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Abstract: The intermolecular interaction energies of thiophene dimers have been calculated by using an
aromatic intermolecular interaction (AIMI) model (a model chemistry for the evaluation of intermolecular
interactions between aromatic molecules). The CCSD(T) interaction energy at the basis set limit has been
estimated from the MP2 interaction energy near the basis set limit and the CCSD(T) correction term obtained
by using a medium-size basis set. The calculated interaction energies of the parallel and perpendicular
thiophene dimers are —1.71 and —3.12 kcal/mol, respectively. The substantial attractive interaction in the
thiophene dimer, even where the molecules are well separated, shows that the major source of attraction
is not short-range interactions such as charge transfer but rather long-range interactions such as electrostatic
and dispersion. The inclusion of electron correlation increases the attraction significantly. The dispersion
interaction is found to be the major source of attraction in the thiophene dimer. The calculated total interaction
energy of the thiophene dimer is highly orientation dependent. Although electrostatic interaction is
substantially weaker than dispersion interaction, it is highly orientation dependent, and therefore electrostatic
interaction play an important role in the orientation dependence of the total interaction energy. The large
attractive interaction in the perpendicular dimer is the cause of the preference for the herringbone structure
in the crystals of nonsubstituted oligothiophenes (o-terthienyls), and the steric repulsion between the
[-substituents is the cause of the w-stacked structure in the crystals of some j-substituted oligothiophenes.

Introduction also been studied extensivéfyl® The properties of poly-

. . thiophene have attracted much interest both from a fundamental
.Durlng the past two _decades, . thiophene pO.Iymers and point of view and for the many expected applications in the
°"9°mefs have bgen studied gxtenswely due to their remar.kableﬁelds of electronics and optoelectronics. The solid-state structure
electronic and optical propertiés? Various types of electronic of the polymer defines its band structure and thereby determines
devices |nvE)IV|ng polythiophene have been proposed such 8Sits electronic and optical propertie&’18Therefore, understand-

conductors}® electrode materials® and organic semiconduc-

) . C ing the intermolecular interaction between thiophene rings is
tors?~12 Polythiophene and its derivatives have a large and very g P 9

. . . essential for the material design strate
fast nonlinear optical respongel4 Recently, the electrolumi- g 9y-

m-Stacking is observed in the crystals of many oligoth-
nescence and photoluminescence of thiophene oligomers havefophenes and their derivativé2° 7-Stacking in self-assembled
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polythiophenes is also reporté#3°-32 The self-assembly of

been reported. Therefore, there remain a number of important

polythiophene and thiophene/phenylene co-oligomers in solutionand fundamental unsettled issues on the interaction in the
is reportect334These experimental measurements indicate that thiophene dimer: (1) Despite broad interest in thetacking

the m—u interaction plays an important role in the control of

of thiophene rings, very little is known about the origin of the

the solid-state structure and self-assembled structure of thiophenettraction in ther-stacking. Although recent ab initio calcula-

polymer and oligomers. Detailed information on the thiophene
dimer interaction is essential for understanding thex
interactions of thiophene polymer and oligomers. An accurate

tions on benzene and naphthalene dimers suggest the importance
of dispersion, other interactions such as electrostatic, induction,
and charge-transfer interactions may play important roles in the

potential energy surface for the thiophene dimer is also neededattraction in the thiophene dimer. (2) The size of the interaction

by those who carry out force field simulations of these materials.

energy of the thiophene dimers is also an important issue in

Although many experimental studies have been reported on theunderstanding the—u interaction in the thiophene dimer, but

intermolecular interaction of oligothiophenes, it is still difficult

the experimental measurement of the binding energy has not

to accurately evaluate the potential energy surface of the yet been reported. Ab initio calculations with very large basis

thiophene dimer by experimental measurements only.
Ab initio molecular orbital calculation is becoming a powerful
tool to study intermolecular interactioffs*6 Ab initio calculation

sets are necessary for the estimation of the dimer interaction
energy. (3) The calculations on the benzene dimer show that
the dimer interaction energy has a strong orientation dependence.

