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The fragmentation pattern dependence of the total ener-
gy and atomic charge difference between the fragment MO
method and conventional ab initio Hartree–Fock SCF-MO
method (HFMO) was investigated using 44 patterns of
(�)-Epicatechin gallate. Both differences were sensitive to
the fragmentation pattern. A ‘‘best’’ pattern for which results
comparable to HFMO can be achieved, exists.

The fragment molecular orbital (FMO) method1–4 has been
proposed as a method to calculate the electronic structure for
large molecular systems such as proteins and molecular clus-
ters. In the FMO method, a target molecule is divided into
small fragments, and the electronic structure for each fragment
and fragment pair is calculated to obtain the total energy and
other one-electron properties of the entire molecule. Because
the FMO method does not involve MO calculations for the
whole molecule, computational cost of the FMO method is
drastically reduced in comparison to that of the conventional
MO method, especially for large molecules. Because MO cal-
culations for each fragment and fragment pair in the FMO
method can be performed independently, the FMO method is
ideally suited for parallel processing.2,4 Based on calculations
for several polypeptides using the ab initio Hartree–Fock SCF
MO method (HFMO) as a reference,2 the loss in accuracy
when using the FMO method is less than 1 kcalmol�1 for
the total energy. Highly accurate FMO calculations for large

molecules can be carried out on computer systems as small
as PC cluster, and are computationally inexpensive for
evaluations the reactivities and chemical properties of large
molecules.

In the FMO method, selection of the fragmentation position
of a molecule and the distribution pattern of two electrons at a
breaking bond is crucial for achieving highly accurate elec-
tronic structure calculations. The accuracy of the FMO method
has only been confirmed for fragmentation at a sp3 C–C bond,
especially the C�–C� bond of a protein and enzyme4 and the
C40–C50 bond of deoxyribose in DNA, because applications of
the FMO method have focused mainly on proteins and DNA.
The accuracy of the FMO method must still be confirmed for
fragmentation of large molecular systems in general, such as
autacoids and polymers.

In this study, to develop a guide for fragmentation of gener-
al molecules in the FMO method, the fragmentation pattern
dependency of the total energy difference (�E) and atomic
charge difference (�Q) between the FMO and HFMO methods
were evaluated. (�)-Epicatechin gallate ((�)-ECg) was used
as the representative molecule in the calculation because it is
a type of tea catechin, and is known as an autacoid for physio-
logically active substances to undergo anti-oxidative reactions
in biosystems. First, 44 fragmentation patterns of (�)-ECg
were selected for the calculations. Then, for each pattern,
�E and �Q between the FMO and HFMO methods were eval-
uated. Finally, errors for C–O and C–N bond fragmentation
were investigated by applying the C–C bond fragmentation
parameter set. For this best fragmentation pattern, the error
in total energy was less than 1.0 kcalmol�1 and that in atomic
charge was less than 0.0002. When the best fragmentation pat-
tern was used in the FMO calculation, the parameter set for the
C–C bond breaking could also be applied to C–N bond and
C–O bond fragmentations.

Calculation

ABINIT-MP Ver.200210292,4,5 was used for the FMO cal-
culation, and Gaussian98W Rev.-A.76 was used for the HFMO
calculation. The threshold for the SCF convergence (1:0�
10�8 and 1:0� 10�6 in energy and the maximum difference
of diagonal elements in density matrix, respectively) and accu-
racy of molecular integrals (1:0� 10�12) were the same for
both calculations. All calculations were performed using the
STO-3G basis set.

Figure 1 shows the molecular structure of (�)-ECg, which
has 52 atoms, 230 electrons, and 180 basis functions. The geo-
metrical parameters were fully optimized using Gaussian98W.
For each of the 44 fragmentation patterns, the total energy and

Fig. 1. Molecular structure of (�)-ECg.
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the Mulliken charge at the optimized geometry were calculat-
ed. Each pattern had three fragments and had three bonds bro-
ken. There were six fragmentation series consisting of a bond
breaking in ring B and seven single bonds around ring B. For
each fragmentation series, there were either four or eight elec-
tron-redistribution patterns. The fragmentation series are de-
scribed as follows for a total of 44 fragmentation patterns.

Series 1: Fragmentation of two bonds in ring B and a bond
connecting ring B and gallate ester part with eight electron-
redistribution patterns.

Series 2: Fragmentation of three bonds in ring B with eight
electron-redistribution patterns.

Series 3: Fragmentation of two bonds in ring B and a bond
connecting ring B and ring C with eight electron-redistribution
patterns.

Series 4: Fragmentation of two bonds in ring B and a bond
connecting ring B and ring C with eight electron-redistribution
patterns. The positions of these two bonds in ring B differed
from the positions in Series 3 (Fig. 2a).

Series 5: Fragmentation of a bond connecting ring B and the
gallate ester part of the molecule and of a bond connecting ring
B and ring C with four electron-redistribution patterns (Fig. 2b).

Series 6: Fragmentation of three bonds in ring B with eight
electron-redistribution patterns. The positions of the three
bonds in ring B differed from the positions in Series 2 (Fig. 2c).

Note that series 5 is an exception in that only two bonds are

broken, whereas three bonds are broken in all the other series.
The dependence of the fragmentation parameter in bond

fragmentation was evaluated by executing the same FMO cal-
culations for model molecules, in which an oxygen atom at
the 1-position of ring B of (�)-ECg was replaced by NH or
by CH2. The fragmentation parameter set for C–C bond frag-
mentation was applied in both the NH or CH2 cases.

