JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

An Efficient Fragment-Based Approach for Predicting the
Ground-State Energies and Structures of Large Molecules
Shuhua Li, Wei Li, and Tao Fang

J. Am. Chem. Soc., 2005, 127 (19), 7215-7226+ DOI: 10.1021/ja0427247 « Publication Date (Web): 23 April 2005
Downloaded from http://pubs.acs.org on March 25, 2009

TRERERERRERRER
2a%s2e%0202s20 302022

E= Z E(capped! )— ZE(conjugated caps)+AE™
£

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 18 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0427247

A\C\S

ARTICLES

Published on Web 04/23/2005

An Efficient Fragment-Based Approach for Predicting the
Ground-State Energies and Structures of Large Molecules

Shuhua Li,*

Contribution from the Department of Chemistry, Institute of Theoretical and Computational
Chemistry, Lab of Mesoscopic Chemistry, Nanjing dénsity, Nanjing, 210093,
People’s Republic of China

Wei Li, and Tao Fang

Received December 3, 2004; E-mail: shuhua@nju.edu.cn

Abstract: An efficient fragment-based approach for predicting the ground-state energies and structures of
large molecules at the Hartree—Fock (HF) and post-HF levels is described. The physical foundation of this
approach is attributed to the “gquantum locality” of the electron correlation energy and the HF total energy,
which is revealed by a new energy decomposition analysis of the HF total energy proposed in this work.
This approach is based on the molecular fractionation with conjugated caps (MFCC) scheme (Zhang, D
W.; Zhang, J. Z. H. J. Chem. Phys. 2003, 119, 3599), by which a macromolecule is partitioned into various
capped fragments and conjugated caps formed by two adjacent caps. We find that the MFCC scheme, if
corrected by the interaction between non-neighboring fragments, can be used to predict the total energy
of large molecules only from energy calculations on a series of small subsystems. The approach, named
as energy-corrected MFCC (EC-MFCC), computationally achieves linear scaling with the molecular size.
Our test calculations on a broad range of medium- and large molecules demonstrate that this approach is
able to reproduce the conventional HF and second-order Mgller—Plesset perturbation theory (MP2) energies
within a few millihartree in most cases. With the EC-MFCC optimization algorithm described in this work,
we have obtained the optimized structures of long oligomers of trans-polyacetylene and BN nanotubes
with up to about 400 atoms, which are beyond the reach of traditional computational methods. In addition,
the EC-MFCC approach is also applied to estimate the heats of formation for a series of organic compounds.
This approach provides an appealing approach alternative to the traditional additivity rules based on either
bond or group contributions for the estimation of thermochemical properties.

1. Introduction the Fock matrix, density matrix search methods have been
proven to be an efficient linear-scaling appro&éhcombination

of these methods has enabled single-point HF calculations of
Systems containing several thousands of basis functions to
become possible. In addition to this category of linear-scaling
algorithms that are aimed to calculate the whole system at once,
there also exists a category of fragment-based approéckes,
which are capable of reproducing ab initio HF or post-HF results
of large molecules quite accurately but with much fewer
computational costs. The basic ideas of these fragment-based

The development of linear-scaling algorithms for electronic
structure calculations has been an active field in the past decade,
Such developments would make ab initio quantum chemistry
calculations become possible for molecules with thousands of
atoms, greatly expanding the applications of computational
chemistry. At the HartreeFock (HF) and density functional
theory (DFT) levels, the conventional high power scaling
behavior (ON®) or worse) of several key steps with the system
size has been reduced to near-linear scaling in the large molecule
limit. The fast multipole methods reduce the calculation of the
Coulombic matrix from O?) to O(N),>~* and both the “ordeN
exchange® and “near-field-exchang&”methods allow linear
scaling to be achieved in the calculation of the exchange matrix (12) Exner, T, E.. Mezey, P. G. Phys. Chem. 2002 106, 11791,
for large molecule$.For very large molecules, the B{) Fock (13) Exner, T. E.; Mezey, P. Gl. Comput. Chen2003 24, 1980.
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approaches are to divide a large molecule into a series of Stoll57-%° and a MFCC-based approach proposed by’us.
fragments, then perform conventional quantum chemical cal- Among these fragment-based methods, the MFCC-based ap-
culations on fragments, and finally construct the properties, suchproach is the simplest one but its accuracy is competitive with
as electron density and the HF energy, of the whole molecule other more sophisticated local correlation methtd®
in some way. Depending on different ways of treating covalent  |n this article, our aim is to introduce an efficient fragment-
bonds that join fragments, many fragment-based approacheshased approach that can predict the total energy of a large
have been proposed in the literature in recent years. For instancemolecule at the HF and post-HF levels with good accuracy with
Yang and co-workers developed the divide-and-conquer (DC) low computational costs. This approach can be formally derived
method?~* Mezey and Exner developed the adjustable density from a new energy decomposition analysis of the HF total
matrix assembler (ADMA) approach;'* Zhang and co-  energy proposed in this work. With this approach, an optimiza-
workers developed the molecular fractionation with conjugated tion algorithm is proposed and implemented that will make
caps (MFCC) approach;'® and Kitaura et al. proposed the geometry optimizations of large molecules with hundreds of
fragment molecular orbital (FMO) meth8&.22 The compari-  atoms become feasible at the present time. In addition, the
sons of these approaches and other developmetts! with present fragment-based approach will also be applied to estimate
conventional HF or DFT calculations for some kinds of the heats of formation for gas-phase compounds from structur-
macromolecules have demonstrated the accuracy and compually similar small species. Different from the well-known bond
tational linear-scaling behavior of fragment-based approaches.or group additivity approaché87!the present approach pro-
On the other hand, it is well-known that the computational vides an alternative appealing approach for chemists to under-
cost of the traditional post-HF (or electron correlation) methods stand and predict the physical and chemical properties of a huge
with the molecular size (at least &) is even higher than that  amount of chemical compounds.
of the HF method. To extend correlation calculations to large  This article is organized as follows. In section I, we first

systems, some lower-order even linear-scaling local correlationjntroduce a new energy decomposition analysis of the HF total

methods within the coupled cluster (CC) theBry’ and energy. Next, on the basis of this energy decomposition analysis,
Mgller—Plesset perturbation theory (MPPTY®48-% have been  the energy-corrected MFCC (EC-MFCC) approach is proposed
developed. for calculating the total energy of large molecules at the HF

The central idea of these local correlation (LC) methods and post-HF levels. Then, an optimization algorithm for
is to recast the traditional MPPT and CC equations in the

localized molecular orbital (LMG¥38:59-65 or atomic orbital (32) Laidig, W. D.; Purvis, G. D.; Bartlett, R. J. Phys. Chen1985 89, 2161.
41—46,48-56 f “« o (33) Schutz, M.; Werner, H.-Chem. Phys. Let200Q 318 370.
(AO) basis so that the “quantum locality” of the (335 27005 ‘G Wermer. H-Bhys. Chem. Chem. Phy2001. 3, 4853.
electron correlation problem can be exploited. It has been 5353 Scﬂutz, M.;W%rner, HH-M. Chem. Phys2001, 114, 661.
: : . : - (36) Schutz, M.J. Chem. Phys2002 116, 8772.

demonstrat(_ad that linear s_calmg_ of computational time with (37) Li, S.; Ma, J.; Jiang, YJ. Compiit. Chen002 23, 237.

molecular size can be achieved in local Mgh&lesset (MP) (38% Li, S.; Li, W.; Ma, J.Chin. J. Chem2003 21, 1422.
)

and coupled cluster (CC) calculations of large molecules. 88 Eﬁ,‘gﬂ‘g ,\'\,’":;E';{',:r‘t’l‘g%{; E ?hgﬁégh%"gyggggﬁg%%& 3349.