provides sufficiently accurate interaction energy, if a reasonably The thiophene dimer interaction energy will also have direc-
large basis set is used and electron correlation is properly tionality. However, the magnitude of the orientation dependence

corrected. The second-order MgHtd?lesset perturbation (MP2)
method”38 has been widely used for the calculations of
intermolecular interaction energies of organic molecules. How-

and the origin of the directionality in the thiophene dimer
interaction are not well understood. (4) Two types of crystal
packing (-stacked and herringbone structures) are observed

ever, the MP2 level electron correlation correction sometimes in the crystals of oligothiophenes. It is significantly important
has serious errors. Recent coupled cluster calculations within material design to understand which interaction controls the

single and double substitutions with noniterative triple excita-
tions [CCSD(T)$° show that the MP2 calculations overestimate

the attraction in the benzene and naphthalene dimers significant-

ly.4%-42 Similar overestimation of the attraction was also reported
in the calculations of the interactions of some nitrogen-
containing aromatic moleculé$.The MP2 method is not
appropriate for studying the intermolecular interaction between
aromatic molecules.

The requirement of using the computationally demanding
CCSD(T) calculation with a very large basis set is the major
obstacle to studying the intermolecular interaction of aromatic
molecules by the ab initio method. Due to this difficulty, the
intermolecular interactions of only limited aromatic molecules
were studied by the high-level ab initio molecular orbital
method. Unfortunately, high-level ab initio calculation of the
intermolecular interaction in the thiophene dimer has not yet
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crystal packing. Unfortunately, however, the reason for the
preference in the crystal packing is not well understood.

In this paper, we have calculated the interaction energy of
the thiophene dimer by using very large basis sets near saturation
and have estimated the MP2 and CCSD(T) level interaction
energies at the basis set limit by using model chemistry
(aromatic intermolecular interaction (AIMI) model, a model
chemistry for obtaining intermolecular interaction energies
between aromatic molecules). We discuss the roles of electro-
static, induction, dispersion, and charge-transfer interactions in
the attraction and directionality of the thiophene dimer interac-
tion. We also discuss the cause of the preference of the crystal
packing of oligothiophenes on the basis of the calculated
interaction energies of the thiophene dimers.

Computational Method

The Gaussian 98 progrdfnwas used for the ab initio molecular
orbital calculations. The basis sets implemented in the program and a
few modified basis sets were used. Electron correlation was accounted
for at the MP273 and CCSD(T3° levels. The geometries of isolated
thiophene and 3-methylthiophene molecules were optimized at the MP2/
6-311G** level and were used for the calculations on the dimers. The
optimized geometries of the monomers are shown in Figure 1. The
geometries of 17 thiophene dimers are shown in Figure 2. Tlex€s
of the two thiophene molecules have a parallel or perpendicular
orientation in these dimers. X is the middle point of &d G of
thiophene, as shown in Figure 1. The intermolecular distaR¢as(
the distance between the X’'s of the two thiophenes. The basis set
superposition error (BSSt)was corrected for all calculations using
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Figure 1. MP2/6-311G** level optimized geometries of thiophene and

3-methylthiophene monomers and atomic charge distributions of thiophene
monomer. X is the middle point between C2 and C5 of thiophene. X is

close to the mass center of thiophene. The %+ C2 and S+ X—C5 angles

are 90 in both monomers. The atomic charges were obtained by electrostatic \

potential fitting using the MerzSingh—Kollman scheme from the MP2/
6-311G** wave functions.

M N
— Sa —
SR ER T LS
o P
AN /7
Ly LB
Q

Figure 2. Geometries of the thiophene dimers. TheaRes of thiophenes
have a parallel or perpendicular orientation in the dimers.

the counterpoise methdfl The MP2 interaction energies at the basis
set limit were estimated by using the method proposed by E&ltem

the interaction energies calculated with Dunning correlation-consistent
basis sets (cc-pVXZ, X= D, T, and Q)!#4° The CCSD(T) level
intermolecular interaction energies of the dimers were estimated with
the AIMI model**“2The aug(d)-6-311G* basis set is the 6-311G* basis
set augmented with diffuse d functions on carbon and sulfur atoms
(0g(C) = 0.1565 andny(S) = 0.1625). The aug(d,p)-6-311G** basis
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Figure 3. HF and MP2 interaction energy potentials of thiophene dimer |
calculated by using several basis sets.

