polarizability fairly the water cluster (kD)s; with the 6-311G* basis set, the
well even for highly polar and charged molecules. GEBF—MP2 calculation is already 7 times faster than the

To illustrate the performance of the GEBF approach for post- conventional MP2 calculation. In addition, for large systems
HE calculations. seven molecules are calculated with the conventional MP2 calculations are not feasible also due to the

conventional and GEBF-MP2 approaches, with their results 1ack of sufficient disk and memory space. However, within the

listed in Table 5. The 6-311G* basis set is used for all Mp2 CEBF approach, if all subsystems can be treated at a theoretical
calculations. From TABLE 5, one can see that for all seven level, the target molecule can then be treated at this level no
molecules, GEBF-MP2 energies deviate from the conventional matter how large it is. Furthermore, because the calculation of

MP2 energies by at most 2.24 mH. For water clustersO(H each subsystem is independent of other subsystems, highly
(n = 32, 40, 48), the largest deviation is 2.24 mH fop(sg efficient parallel computations can be achieved within the GEBF

in which the number of basis functions is 1200 for the whole &PProach, which are hardly possible within the conventional

system but only 300 for the largest subsystem. For the highly HF O post-HFZmethods. Therefore, with a message-passing
charged (HO*)s(HO )s(H20), the GEBF-MP2 calculation interface (MPI¥2 parallel t_e_chnlque,_ one can a_lpply the GEBF
also gives remarkably accurate results. Thus, the GEBF approacr?pproa(:h to perform ab initio quality calculations on systems
at the MP2 level is as successful as that at the HF level. with thousands of atoms.

Although the computational cost of the GEBF approach at
the HF or post-HF level is expected to increase linearly with
the system size (because the number of subsystems grows In this work, we have presented a GEBF approach for
linearly with the system size), it is interesting to see where the approximately computing the ground-state energies and some
crossover between the conventional and GEBF calculationsresponse properties of general large molecules, especially those
occurs. For some systems shown in Table 4, we have foundhighly polar and charged molecules. In this approach, each
that the computation cost of the GEBF-HF calculations is even subsystem is placed in the background charges generated by
larger than that required by the conventional HF calculations. those distant atoms (outside this subsystem). This treatment
This is because in these systems subsystems are only slightlyallows long-range electrostatic interactions and polarization
smaller than the whole system. If subsystems are noticeably effects to be taken into account approximately, which are very

4. Conclusion



Ground-State Energies and Properties of Large Molecules J. Phys. Chem. A, Vol. 111, No. 11, 2002199

important for highly polar and charged molecules. In addition,  (28) Li, S.; Shen, J.; Li, W.; Jiang, \J. Chem. Phy2006 125 074109.

we have introduced a new scheme for fractionizing a general 12((122)152%‘*“' S.; Baker, J.; Wolinski, K.; Pulay JPChem. Phys2004
molecule. Our test calculations show that the present approach™ 30y azhary, A. E.; Rauhut, G.: Pulay, P.; Werner, H}-JChem. Phys.

can reproduce the conventional HF and MP2 energies within a 1998 108, 5185.
few milliHartrees for selected highly polar and charged mol-  (31) Rauhut, G.; Werner, H.-Bhys. Chem. Chem. Phy001, 3, 4853.

ecules. Furthermore, some properties, such as the dipole momenﬁoéiz)lzicgng M.; Werer, H.-J.; Lindh, R.; Manby, F. B. Chem. Phys.

and static polarizability, can also be reasonably predicted within -~ (33) Ochsenfeld, C.; Head-Gordon, @hem. Phys. Lettl997, 270,
the GEBF approach. 399.

It should be mentioned that the GEBF approach has its 20(()3;4)11'-5”1553”44“-? Helgaker, T.; Olsen, J.; Jorgenserd. Ehem. Phys.
inherent limitations. For example, it is difficult to extend this (35) Niklasson, A. M. N.: Challacombe, NPhys. Re. Lett. 2004 92,

approach to molecules with highly delocalized electrons, such 193001.
as two-dimensional conjugated systems and radicals. We also_ (36) Weber, V.; Niklasson, A. M. N.; Challacombe, Fhys. Re. Lett.

find that the GEBF approach is less successful for estimating 20(()3‘}7?2'535/1?122]? M. Pitzer, R. M.: Lipscomb, W. Bl. Chem. Phys

some molecular properties, which are dependent on the energy;oe3 3g, 550.
derivatives of third or higher order, such as static hyperpolar-  (38) Stevens, R. M.; Lipscomb, W. N. Chem. Physl1964 41, 3710.

izability. Despite these limitations, the GEBF approach, if ggg zang, w-PEyS- $G-S'Eeté-hl991'§r$v 511‘;?5% 102 5674
- . - ang, W.; Lee, T.-SJ. Chem. Phy: .
approprlately employed, is _expectgd_ Fo become a promising (41) Exner, T. E.; Mezey, P. G. Phys, Chem. /2004 108 4301.
theoretical tool for performing ab initio quantum chemistry (42) He, X.; Zhang, J. Z. HJ. Chem. Phys2005 122, 031103.
calculations for very large molecules in the near future. (43) Chen, X.; Zhang, Y.; Zhang, J. Z. H. Chem. Phys2005 122,
184105.

. . (44) Chen, X.; Zhang, J. Z. H.. Chem. Phys2006 125 044903.
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