Moreover, these local correlation methods are shown to be (21;) E'amit)eh CF-j }(\/Aerf;erb H\-{'«?‘--SChem.- ng%%% 1?;"1' ‘ggg- 113 10451
capable of recovering more than 99.0% of the correlation energy 2433 Sgﬂﬁt;ni;,_p};ygacﬁ;em_ éhgrfeé'ﬁ)’moz 4’63:%41_3’ 0113 :

obtained in the corresponding conventional CC and MP calcula- (44) Scuseria, G. E.; Ayala, P. . Chem. Phys1999 111, 8330.
. . K (45) Head-Gordon, M.; Maslen, P. E.; White, C. A.Chem. Phys1998 108
tion by using typical thresholds. Nevertheless, at present the

Pl

616.
computational cost of these LC methods is still demanding since (46 %%Slen' P.E; Lee, M. S.; Head-Gordon, Ghem. Phys. Let200Q 319,

they achieve linear scaling only in the large molecule asymptote. (47) Li, w.; Li, S. J. Chem. Phys2004 121, 6649.

)
)
)
(483 Saebo, S.; Pulay, B. Chem. Phys1987, 86, 914
i - i - aebo, S.; Pulay, B. Chem. Phy: , 86, .
A few linear-scaling fragment-based methods have also been(49) Haser, M. Almiof. 33, Chem. Phys1992 96, 489.
)
)
)
)
)
)

developed for correlation calculations on large molectl€%5° (50) Azhary, A. E.; Rauhut, G.; Pulay, P.; Werner, H}JChem. Phys199§
e . . 108 5185.

Wlth_ln these fragment-based me_thods', the total electron cor (51) Hetzer, G.: Pulay, P.. Werner, H.Ghem. Phys. Lettl99§ 290, 143.

relation energy of a large system is estimated as the sum of the(52) Maslen, P. E.; Head-Gordon, Mhem. Phys. Lettl998§ 283, 102.

: : ; : ; : (53) Maslen, P. E.; Head-Gordon, M. Chem. Phys1998 109, 7093.

intrafragment qnd |nterfragment correlation C(')ntnbutlons,' which (54) Ayala, P. Y.; Scuseria, G. B. Chem. Phys1999 110, 3660.

can be approximately obtained from correlation calculations on (55) Lee, M. S.; Maslen, P. E.; Head-Gordon, 8.Chem. Phys200Q 112,

. S . 3592.
fragments or combined fragments. The implicit assumption (56) Pulay, P.; Saebo, S.; Wolinski, Chem. Phys. LetR001, 344, 543.

exploited in these methods is that the intrafragment and (57) Murphy, R.B.; Beachy, M. D.; Friesner, R. A.; Ringnalda, M.JNChem.

) . - Phys.1995 103 1481.
interfragment correlation energies are transferable from these(58) Be‘éschy’ ,\5,, D?Chasman, D.: Murphy, R. B.; Halgren, T. A.; Friesner, R.

fragments to the whole system due to the similarity between A. J. Am. Chem. S0d.997 119 5908. )
. . (59) Friesner, R. A.; Murphy, R. B.; Beachy, M. D.; Ringnalda, M. N.; Pollard,
LMOs in fragments and those in the whole molecule. These W. T.; Dunietz. B. D.; Cao, Y.J. Phys. Chem. A999 103 1913

methods include, for example, the FMO-based second-order(60) Rauhut, G.; Azhary, A. E.; Eckert, F.; Schumann, U.; Werner, H.-J.
P Spectrochim. Acta, Part A999 55, 647.

Mgller—Plesset perturbation theory (FMO-MP2) proposed by (61) Schutz, M.; Hetzer, G.: Werner, H.dl. Chem. Phys1999 111, 5691.

i 6 i (62) Finley, J. P.; Hirao, KChem. Phys. LetR00Q 328 51.
Fedorov and Kltaurﬁ’ the incremental method prOpOSEd by (63) Hetzer, G.; Schutz, M.; Stoll, H.; Werner, H.dJ.Chem. Phys200Q 113

9443.
(24) Gadre, S. R.; Shirsat, R. N.; Limaye, A.L Phys. Chenml994 98, 9165. (64) Saebo, S.; Pulay, B. Chem. Phys2001, 115, 3975.
(25) Babu, K.; Gadre, S. Rl. Comput. Chen2003 24, 484. (65) Nakao, Y.; Hirao, KJ. Chem. Phys2004 120, 6375.
(26) Babu, K.; Ganesh, V.; Gadre, S. R.; Ghermani, NTEeor. Chem. Acc. (66) Fedorov, D. G.; Kitaura, KJ. Chem. Phys2004 121, 2483.
2004 111, 255. (67) Stoll, H.J. Chem. Phys1992 97, 8449.
(27) Strout, D. L.; Scuseria, G. H. Chem. Phys1995 102, 8448. (68) Stoll, H.Phys. Re. B 1992 46, 6700.
(28) Dixon, S. L.; Merz, K. M., JrJ. Chem. Phys1996 104, 6643. (69) Stoll, H.Chem. Phys. Lettl992 191, 548.
(29) Dixon, S. L.; Merz, K. M., JrJ. Chem. Phys1997 107, 879. (70) Benson, S. W.; Cruickshank, F. R.; Golden, D. M.; Haugen, G. R.; O'Neal,
(30) Couty, M.; Bayse, C. A.; Hall, M. BTheor. Chem. Accl997, 97, 96. H. E.; Rodgers, A. S.; Shaw, R.; Walsh, @hem. Re. 1969 69, 279.
(31) Ochsenfeld, C.; Kussmann, J.; Koziol, Azngew. Chem., Int. ER004 (71) Eigenmann, H. K.; Golden, D. M.; Benson, S. W.Phys. Chem1973
43, 4485. 77, 1687.
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geometry optimizations of large molecules is proposed. In Table 1. Intrafragment and Interfragment Energies (au) of CgHas
section I1I, we first validate the accuracy of the EC-MFCC 2nd CizHzs Calculated at the HF/6-31G Level

approach by applying it to calculate the total energies for a broad
range of chemical systems. Then, the EC-MFCC optimization ¢
algorithm is applied to fully optimize the structures of long
oligomers oftranspolyacetylenetans-PA) and BN nanotubes,

in which the largest system contains about 400 atoms. In Gt . Cofl .
addition, the heats of formation of some organic compounds __%mPenents energles components energies
are estimated to further illustrate the use of the present approach. One-Body Terms One-Body Terms
Finally, a brief summary is given in section IV. Ei :;g:ggiig Ei :;g:ggi%
E; —77.96443 Es —77.96480
2. Methodology Es —78.58259 E, —77.96474
2.1. The Energy Decomposition Analysis at the HF Levelt is Es —77.96459
well-known that the total energy of a molecule at the HF level can be Ee —78.58257
. Two-Body Terms Two-Body Terms
expressed as: Exs ~6.03330E-2  Ei» —6.0134E-2
Eotal = Z ZPLU(H°°'Q+ Fu) + Zl @) H Eve 1.4560E-5
Ras Ei6 7.5777E-6
Three-Body Terms Three-Body Terms
whereP is the density matrixH®® is the core-Hamiltonian matrix, E123 —1.16498E-2  Ei23 —1.1625E-2
andF denotes the Fock matrix that contains a one-electronhb®&ft Ei24 1.00788E-4  Eio4 3.1972E-5
and a two-electron part that depends on the density mRtaind a set Ei25 —6.4807E-5
of two-electron integrals over basis functions. According to eq 1, one Ei26 —2.1953E-5
. Four-Body Term Four-Body Terms
can see that the total energy can be decomposed into the sum of the Eiras —2.65493E-5  Ejoas _4.5985E-5
single-atom, two-atom, three-atom, and four-atom terms if the basis Eizss —3.2165E-5
functions are centered at the atoms. More generally, if several given E1236 —5.9300E-9
atoms are combined to form a fragment, the total energy can be similarly total energy =~ —313.30844 total energy —469.38214