set is the 6-311G** basis set augmented with the diffuse d functions
on carbon and sulfur atoms and diffuse p functions on hydrogen atoms
(0p(H) = 0.1875)*-50Distributed multipole¥-52up to a hexadecapole

on all atoms were obtained from the MP2/6-311G** wave functions
of an isolated thiophene using CADPAC versioP? @he electrostatic

and induction energies of the dimers were calculated by using Orient
version 3.2* The electrostatic energies of the dimers were calculated
as interactions between distributed multipoles of monomers. The
induction energies were calculated as interactions of polarizable sites
with electric field produced by the multipoles of monom&dhe
atomic polarizabilities of carboro(= 10 au) and sulfurd = 20 au)
were used for the calculatiof%Distributed multipoles and polariz-
abilities were used only for the estimation of the electrostatic and
induction energies.

Results and Discussion

Aromatic Intermolecular Interaction (AIMI) Model. The
intermolecular interaction energies of thiophene dimer | were
calculated by using the Hartre€ock (HF) and MP2 methods
with several basis sets, as shown in Figure 3. The basis set
dependence of the HF interaction energies is not large. On the
other hand, the MP2 interaction energies depend strongly on
the basis set, as in the case of benzene and naphthalene
dimers?0-4257-59 Small basis sets underestimate the molecular
polarizability and thereby the dispersion interaction consider-
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(52) Stone, A. JThe theory of intermolecular force€larendon Press: Oxford,
1996.

(53) Amos, R. D.CADPAC: The Cambridge Analytical Dertives Package
Issue 6; University of Cambridge: Cambridge, 1995 (a suite of quantum
chemistry programs developed by R. D. Amos, with contributions from 1.
L. Alberts, J. S. Andrews, S. M. Colwell, N. C. Handy, D. Jayatilaka, P.
J. Knowles, R. Kobayashi, K. E. Laidig, G. Laming, A. M. Lee, P. E.
Maslen, C. W. Murray, J. E. Rice, E. D. Simandiras, A. J. Stone, M. D.
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ably 89 The strong basis set dependence shows that a large basiby AIMI model | (Ew) and the HF/aug(d)-6-311G* level
set is necessary for the accurate evaluation of the intermolecularinteraction energyHyr). A major part of Ecor is dispersion

interaction energy of the thiophene dimer.

energy Erep (FEnr — Ees— Eind) is mainly exchange-repulsion

Recent CCSD(T) calculations show that the MP2 calculations energy, but it also includes other terms.
greatly overestimate the attraction in the benzene and naphtha- The calculated total interaction enerdf,) depends strongly

lene dimerg%-42 The MP2 calculation also overestimates the
attraction in the thiophene dimer, as we will show later. This

on the orientation of the dimer, as shown in Table 2. The
calculated interaction energies of the parallel dimersCAare

means that the MP2 method is not appropriate for studying the between—1.32 and—1.59 kcal/mol. The perpendicular dimers
thiophene dimer interaction. However, it is not an easy task for D—J have larger (more negative) interaction energies.¢7
today’s computers to obtain the intermolecular interaction energy to —2.60 kcal/mol) than the parallel dimers. The calculated
between aromatic molecules at the CCSD(T) level with the use interaction energies of the coplanar dimers-® (—0.06 to

of a very large basis set near saturation. Therefore, we have—0.73 kcal/mol) are considerably smaller than those of the

used the AIMI modéf-*?to study the intermolecular interaction
in the thiophene dimer.
The MP2 and CCSD(T) interaction energieSvé, and

parallel and perpendicular dimers.