All calculations using the FMO and HFMO were performed
on a notebook type PC, IBM ThinkPad X22, which had Micro-
soft Windows 2000, a Pentium III-M 800MHz processor,
256MB of memory, and a 40GB hard drive.

Result and Discussion

Table 1 summarizes the averaged values of �E and root
mean square of �Q (rms�Q) for the fragmentation series with
the number of patterns. �E and rms�Q depended on the frag-
mentation pattern, suggesting the existence of a ‘‘best/better’’
fragmentation pattern for general molecular systems. For (�)-
ECg, fragmentation series 3 had the largest �E and rms�Q.
Although series 4, 5, and 6 had smaller �E and rms�Q, the
values were similar among the three series (Table 2). We,
therefore, focus our discussion on series 4, 5, and 6.

Figure 2 shows the patterns of fragmentation series 4, 5, and
6. In this figure, a drop shape indicates the location of the bond
fragmentation position and the way to assign two electrons in
the bond in fragmentation. Two electrons in the broken bond
are put on atom at root of the drop shape.

Compared with other patterns, patterns 4b and 4f had small
�E, but had similar rms�Q. A possible explanation for this re-
sult is that in patterns 4b and 4f, the electrons in a broken bond
are redistributed to the oxygen atom at the 1-position and to
the carbon atom adjoining this oxygen atom. The carbon atom
adjoining the oxygen atom had sp3 configuration and usually
had a �þ atomic charge.

In series 5, although the number of bonds broken in the frag-
mentation was 2, which is smaller than that for the other series,
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Fig. 2. Molecular fragmentation series 4 (a), 5 (b), and 6
(c), and patterns of bonding-electron distribution.

Table 1. Average Values of �E (kcalmol�1) and rms�Q

Series No. of Patterns �E rms�Q

1 8 25.1 0.0031
2 8 41.9 0.0053
3 8 205.3 0.0452
4 8 13.7 0.0030
5 4 14.1 0.0020
6 8 13.9 0.0019

Table 2. �E (kcalmol�1) and rms�Q for Different Elec-
tron-Distribution Patterns of Series 4, 5, and 6

Series 4 Series 5 Series 6

Pattern �E rms�Q �E rms�Q �E rms�Q

a 6.99 0.0018 1.76 0.0003 5.27 0.0006
b �0:25 0.0021 5.61 0.0007 5.23 0.0004
c 33.27 0.0047 6.67 0.0011 40.96 0.0053
d 17.09 0.0032 42.39 0.0058 39.95 0.0053
e 6.88 0.0020 — — 0.94 0.0004
f �0:38 0.0025 — — 0.87 0.0004
g 20.87 0.0043 — — 8.66 0.0012
h 16.06 0.0030 — — 9.08 0.0015
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�E and rms�Q were similar to those for the other series. This
result suggests that the number of bonds broken in fragmenta-
tion does not significantly affect �E and rms�Q. �E for pat-
tern 5a was reasonably small and rms�Q was almost 7 times
smaller than that for patterns 4b and 4f. A possible explanation
for this result is that electrons in 5a are also redistributed to the
carbon atom that adjoins the oxygen atom and that has sp3 con-
figuration.

In series 6, �E and rms�Q for patterns 6e and 6f were rea-
sonably small. The patterns, in which the electrons are redis-
tributed into a fragment, such as in patterns 6c and 6d, had
large �E and rms�Qs.

Figure 3 shows the relation between �E and �Q for series
4, 5, and 6. Both rms�Q (Fig. 3A) and the largest �Q

(max j�Qj) (Fig. 3B) were proportional to �Es and showed
almost the same trends. For patterns 4b and 4f, however, �E

was small, whereas rms�Q and max j�Qj were large. Both
the �E and �Q strongly depended on the fragmentation pat-
tern and the electron redistribution. The atoms at a broken

bond usually had the largest value of max j�Qj in each frag-
mentation pattern (data not shown in detail). For patterns 6a,
6b, and 6e, however, max j�Qj occurred on carbonic oxygen
in the ester base. These carbonic oxygen atoms are far from
the bond-breaking positions.

Based on the �E and �Q results, the best fragmentation
pattern for the FMO method was pattern 6e or 6f, in which
�E was less than 1 kcalmol�1, and rms�Qs and max j�Qj
were less than 0.0005 and 0.005, respectively. Therefore, to
achieve highly accurate FMO calculations of the electronic
structure of large molecules, (1) the number of electrons for
each fragment should be close to that for neutral one, (2) the
electrons in the fragmentation bond should be redistributed
to a carbon that has a sp3 configuration, and (3) the electrons
in the fragmentation bond should be redistributed to an atom
that has a large electronegativity.

The effect of substitution was analyzed by replacing the
oxygen at the 1-position of ring B (1O in Fig. 1) with NH
and with CH2. Patterns c and d showed large �E and rms�Q.
Patterns g and h showed relatively large �E and rms�Q,
almost 2 kcalmol�1 and 0.0003, respectively. In contrast,
patterns e and f showed small �E and rms�Q, less than
1 kcalmol�1 and 0.0003, respectively. This change in accuracy
caused by replacing the oxygen atom was small. Thus the ac-
curacy of the FMO calculation was insensitive to the fragmen-
tation parameters, although it was extremely sensitive to the
fragmentation pattern itself.
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Fig. 3. Relationship between �E (kcalmol�1) and root
mean square (A) and maximum (B) of �Q for Series 4,
5, and 6.
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