divided into the sum ofh-fragment termsr{= 1—4). For instance, if
a system is divided intoN fragments, the total energy can be

atoms), we have calculated all thebody contributions at the
decomposed as below

HF/6-31G level according to the present EDA scheme, with part of

N N N N N N N the results collected in Table 1. As seen from Table 1, the sum of the
Eta = ZE + ZZEI S+ ZZ,;E kT ZZ;;;EI KL intrafragment energies accounts for more than 99% of the total energy.
Among the remaining terms, the total two-body terms make the most

important contribution. Clearly, the magnitude of a given two-body
term decreases rapidly with increasing distance between two fragments.
B‘ — Iy? The total three-body terms still contribute significantly, especially when
three fragments are spatially close to each other. For exa@plgis
1 even larger thalk; 3in magnitude. For a trimddK, the data shown in
Z ;A +_ Z P,.Ps.| (Uvlo) __(u,uoy) ) Table 1 show that its contribution depends strongly on its spatial
Ry  2&=/52 “compactness”. A similar trend also exists for the four-body terms,
ABel but the total four-body interaction energies are about 3 orders of
E —E.—E —E 4) magnitu_de smaller than the total three-body contributions. From the
= J discussions above, one can clearly see that the order of thextotaly
contributions to the total energy obtained by the present EDA scheme
is in accord with the intuition of chemists. On the other hand, it is
E y =Ey —E —E—E—E —E,—Eyx—E—Ey— interesting to k_nov_v whether the c_alculated intrafragme_nt and _inter-
' ' ' fragment contributions are approximately transferable in a series of
By~ B~ Bk B ~ Bk ~ Bake (6) structurally similar compounds. For this purpose, we have presented
all the one-body energies and sombody (1 = 2) interaction energies
of octane (GHsg) in Table 1, with each fragment being the same as
that in dodecane. As one can see, the intrafragment energies are almost
identical for the terminal fragments in both molecules and are within
the 0.30 milliHartree (mH) for the next-terminal fragments. Among
the two-body termsE; , differs by about only 0.2 mH from octane to
dodecane, and the differencefs in both molecules is even smaller.
Similarly, the termE; » 3 in both molecules varies by only 0.03 mH.
The near-equivalence of these terms can be attributed to the fact that
the fragments 1, 2, and 3 (shown in Table 1) have analogous
neighboring groups in these two molecules. Thus, both the intrafragment
and interfragment contributions are found to be highly transferable if
the fragments involved have similar local environments in different
systems. To conclude from the discussions above, the present EDA

If—RI

u, Uel

E K T =Ex—B-E—E- EI,J - EI,K - EJ,K (%)

whereE, represents the intrafragment energy within the fragment
E;; is the energy contribution within a combined fragmkhtomposed
of fragmentd andJ, andE, ; stands for the two-body interaction energy
between fragmentsandJ. In a similar mannert;, ;x andE, ;. denote
the three-body and four-body terms, respectively. It should be pointed
out that the expansion of the total energy into the sum-bbdy ( =
1-4) terms as in eq 2 is complete for arbitrary molecular systems,
since all the one-electron or two-electron integrals involve at most four
atoms or four fragments. A similar energy decomposition scheme was
proposed in the fragment molecular orbital metBddut different
formulas were defined for the-body contributions.

Now we want to demonstrate the features of the energy decomposi-
tion analysis (EDA) described above. First, we take dodecanl{§
as a model system. The geometry of this molecule is optimized at the

HF/6-SlG'IeveI _With the Gaussian 03 packdg@y pgrtitioning this (72) Frisch, M. J. et alGaussian 03revision B.04; Gaussian, Inc.: Wallingford,
molecule into six fragments (each fragment consists of two carbon CT, 2004.
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),p ‘L » A
,y e r Ll :
A: Target molecule ‘)\G ,',:3 % Al 1| Q 0

X: Capped fragment (‘\‘)\t}'? X:
5
'—% .
Y: Capped fragment M}\f y: (L] @ 0
L

(V)8
- Conjugated caps ._““,';m ‘ P: ([ @ : o [52]

(2) (b)

Figure 1. (a) Capped fragments and conjugated cap for 1-decanol (the target molecule). (b) An illustration of fragments, caps, and conjugated caps for a
general molecule.

procedure has two important features: one is the fast decay of the fragmentation-and-capping scheme in Figure 1a. This scheme, termed
calculatech-body ( = 2) interaction energies with the largest distance by MFCC, was first proposed by Zhang and Zhahghis approach
between any two fragments (nffragments involved), and the otheris  has been employed to calculate interaction energies between small
the good transferability of the-body contributions within the structur- ~ molecules and biological molecul&s'® the electron density/;'® and
ally analogous systems. kinetic energy® of large molecules. However, this approach has not
It should be mentioned that the correlation energy can also be been used to calculate the total energy of large molecules in the simple
decomposed into the sum pfatom (or body) if = 1—4) terms or the way described below. For a general molecule, a schematic picture of
sum of the atom pair interactions (after partial summation of three- the MFCC scheme is shown in Figure 1b. A large systanis
and four-atom terms), as discussed by Ayala and Scu%efibeir partitioned into two large fragmentsandJ. Similarly, fragmentl is
calculations also showed the fast decay of the atom pair interactions further divided into two subunitt and |z, and fragmend is further
with the distance between atoms. Thus, the total energy of a molecule,divided into two subunits; and J.. For convenience, a small part of
at the HF or post-HF level, can always be partitioned into the sum of J. capped with hydrogen atoms from the right is denotedlgs énd
the one-, two-, three-, and four-atom contributions. Due to the the substructure that consists &f and [J] is denoted as a cap.
transferability of then-body contributions within the structurally ~ Assume that fragmeritcapped byd;, forms a subsysterX, fragment
analogous systems, such an energy decomposition scheme could providd capped byl, forms a subsysterd, and two conjugated capsandJ;
a theoretical foundation for the following fragment-based approach or form a subsysterR. According to eq 2, the total energies of the whole
the well-known bond or group additivity rulé%/* which have been system and these subsystems can be approximately calculated as below:
widely used to understand and predict the physical and chemical
properties of a huge amount of chemical compounds. Ene(A ~E+E,+Ey +Ep+ Byt Epy T Enpt
2.2. The Energy-Corrected MFCC Approach for Estimating the Eiig+ Eop T Eipn+ Eogupe (1)
Total Energy of Macromolecules.Due to the features of the-body
(n = 2) interaction energies, as described above, eq 2 can be used taE, (X) ~ E; + Ejp + By + Ejyp) + Ejyjp + Epp gy + gy g +
devise an approximate apprpach for estlmatlng'the totgl energy in large i+ Eizpz + Eivizsn + 2oy )
molecules at the HF level. Since théody (1 = 2) interaction energies
decrease rapidly with the largest separation between any two fragment
of n fragments involved, only those significant terms with fragments
spatially close to each other are required to be included in eq 2 for a By T Bone t Epygien + Eonge (9)
given accuracy. Due to the good transferability of tegody contribu-
tions in a homologous series of compounds, tHeody contributions ~ Epe(P) &~ By + By + By + By + By + Eipgr + By +
can be derived from the EDA calculations on small systems. Thus, Epngan + Eizpz + Epaguzos + B2y (10)
one could approximately determine the total energy of large molecules
at the HF level from HF calculations on a series of small systems.  In the equations above, some implicit assumptions are made. For
Now we will introduce a very simple procedure to implement these example, the four-body term and some three-body terms sugh as
ideas. First, a large molecule is partitioned into various fragments. are totally ignored in all these equations due to their negligible
Normally, neighboring fragments are connected by a single covalent contributions. The one-body, two-body, and three-body energies are
bond. Second, for each fragment we cap it with its local environments assumed to be transferable for those fragments with analogous
(environmental groups are normally no smaller than the selected neighboring groups in different systems. Combining these four equations
fragment) and add hydrogen atoms (if necessary) to those terminal non-together, one can obtain a simple relationship:
hydrogen atoms in environmental groups to form complete caps. For
each cut bond, a right cap is constructed to mimic the rest of the Ee(X) + Eq(Y) — Efe(P) = E(A) (11)
molecule to the right, and similarly a left cap is to mimic the rest of
the molecule to the left. For simplicity, these two caps are said to form  This relationship clearly shows that the total HF energy of the whole
conjugated caps. Take 1-decanol as an example; we illustrate thislarge systeni can be approximately determined from HF calculations
on subsystemX, Y, andP. In the following, for convenience we call
(73) Ayala, P. Y.; Scuseria, G. Ehem. Phys. Let200Q 322 213. subsystems constructed from a fragment capped by its local environ-