In all the dimers, the absolute value Bf,\ is substantially
larger than that oEes This shows that dispersion interaction is

Eccsp(r) of the benzene and naphthalene dimers depend stronglymainly responsible for the attraction in the thiophene dimer.
on the basis set, while the basis set dependence of the CCSDThe E_,, values of the parallel dimersAC (—4.25 to—4.41

(T) correction terms ACCSD(T) = Eccspm — Ewmp2) is not
large?142The weak basis set dependencAGICSD(T) suggests

kcal/mol) are considerably larger (more negative) than those of
the perpendicular dimers-BJ (—2.58 to—3.38 kcal/mol) and

that the CCSD(T) interaction energy at the basis set limit coplanar dimers KQ (—0.46 to—1.41 kcal/mol). This shows

(Eccspmaimiy) can be estimated sufficiently accurately fré&e,
calculated with a large basis set near saturation A8€SD-

that dispersion interaction significantly stabilizes the parallel
dimers. Apparently, the short intermolecular distance in the

(T) obtained by using a medium-size basis set, according to parallel dimers at the potential minimurR & 4.0 A) is the

the equation
Eccsomyimiy = Ewpz T ACCSD(T)

In the AIMI model, Eccspmgimiyy IS estimated by using this
equation. Three levels of AIMI models, 1, Il, and Ill, have been
proposed! In model I, the aug(d)-6-311G* basis set was used
for the calculation oEyp,. The 6-31G* basis set was used for
the calculation ofACCSD(T). In model Il, the aug(d,p)-6-
311G** basis set was used for the calculationEjp,. The
6-311G* basis set was used for the calculatio\@fCSD(T).

In model lll, the estimatedyp, and ACCSD(T) values at the
basis set limit were used to obtaiBccspmimig In the

cause of the large dispersion interaction. The intermolecular
distances in the perpendicular and coplanar dimers are 4.8
5.2 and 6.47.4 A, respectively.

The electrostatic interaction is highly orientation dependent.
The parallel dimers A C have substantial repulsis (0.72—
0.78 kcal/mol). The perpendicular dimers D and F have small
repulsiveEes (0.16 and 0.30 kcal/mol, respectively). The other
perpendicular dimers E and-& have attractivé&es (—0.31 to
—0.73 kcal/maol); the perpendicular dimers-Hl have especially
large attractiveEes (—0.62 to —0.73 kcal/mol). Although the
Ecorr Values of the parallel dimers-AC (—4.25 to—4.41 kcal/
mol) are larger (more negative) than those of the perpendicular
dimers H-J (—2.58 to —2.64 kcal/mol), the perpendicular

calculations of the benzene dimer interaction energy, the threedimers H-J have largeEww. Apparently, the large attractive

models have provided nearly identical interaction enerdjies.
Although Evpz and Eccspery of the thiophene dimers depend
on the basis set strongly, the basis set dependena€6fSD-

Eesin the perpendicular dimersHJ is the cause oy (—2.28
to —2.60 kcal/mol) being larger than that for dimers-&
(—1.32 to—1.59 kcal/mol). Although the absolute valuefd

(T) is weak, as in the case of the benzene dimer (we show theis always substantially smaller than thatEf, Eesis highly
details of the basis set dependence later). The weak basis segrientation dependent, and therefore electrostatic interaction is

dependence oACCSD(T) suggests that the AIMI models can

important for the orientation dependencemf,. The absolute

estimate the CCSD(T) interaction energies of the thiophene values ofEiyq for the 17 dimers are smaller than 0.2 kcal/mol,

dimers sulfficiently accurately. We have used AIMI model | for

as shown in Table 2. The absolute value &y is always

the calculations of the interaction energy potentials of the 17 substantially smaller than that &s

differently oriented thiophene dimers. In addition, we have used

computationally more demanding AIMI models Il and Il for

Intermolecular Interaction Potentials of Dimers B and I.
The Eccspraimiyy values of dimers B and | were calculated with

the calculations on selected dimers to evaluate the performanceqrying intermolecular distance by using AIMI model 1. The

of the models.