sEHF(Y) ~EtE,tEytEp Byt Eon T Epnpt

7218 J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005
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Scheme 1 two-body correction may be approximately evaluated by the formula
below:

1 2 3
oO—OHo—oHo—0 AE® = ZZ[E(capped + capped)) — E(capped) —
E(capped))] (13)

dimer composed of the capped fragmedraadJ. To avoid overcounting
the two-body correction, each fragment here is capped with only
hydrogen atoms. If large caps are used for fragments, more complicated
procedures, other than eq 13, are required to obtain a reasonable estimate
mental groups as capped fragments. The above procedure can be easily, the “through-space” two-body interactions. Thus, one should be aware
extended to larger systems, which may be decomposed into three orypat in deriving egs 12 and 13 two different capping schemes are used,
more fragments. In general, the total energy of a large molecule at therespectively. To simplify the following discussions, only capping
HF level can be approximately calculated by using the following  schemes used in deriving eq 12 are described if necessary. To conclude,
expression we propose that the total energy of a general macromolecule at the HF
and any post-HF levels can be approximately determined using the
E= ZE(Capped) - z E(conjugated caps) (12)  following equation:

O—OH+—+O—O+HO—-0O Here the first term in the summation stands for the total energy of the
4 6

5

_ _ ; (2
Here the summation in the first term runs over all fragments. One should E= ZE(CaDPEd) Z E(conjugated caps)y AE¥® (14)

note that for the central fragments, they are capped from both sides,

while the terminal fragments are capped from the left or the right. . . .
g P 9 For convenience, this approach is called as the energy-corrected MFCC

In our previous work we have derived the same equation as in 12 - :
for approximately evaluating the correlation energies of large molecules, (or I_EC_MF(?C.) approach. S'm"f"“'y' this formula should also be
applicable within the density functional theory (DFT) framework. Thus,

based on the fast decay of pair correlation energies with the separationb formi lculati dqf X ‘ugated d
between localized molecular orbitals (MO) and the transferability of y performing caicufations on capped fragments, conjugated caps, an

pair correlation energies within the structurally similar molecules. Of subs_ystems composeq of _tWO capped fragment_s, one should be able to
obtain a good approximation to the total energies of any sufficiently

large molecules. Since the two-body interaction energy will become

negligible when the separation between the two fragments is larger
than a given threshold, the number of the subsystems containing two
capped fragments to be calculated will increase only linearly with the

number of fragments. As a result, the overall computational cost of

the present method should scale linearly with the molecular size in a
sufficiently large molecule.

It would be useful to have some ideas on the applicability and
mitations of the present EC-MFCC method. Clearly, the accuracy of
this approach noticeably depends on whether the sizes of fragments
and caps are reasonably chosen or not. For saturated close-shell

covalent single bond XY (this holds true in most cases), we then lecul tisfact dicti f their total . I
replace the XY bond with the X-H bond (X belongs to this subunit) molecuies, satisiactory predictions of fheir fotal energies can usualy
be obtained with relatively small fragments and caps. But for some

to form a complete cap. This added hydrogen atom is placed somewhere i ; . L
between atoms X and Y. In this work, we use 1.07 A forlg, 1.00 aromatic systems, where electrons are highly delocalized, significantly

for N—H, 0.96 for O-H. 1.18 for B-H, and 1.31 for S'H as defaults. Iarger fragments and caps may be required to achieve the same accuracy
Thus, the position of this added hydrogen atom is unambiguously 25 " their analogous saturated systems. However, for those systems
determined. Of course, other atoms rather than the hydrogen atom ma))N'th very small gaps between highest occupied and Iowgst unoccupied
also be chosen as “link” atoms. Here the hydrogen atom is chosen for MOS the present method may even break down. A feasible method to
simplicity, as in combined quantum-mechanical/molecular-mechanics validate the present approach is to check the dependence of the

approache$! If the X—Y bond is not a single bond, a more complicated calt;ulatehfit:‘otal (lanelrgtjydon the size of fragmetntgtsnd caps for a given
procedure for capping the X atom was suggested previdusly. system. € calculated energy IS convergent within a given accuracy,

. : : it should be a good approximation to the total energy.

It should be pointed out that eq 12 is applicable only for one- : o . .
dimensional or quasi-one-dimensional systems, in which the interactions 23 Ggometry thlmlzatlon with th_e_EC-l\_/IFCC Approach. W.Ith
between nonbonded or distant fragments can be ignored. For two- or Various linear-scaling methods, ab initio single-point calculations on
three-dimensional macromolecules, two fragments separated by wwomolecules containing hundreds of atoms are now feasible. However,

or more fragments in the sequence may also be adjacent to each othe?b tl_ntl? geomgltry optlm_lzlelltlo?tr(])f SIUCT large mlolt(_eculles IIS Vr\1/otth )tﬁt
in space (as shown in Scheme 1), thusiHeody ( = 2) interaction routin€ly possibie, especially at the electron correlation 1evel. Vi €

energies involving these spatially close fragments, which primarily smpl_e E.C'MFCC approach, we will show that ab initio geometry
originate from “through-space” interactions (e.g., van der Waals or optimizations for very large Sy?tem? can now be per_formed at the HF
electrostatic interactions), may be still significant. Clearly, these (©F DFT)and post-HF levels with fairly low computational resources,
“through-space’n-body (1 = 2) interactions, which are called the which is likely to have significant impacts on many areas outside

n-body corrections in the following, are not taken into account in eq traditional computatlona}l che_mlstry. s
12. In general, the three- and four-body corrections are far less important For' small- and mednum-smgd m7o|ecu|es, geqmetry opt|m|_z ation
than the two-body correction if the fragments are reasonably chosentechnlques such as the quasi-Newtofi and conjugated gradient
and thus can be neglected in most cases. For a given molecule, the(75) Schlegel, H. BJ. Comput. Cheml982 3, 214.

(76) Pulay, P.; Fogarasi, @. Chem. Phys1992 96, 2856.
(74) Singh, U. C.; Kollman, PJ. Comput. Chenil986 7, 718. (77) Farkas, O.; Schlegel, H. B. Chem. Phys1999 111, 10806.

course, this can also be derived from the fast decay property of the
atom pair interactions, if the correlation energy is partitioned into atom
pairs’® As a result, eq 12 can be applied to approximately determine
the total energy of a large molecule at the HF and any post-HF levels.
It is important to know how to construct the geometries of capped
fragments and conjugated caps. To ensure the transferability of the
n-body interactions in the parent system and its subsystems, the
positions of all atoms in caps and fragments, except those added
hydrogen atoms, are kept to be the same as those in the parent molecult?,
To construct a cap for a given fragment, we first choose its neighboring !
subunit. If this subunit is connected to the rest of the system by a
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dotriacontane (C3,Hgg)

PPV-titled (n=3-6)

@ly)n (0=6-12)

crambin (lenr) gramicidin A ion channel (1grm)

Figure 2. Some selected systems.

method$® are now well-established at the HF and post-HF levels, based calculations are carried out directly with the Gaussiarf?03
on the availability of analytical gradients. In fact, these optimization program. Next, we will employ the EC-MFCC optimization
algorithms can be directly employed for our purpose, with only the program to obtain the optimized structures for long oligomers
energy of the system calculated_wnh eq 14 and the gradient of the of trans-PA and long BN nanotubes at the MP2 and HF levels,
system calculated with the equation below. respectively. Finally, we will demonstrate that the EC-MFCC
oE approach can be used to estimate the heats of formation for
. Z (15) some organic systems with good accuracy.
aq; aq; aq; aq; 3.1. Total Energies Predicted by the EC-MFCC Approach.

In this subsection, the EC-MFCC approach is applied to a variety
It should be pointed out that only the coordinates of the real system of molecules to obtain their total energies at the HF and MP2
are involved in eq 15, and the coordinates of the “link” atoms |evels. The selected systems, some of which are shown in Figure
(hydrogen) in capped fragments or conjugated caps are not consideredy iciyde saturated and conjugated molecules and also exhibit
(becau_se the relative pqsmons of the “link atoms_ are unambiguously sufficient structural complexity. Hereafter, the HF (MP2)
determined by the positions of the related atoms in the real system, asener ies without two-body corrections are denoted as MECC-
described earlier). Since all the gradient components of various HE (lg\/IPZ) energies for S?;npliciw If the closest atemtom

subsystems can be obtained analytically, the gradient of the whole " . "
system can be computed readily. In the present work, we choose thedistance between the two fragments is less than a given threshold

quasi-Newton methdé 77 to be the optimization algorithm. The BFGS (R_A), the two-body correction should be considered for this

procedure is used to update the Hessian m&trand a line search  pair of fragments. Obviously, a short distance threshBid(

procedure is performed at each optimization step except the first one.should be used for the van der Waals interaction, and a much

Both Cartesian coordinates and internal coordinates can be used in oulong distance thresholdR§ A) should be used for the long-

optimization program. range electrostatic interaction. Thus, for those molecules without

3 Results and Discussions charged func_tional groups, the HF (MP2) energies with two-
) ) o ~ body corrections are denoted as EC-MFRQ{HF (MP2)

In this section, we will first test the accuracy and applicability - gnergies, since only the van der Waals distance threshold is
of the EC-MFCC approach by applying it to obtain approximate required to be defined, while for those molecules containing
total energies for a broad range of medium and large-sized charged groups, two distance thresholds are defined. In this case,
molecules within the HF and MP2 theories. The energy he HF (MP2) energies are abbreviated as EC-MAG®Y)-

(78) Leach, A. RMolecular Modelling: Principles and Applicationfddison HF (MP2) energies. In 6_[" MPZ_ calculations, the core Orb'_tals
Wesley Longman: London, 1996. are frozen and the basis set is the same as that used in the

9E(capped) 9E(conjugated caps) gAE®
- +
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Table 2. Energy Differences (AE) between the Conventional HF (MP2) and the Corresponding EC-MFCC Energies for Selected
One-Dimensional Systems

AE (mH)? basis functions of the
molecule basis set? MFCC EC-MFCC(8)° largest subsystem
dotriacontane 6-31G* (612) —0.01 (0.23) —0.04 (-0.13) 160
[-carotene 6-31G (472) 0.05 (0.83) 0.06 (0.74) 209
PPV-Planar
n=3 cc-pVDZ (436) 0.05 (0.26) 0.08 (0.24) 304
n=4 cc-pVDZ (578) 0.11 (0.53) 0.17 (0.50) 304
n=>5 cc-pVDZ (720) 0.16 0.26 304
n==6 cc-pVDZ (862) 0.22 0.34 304
PPV-Titled
n=3 cc-pVDZ (436) 0.04 (0.22) 0.07 (0.20) 304
n=4 cc-pVDZ (578) 0.08 (0.44) 0.14 (0.41) 304
n=>5 cc-pVDZ (720) 0.12 0.21 304
n==6 cc-pVDZ (862) 0.16 0.27 304
H(NHCH,CO),OH
n==6 6-31G (265) 0.15 (0.24) —0.09 (-0.03) 196
=8 6-31G (349) 0.46 (0.71) —0.09 (0.06) 200
n=10 6-31G (433) 0.84 (1.27) —0.04 (0.24) 200
n=12 6-31G (517) 1.26 (1.87) 0.05 (0.46) 200
FHy(NHCH,CO),O~
n==6 6-31G (265) 32.65 (34.16) 1.53(2.38) 198
n=38 6-31G (349) 27.32(29.12) 1.39 (2.48) 202
n=10 6-31G (433) 24.36 (26.39) 1.23 (2.50) 202
n=12 6-31G (517) 22.58 (24.85) 1.22 (2.66) 202

aThe total number of basis functions included in parenthe’sgke relative energies with respect to corresponding conventional energies, and the relative
energies from EC-MFCC-MP2 calculations included in parenthédes: zwitterions of glycine peptides, EC-MFCC(8,30)-HF (MP2) energies are given
instead.