Orientation Dependence of Interaction Energy.The values
of Empa, ACCSD(T), andEccsp(myimiy for the 17 dimers (Figure
2) calculated with AIMI model | are summarized in Table 1.
The electrostaticHey), induction Eing), repulsion Erep), and
correlation interaction energieEd4) for the 17 dimers at the
potential minima are summarized in Table Beor is the
contribution of electron correlation to the calculated interaction
energy, which is the difference betweBpcspmimiyy Obtained

(60) Tsuzuki, S.; Uchimaru, T.; Tanabe, K.Mol. Struct. (THEOCHEM)994
307,107.

calculatedEccsp(myimiy Values were compared wittir andEyvpz
values calculated by using the aug(d)-6-311G* basis set, as
shown in Figures 4 and 5. The MP2 method substantially
overestimates the attraction in the thiophene dimer, as in the
cases of the benzene and naphthalene diffets.

The calculated interaction energy potentials of dimers B and
| are very shallow near the potential minima. Substantial
attraction still exists even where molecules are well separated.
This shows that short-range interactions such as charge transfer
are not the major source of the attraction, but long-range
interactions such as electrostatic and dispersion interactions are

J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002 12203
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Table 1. Interaction Energies of the 17 Differently Oriented Thiophene Dimers Calculated by Using AIMI Model 12

RP Epe Enpa)’ Empag)® Ecesomm) ACCsD(T) Eccsom” R Epe Enpa)’ Enpam® Eccsomm’ ACCSD(T) Eccsom”
Dimer A Dimer J

3.8 475 —2.06 0.46 1.49 1.04 -1.02 4.6 3.08 -2.24 -0.17 0.64 0.81 —-1.43

4.0 3.09 -210 -0.15 0.63 0.78 -1.32 4.8 125 =277 -1.16 —-0.58 0.58 —-2.19

4.2 210 -1.87 -0.37 0.22 0.59 -1.28 5.0 0.31 —-2.73 —1.48 —-1.05 0.43 —-2.31

4.4 150 -156 -—0.42 0.04 0.46 -1.10 52 -0.15 -—2.46 —1.48 -1.16 0.32 —-2.14
Dimer B Dimer K

3.8 409 -—241 0.08 1.02 0.94 —-1.47 6.2 1.23 -0.81 -0.15 0.04 0.19 —-0.62

4.0 266 —231 -0.36 0.36 0.72 -1.59 6.4 0.68 -0.87 —0.38 -0.25 0.14 -0.73

4.2 1.82 -—-2.00 -0.49 0.06 0.55 —1.45 6.6 0.37 -0.81 —0.45 -0.35 0.10 -0.71

4.4 131 -163 -0.48 —-0.06 0.42 -1.21 6.8 0.20 -0.71 -0.44 —-0.36 0.08 —-0.63
Dimer C Dimer L

3.6 6.79 —1.89 1.28 2.56 1.28 -0.61 6.8 1.07 -0.39 -0.14 —0.06 0.07 -0.32

3.8 426 —2.36 0.15 1.11 0.96 -1.40 7.0 0.70 —-0.43 -0.25 -0.19 0.06 -0.37

4.0 277 —2.28 —0.33 0.40 0.73 —-1.56 7.2 0.49 -0.40 -0.26 -0.21 0.06 -0.35

4.2 1.88 -—-199 -0.49 0.07 0.56 —-1.43 7.4 0.37 -0.34 -0.24 -0.18 0.05 -0.29
Dimer D Dimer M

4.4 458 —2.23 0.51 1.61 1.10 -1.13 6.2 1.28 -0.48 0.16 0.37 0.21 -0.28

4.6 259 —-258 —0.43 0.36 0.79 -1.78 6.4 0.79 -0.57 —0.08 0.08 0.16 —-0.41

4.8 149 -245 -0.78 -0.20 0.58 -1.87 6.6 051 -054 -0.18 —0.05 0.13 -0.41

5.0 0.88 —2.14 -0.84 —-0.41 0.44 -1.70 6.8 0.35 -0.48 -0.20 —-0.09 0.11 -0.37
Dimer E Dimer N

5.0 169 -230 -0.88 —0.38 0.50 -1.80 6.4 0.62 -0.67 —0.28 -0.18 0.09 -0.57

5.2 057 —-242 —-1.33 -0.97 0.36 —2.06 6.6 0.26 —-0.71 —0.43 —0.36 0.07 —0.64

5.4 0.02 -223 -1.39 —-1.12 0.27 -1.96 6.8 0.09 -0.66 —0.45 —0.40 0.05 —-0.61

56 —-024 -194 -1.29 —-1.08 0.21 -1.73 7.0 0.00 -0.58 —0.42 —-0.38 0.04 —-0.54
Dimer F Dimer O