corresponding HF calculations. The Cartesian coordinates andmH for all these apolar species. Actually, except for the
conventional HF or MP2 energies of all compounds studied are zwitterionic form of (gly), the calculated MFCC energies are
presented in the Supporting Information. almost identical to the EC-MFCC(8) values at both the HF
Since in the EC-MFCC treatment a fragmentation scheme is and MP2 levels for all other systems, suggesting that the
required for each system before actual calculations can be donefwo-body corrections are insignificant in these systems. For
we have displayed fragmentation schemes for most of the saturated dotriacontane and glycine peptides without charged
studied systems in Figure S1 of the Supporting Information. residues, the EC-MFCC(8) energies are consistent with the
For other systems studied, a brief description on how to fragment conventional values within 0.1 mH at the HF level and within
them will be mentioned elsewhere. A general guide for 0.5 mH atthe MP2 level. For glycine peptides zwitterions with
partitioning a large molecule we adopt here is that fragments one positive charge in its N-terminal residue and one negative
should be of roughly equal size and should contain at least two charge in its C-terminal residue, the accuracy of the MFCC-
non-hydrogen atoms. For each fragment, each cap is chosen aslF and MFCC-MP2 energies is significantly lower than that
its neighboring fragment saturated by necessary hydrogen atomdor their uncharged counterparts. This is because the electrostatic
in this work for simplicity. In a homologous series of molecules, interaction between the N-terminal residue and the C-terminal
the sizes of fragments are chosen to be the same for easyesidue is a long-range effect, and thus the two-body correction
comparison. between the two terminal fragments must be considered. By
3.1.1. One-Dimensional and Quasi-One-Dimensional Sys-  setting two distance threshol@® and R, to be 8 and 30 A,
tems. Among this category of systems, the selected mole- respectively, the calculated EC-MFCC(8,30) energies are found
cules include: dotriacontane £&ls¢), S-carotene, planar and  to deviate from the conventional HF and MP2 energies by at
titted poly(p-phenylene vinylene) (PPV)n(= 3—6), glycine most 1.6 and 2.6 mH, respectively, for all glycine peptides
peptides (gly) (n = 6, 8, 10, 12) and their zwitterions, and BN  zwitterions under study. These results demonstrate that the
single-walled nanotubes (SWNTSs) of zigzag (6,0) and armchair EC-MFCC scheme could predict quite accurate ground-state
(3,3). For most of these compounds, their geometries aretotal energies for one-dimensional systems without or with
optimized by using the conventional HF method with various charged groups.
basis sets. To investigate how the accuracy of the present treatment
For selected one-dimensional systems, the energy differences/aries with the size of fragments, the difference between the
between the conventional HF (MP2) energies and the corre-conventional HF (MP2) energy and the corresponding
sponding EC-MFCC values are summarized in Table 2. Both EC-MFCC value for (gly), zwitterion with the size of each
MFCC and EC-MFCC(8) or EC-MFCC(8,30) values at the fragment is shown in Figure 3. The calculations are performed
HF or MP2 level are presented for comparison. In the last with the 6-31G basis set. In the EC-MFCC calculations, we
column of Table 2, the number of basis functions included in have considered the size of each fragment to be of about one,
the largest subsystem is given for each species. One cantwo, and three residues. From Figure 3, one can see that the
see that the deviations of the EC-MFCC(8) energies relative to accuracy of the EC-MFCC approach increases rapidly when the
those of the conventional HF or MP2 energies are less than 4fragment size is enlarged, and for (glyzwitterion the fragment
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20 these molecules obtained from the conventional approach and
18k the EC-MFCC approach are summarized in Table 4. For
- indinavir, base pairs AT and G-C, the EC-MFCC(8) energies
E 16 3 at the HF and MP2 level are quite satisfactory, differing from
=14 —0— EC-MFCC(8,30)-HF their conventional counterparts by less than 1.0 mH. By
§ 12l —A4—EC-MFCC(8,30)-MP2 comparing MFCC values with corresponding EC-MFCC results,
g . however, one can see that the two-body correction, which is
£ 10F mainly caused by the van der Waals interaction for indinavir
'S., sl and the hydrogen-bond interaction for base pairs, is significant
% ol for these molecules and has to be taken into account. For six
g | o proteins, the EC-MFCC(8,30) approach is still very satisfactory
4 in reproducing the conventional HF energies of the first five
2L ‘\ with the mean absolute error of a few millihartree, but is less
ol O————uvo————4A satisfactory for the last one, EETI Il. The reason the EC-MFCC
100 120 140 160 180 200 220 240 260 280 300 approach giveS rise to relatively Iarger errors for EETI Il may
Basis functions of the largest subsystem be attributed to the fact that in this system there are seven

Figure 3. Difference between the conventional HF (MP2) energy and the positive or negative charges on different re3|dues._ In this case,
EC-MFCC(8,30)-HF(MP2) values for (ghgzwitterion for fragments with the effect of those remote charged fragments on a given fragment
different sizes. may not be well-mimicked by only summing the two-body
. ) . . interactions between this fragment and each of those charged
containing about two residues can achieve satisfactory reSU"Sfragments. The overall performance of the present approach for
with errors of less than 3 mH. _ selected biological molecules is competitive with some existing
For selected quasi-one-dimensional systems, zigzag (6,0) antragment-based methods such as the field-adapted ADMA
armchair (3,3) BN SWNTSs, the calculated EC-MFCC energies annroacht and the FMO metho@-22 The difference between

and corresponding conventional results (if available) are listed \\ecc and EC-MFCC(8,30) results strongly indicates that the
in Table 3. Both ends of these two kinds of BN SWNTSs are icjysion of the two-body correction, which is caused by the
saturated by hydrogen atoms. In our EC-MFCC calculations, glecrostatic and van der Waals interactions, is very important

each fragment in all the tubes is chosen to contain four repeatingso; piological molecules such as proteins, especially those polar
units, that is, (BNe)s. As seen from Table 3, the calculated 4nq highly charged molecules.

MFCC-HF energies deviate from the conventional HF values 3 5 Optimized Structures for Long Oligomers oftrans-

by less than 1.2 mH for two zigzag (6,0) t'ubes with= 12 Polyacetylene and BN NanotubesTo illustrate the application
and 16, and by 0.2 mH for the= 16 armchair (3,3) tube. The  4f the EC-MFCC optimization method, we have performed full
MFCC-MP2 energies are found to have an accuracy similar t0 geometry optimizations for two interesting one-dimensional
the corresponding MFCC-HF values for the smallest tube of systems, oligomers dfans-polyacetylene (otrans-oligoenes)
both types. As expected, the accuracy of the EC-MFCC(10) anq BN nanotubes of varying lengths, with the optimization
energies at the HF or MP2 level is even higher than that of the aigorithm described in the preceding section. As discussed
MFCC energies. Her&, = 10 A implies that the two-body ~ gpove, these two kinds of systems can be well treated with the
corrections between each fragment and its next-nearest neighec_MEcc approach. Furthermore, it is well-known that the
boring fragments are included. It should be mentioned that the ojectronic structure ofrans-PA is closely related to its €C

size of fragments for nanotubes should be significantly larger pong length alternation. A number of experimental and theoreti-
than that for the chainlike oligomers described previously if a .5 studies have been conducted to resolve this RESEe.
similar accuracy is required for these two different categories theoretically, one usually obtains by extrapolation the structure
of systems. For longer zigzag (6,0) and armchair (3,3) tubes of an infinite chain ransPA) from those oftransoligoenes.
with n > 32, their total energies are evaluated directly from  gjnce the correlation effects significantly reduce the bond length
energies of those subsystems, which already occur imtR€  ajternation in shortrans-oligoenes-8 the structures of long

32 tube. If the energy per unit (BN) can be defined as the energy yrans oligoenes must be optimized at the post-HF level, which
difference between successive nanotubes divided by 6, it is|imjts the application of standard quantum chemistry calculations
predicted from the EC-MFCC(10) calculations at the HF/3-21G 5 small- and medium-sized oligomers. For BN nanotubes, the
level to be—78.82586 au and-78.81911 au for the infinite zigzag (6,0) BN SWNT with a diameter of 0.5 nm has been
zigzag (6,0) and armchair (3,3) tubes, respectively. These Va"JeSexperimentaIIy observed by Bengu and MatksA recent

are almost equal to the extrapolated value®8.82589 au and  theoretical studs? has provided the fully optimized geometries

—78.81910 au, from conventional HF Cé'clﬂ'?tim,s on smaller 4 the HF/3-21G level for nanotubes with-67 repeating units,
tubes 6 = 6—17).7° Furthermore, for the infinite zigzag (6,0)

tube the energy per unit at the MP2 levelg8.97234 au from (79) Xu, H.; Ma, J.; Chen, X.; Hu, Z.; Huo, K.; Chen, ¥. Phys. Chem. B
2004 108 4024.

the corresponding EC-MFCC calculations. (80) Berman, H. M.; Westbrook, J.; Feng, Z.; Gillland, G.; Bhat, T. N.; Weissig,
i i i i _ H.; Shindyalov, I. N.; Bourne, P. BNucleic Acids Res200Q 28, 235.
3'1'2.' BIOIOg.Ical. Mqlecules.The SeIeCteq b.IO.IOglcal mol (81) Fincher, C. R., Jr.; Chen, C.-E.; Heeger, A. J.; MacDiarmid, APys.
ecules include indinavir (an HIV-protease inhibitor), two base Rev. Lett. 1982 48, 100.
pairs (adeninethymine (A—T) and cytosineguanine (C—G)), (82) Yannoni, C. S.; Clarke, T. ®hys. Re. Lett. 1983 51, 1191.

) . . (83) Kahlert, H.; Leitner, O.; Leising, GSynth. Met1992 83, 179.
and six protein structures from the protein data bank (PBB). (84) Fogarasi, G.; Liu, R.; Pulay, B. Phys. Chem1993 97, 4036.
The geometries of six proteins are the same as those in Exnergggg Hiata, S Tofl, H.: Tasumi, M. gﬂiggg’;yls&?g?iga 8964.
and Mezey's recent work! The HF (or MP2) energies of all ~ (87) Bengu, E.; Marks, L. DPhys. Re. Lett. 2001, 86, 2385.
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Table 3. Energy Differences (AE) between the Conventional HF (MP2) and Corresponding EC-MFCC Energies for Two Types of BN

SWNTSs with the 3-21G Basis Set

AE (or total energy)?

basis functions of the

molecule basis functions MFCC EC-MFCC(10) largest subsystem
Zigzag (6,0)
n=12 1320 0.43 (0.92) —0.12 (0.03) 912
n=16 1752 1.11¢7587.96552) 0.16(7587.96714) 912
n=32 3480 —15141.1411815169.30735) —15141.1437215169.31190) 912
n=64 6936 —30275.70261430331.99105) —30275.7083430332.00145) 912
n=128 13848 —60544.8254760657.35844) —60544.8375760657.38056) 912
Armchair (3,3)
n=16 1752 —0.16 0.01 912
n=32 3480 —15139.94237 —15139.94178 912
n=64 6936 —30273.21193 —30273.21048 912
n=128 13848 —60539.75106 —60539.74789 912

aFor tubes It = 32, 64, 128) without conventional energies and zigzag (6,0) tole {6) without conventional MP2 energy, the total energies from
MFCC and EC-MFCC calculations are presented. The energy differences (or total energies) from EC-MFCC-MP2 calculations are included in parentheses

Table 4. Energy Differences (AE) between the Conventional HF (MP2) and Corresponding EC-MFCC Energies for Selected Biological

Molecules
AE (mH)® basis functions of the

molecule? basis set? MFCC EC-MFCC (8,30) largest subsystem
indinavir 6-31G (499) 5.20 (9.84) 0.72 (1.07) 215
adenine-thymine (A-T) 6-31G** (660) 19.42 (27.36) —0.30 (-0.16) 345
cytosine-guanine (G-C) 6-31G** (655) 44.62 (51.67) —0.23 (-0.05) 360
crambin (1cnr) 3-21G (3597) 670.02 4.93 594
gramicidin A ion channel (1grm) 3-21G (3000) 277.96 0.68 711
o-conotoxin pnil (1pen) 3-21G (1192) —-1.31 4.43 555
a-conotoxin pnib fromConus pennaceydakg) 3-21G (1211) 7.88 6.61 555
R-conotoxin mii (Im2c) 3-21G (1268) 51.193 —-10.34 547
trypsin inhibitor Il (EETI II) (2eti) 3-21G (2164) 486.19 —38.09 604

aThe fragmenting scheme for all these six proteins is similar to that adopted for glycine peptides (see Figure S1). The size of each fragmenees about thr
residues® The total number of basis functions included in parentheSEse relative energies with respect to conventional HF energies, and the relative

energies from EC-MFCC-MP2 calculations included in parentheses.

but optimized structures for longer nanotubes are required to A, respectively, which is in good agreement with the observed

extrapolate the geometry of an infinite nanotube.
For thetransoligoenes H(GH2),H (n = 16, 32) and the
zigzag (6,0) BN nanotubes,stBsNg)nHs (N = 16, 32), their

bond lengths (1.36 and 1.44 A). In contrast, a previous study
using the extrapolation technique predicted tre@and C-C
bond lengths in théransPA to be 1.373 and 1.423 A at the

structures optimized by the EC-MFCC approach at the MP2/ same theoretical level. For thre= 32 BN nanotube, one can
6-31G* and HF/3-21G levels, respectively, are displayed in see that the geometrical parameters of the hexagon converge

Figure 4. Fortransoligoenes, each fragment contains two
C=C bonds, and each cap contains threeCbonds. The

rapidly to constant values as it moves toward the middle of the
tube, and both the terminal and central hexagons have almost

fragmentation and capping scheme for BN nanotubes are thethe same geometry data as those in the shertl6 tube. Thus,
same as described earlier. For comparison, we also display inon the basis of the optimized structure for the= 32 BN

Figure 4 the geometry data of timee= 16 trans-oligoene and
then = 16 nanotube optimized by the conventional MP2 and

HF methods, respectively. As one can see, for these two

nanotube the geometries of longer BN nanotubes can be
reasonably constructed.
3.3. The Estimation of the Standard Heats of Formation

medium-sized molecules, the geometrical parameters derivedfor Some Organic Compounds.It has been known that most
from the EC-MFCC approach are remarkably close to those molecular properties of large molecules, such as the standard
from the conventional methods. The average deviation is aboutheats of formatiomHET, can be derived from the additivity of

+0.001 A for the bond lengthsk1° for the bond angles, and

bond properties or group properti®s’tin the group additivity

+2° for the dihedral angles. Thus, the EC-MFCC approach is scheme, a group is generally defined as a polyvalent atom in a
ideally suitable for these two systems. As seen from the molecule together with all of its ligands. The values for the

optimized structure of thdransoligoene H(GH)s.H, the
C=C and C-C bond lengths converge quickly from 1.347 to
1.366 A and from 1.448 to 1.431 A, respectively, as their
positions go inner. Since the calculatee=C and C-C bond
lengths in the central part of te= 32 trans-oligoene are equal
to those in then = 16transoligoene, the &C and C-C bond
lengths in therans-PA can be predicted to be 1.366 and 1.431

contributions of groups to molecular properties are obtained
from multilinear regression analyses of the thermochemical data
of a large number of known compounds. By summing the
contributions of all the groups in a given molecule, the molecular
property of an unknown compound can be estimated. For general
compounds, the simple group additivity scheme is often
modified by introducing several types of corrections, which are

(88) Lide, D. R.; Kehiaian, H. VHandbook of Thermophysical and Thermo-
chemical Data CRC Press: Boca Raton, FL, 1994.

(89) Dean, J. ALange’s Handbook of ChemistrivicGraw-Hill: New York,
1999.
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Figure 4. Optimized structure ofrans-oligoenes i = 16, 32) and zigzag (6,0) BN SWNTs & 16, 32). Thetrans-oligoenes are optimized at the MP2/
6-31G* level, and BN SWNTSs are optimized at the HF/3-21G level. The bond lengths (in A) obtained by the conventional optimization methods at the same
theoretical level are given in parentheses (the data ohthel6 BN SWNT are from ref 79).

from the interactions of nonbonded, next-nearest neighboring molecules are also shown in Figure 5, so that readers may easily
groups This group additivity scheme can provide satisfactory do the calculations by themselves. For exampléifT of
AHfT (and molar heat capacity, etc.) for structurally relatively 1-decanol can be estimated from those of 1-heptanol, heptane,

simple organic compounds, with the average deviatioft20 and butane:

kJ/mol7%71 But for structurally complex systems, values of o 0

estimatedAHY; deviate by+12 kJ/mol from the experimen- ~ AH; (1 — decanol}= AH;+(1 — heptanol)t

tally observed value®.”* The success of eq 14 in predicting AHfT(heptane)— AHfT(butane)z (—336.4)+ (—187.7)—
the total energy suggests an alternative approach for estimating (—125.6)= —398.5 k/mol (17)

the standard heats of formation of molecules. If the two-body
correction can be neglected (this approximately holds for From Table 5, one can see that for all studied systems the
medium-sized molecules), the standard heats of formation of mean deviation of estimateislH?298 is about+2.3 kJ/mol. In
gas-phase species can be approximately predicted from thegeneral, for structurally simple compounds the accuracy of the
following equation: MFCC approach is comparable to that of the group additivity
approach, but for more complex systems the MFCC approach
AHfT ZAHOT(Capped) - z AHfT(ConJugated caps) may show better performance. For instance, for bibenzyl the
(16) deviation ofAH?zg8 predicted from the praaent approach-is 5.8
kJ/mol, while that from the group additivity approach is 7.9
Clearly, this MFCC approach differs from the group additivity kJ/mol’® Furthermore, the MFCC approach can give correct
scheme in two ways. Flrst)HfT of an unknown compound  predictions on the relative order tzifoT for some isomeric
can be directly estimated from related small molecules with species. For example, the relative magmtudAblfT between
experimental data. Second, since capped fragments or conjugate@-methylnonane and 5-methylnonane is correctly predicted with
caps often contain several groups defined above, most of next-the MFCC approach. On the other hand, it should be pointed
nearest neighboring interactions of groups are automatically out that the MFCC approach is only applicable for molecules
incorporated. To illustrate the application of the MFCC ap- with four or more polyvalent atoms (or groups). In some cases,
proach, we have estimated value:S(:(HIfcfT atT = 298K for 18 where the experimental thermochemical data of subsystems are
organic molecules shown in Figure 5, with the results listed in not available, the MFCC approach could not be used, too. The
Table 5. The fragmentation and capping schemes for all thesecombination of the present approach with the traditional group
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Figure 5. Selected organic compounds for the estimatioAH?T. The fragmentation and capping schemes are also displayed. The cut bond is denoted by
a broken line, and a cap is denoted by a frame.

Table 5. Standard Heats of Formation AH?,T (kJ/mol) for Some Organic Molecules at T = 298 K

molecule exptld estimated” molecule expti estimated®

hexadecane —374.8 —373.4(1.4) 2,2-dimethyrans-3-hexene —109.5 —110.3 (-0.8)
1-hexadecene —248.5 —247.3(1.2) 2,2,3,3-tetramethylpentane —237.1 —237.4 (-0.3)
1-decanol —396.4 —398.5 (2.1) 2,2,3,4-tetramethylpentane —236.9 —238.4 (-1.5)
decanal —330.9 —326.1 (4.8) decylbenzene —138.6 —137.0 (1.6)
1-decanethiol —211.5 —212.1 (0.6) butylcyclohexane —213.3 —212.6 (0.7)
tetradecanenitrile —-174.9 —174.4 (0.5) 3-ethylphenol —146.1 —149.1 (-3.0)
methyl dodecanoate —614.8 —616.5 1.7) bicyclohexyl —215.7 —217.8 2.1)
2-methylnonane —259.9 —256.9 (3.0) biphenyl 1814 185.8 (4.4)
5-methylnonane —258.6 —253.4(5.2) bibenzyl 135.6 141.4 (5.8)

avalues from refs 88 and 89.The relative standard heats of formation with respect to the corresponding experimental value included in parentheses.

additivity approach may be used to predict the thermochemical is revealed by a new energy decomposition analysis of the total
data for a large number of structurally complex compounds with HF energy proposed in this work. Within this approach, the
good accuracy. total energy of a macromolecule can be directly obtained from
energy calculations on a series of subsystems, which are capped
fragments, conjugated caps, and subsystems composed of two
In this work, we present an efficient fragment-based approach capped fragments. Since the computational cost of the present
for predicting the total energies of macromolecules at the HF method scales linearly with the molecular size in large mol-
and post-HF levels. The physical foundation of this approach ecules, the total energy of systems with hundreds or thousands

4. Conclusions
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of atoms can now be approximately computed at the ab initio user needs to construct fragments and caps manually. Of course,
HF and MP2 levels with existing quantum chemistry programs. for a group of molecules made up of limited building blocks
Our test calculations for a variety of medium-sized and even such as proteins, polymers, and nanotubes, an automated
quite large-sized systems show that the present approach is abl@rocedure for fragmenting these molecules and capping the
to reproduce the conventional HF and MP2 energies within a fragments is feasible. The accuracy of this approach noticeably
few millihartree in most cases. The accuracy of the present depends on the size of fragments and caps selected. Hence, one
approach is competitive with other sophisticated linear-scaling should calibrate the accuracy of this approach before applying
methods}712-14.20-66 Fyrthermore, with the EC-MFCC opti-  the present approach to unknown large systems. In addition,
mization technique described in this work, now we can perform the present approach may be less satisfactory for some polar
geometry optimizations for large systems with hundreds of and highly charged molecules, as discussed in subsection 3.1.2.
atoms at the HF or post-HF level. The optimized structures of Furthermore, the present approach may even break down for
very long oligomers ofransPA and BN nanotubes have been some conjugated systems and radicals, in which electrons are
obtained with this optimization technique, which are beyond highly delocalized in the whole system. It should be noted that
the reach of traditional computational methods. It is expected other linear-scaling approaciég?-14.20-66 might also face this
that the use of the present optimization technique will greatly problem.
expand the application ranges of computational chemistry. In To summarize, the EC-MFCC approach is demonstrated to
addition, the EC-MFCC approach is also applied to estimate be capable of predicting total energies and structures of very
the heats of formation for a number of organic systems. large molecules with good accuracy at the ab initio HF and
Satisfactory results can be obtained, if the molecule under Studypost-HF levels. Furthermore, the present approach provides an
is properly fragmented and capped. Therefore, the EC-MFCC appealing approach for chemists to understand and predict the
method provides an alternative approach to the traditional physical and chemical properties of a huge amount of chemical
additivity rules based on either bond or group contributions for compounds. Future developments would make this approach a
the estimation of thermochemical properties. promising tool for performing quantum chemistry calculations
Compared to other fragment-based methods, the presenion very large molecules.
approach has several advantages. First, the approach may be
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