4.4 494 —-1.94 0.82 1.98 1.16 -0.79 6.4 1.49 -0.42 0.05 0.19 0.14 -0.28

4.6 287 —2.36 —0.19 0.65 0.84 —-1.53 6.6 095 -053 -0.19 —-0.09 0.10 —-0.42

4.8 1.717 -229 -0.57 0.04 0.61 -1.67 6.8 0.65 -0.50 -0.26 -0.18 0.08 —-0.42

5.0 1.06 -2.01 -0.67 -0.21 0.46 —-1.55 7.0 0.47 -0.44 —-0.25 -0.19 0.07 -0.37
Dimer G Dimer P

4.8 338 —-194 -0.16 0.57 0.72 -1.22 6.8 0.80 -0.12 0.05 0.09 0.04 —0.08

5.0 152 —-247 -—1.06 —-0.54 0.52 —-1.94 7.0 056 -0.16 —0.04 -0.01 0.03 -0.14

5.2 055 -—244 -1.34 -0.95 0.39 —2.05 7.2 0.41 -0.16 -0.07 —-0.04 0.02 -0.13

5.4 0.07 -219 -1.32 —-1.02 0.29 -1.89 7.4 0.32 -0.14 -0.06 —0.04 0.02 -0.12
Dimer H Dimer Q

4.8 139 -264 —-0.96 —0.40 0.56 —2.08 7.2 0.53 -0.07 -0.00 0.02 0.02 —0.05

5.0 0.37 —-2.68 —1.40 -0.99 0.41 —2.28 7.4 0.41 -0.07 -0.02 —0.00 0.02 —0.06

52 —-0.14 —-245 -—1.46 -1.16 0.30 -2.15 7.6 0.32 -0.06 —0.02 —-0.00 0.02 —-0.05

54 -036 —212 —1.37 —-1.14 0.23 -1.89 7.8 0.27 -0.05 -0.01 0.00 0.02 -0.03
Dimer |

4.6 247 —-2.81 —0.83 —0.02 0.81 —2.00

4.8 080 —-3.18 —1.63 —-1.05 0.58 —-2.59

50 -0.03 —-3.03 -1.82 -1.39 0.43 —2.60

52 —-0.40 -2.68 —1.73 —-1.41 0.32 —2.36

aEnergies in kilocalories per mole.

BSSE-corrected interaction energies. The geometries of the dimers are shown in°Figera@lecular distance.
See Figure 2¢ HF interaction energies calculated with the aug(d)-6-311G* basis set. See th&M#. interaction energies calculated with the aug(d)-
6-311G* basis set. See the tekMP2 interaction energies calculated with the 6-31G* basis'@ESD(T) interaction energies calculated with the 6-31G*

basis sety CCSD(T) correction terms: the difference betwé®ssp(r)wy andEwpzw). " Estimated CCSD(T) interaction enerdsicesomimig]: the sum of
Emp2t) and ACCSD(T). See the text.

mainly responsible for the attractiéf5! Electron correlation

dimers.

Geometry Optimization of Dimers B and I. Intermolecular
geometrical parameters of dimers B and | were fully optimized
at the MP2/6-311G** level while keeping the geometry of
monomers. Th€,, andCs symmetry constraints were imposed
in the geometry optimization of dimers B and |, respectively.

(61) Nonbonding interactions can be separated into two main types. One is lon

the energy of interaction behaves as some inverse power Afiother is
short-range interactions, such as exchange-repulsion and charge-transfe

wave functions overlap significantly. The energies of short-range interac-
tions decrease exponentially with distance.
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The optimized geometries are shown in Figure 6. The horizontal
increases the attraction considerably. This shows that dispersiorand vertical displacement®(andRy) in the optimized geometry
interaction is significant for the attraction in the thiophene of dimer B are 1.928 and 3.326 A, respectively. The geometry
optimization increases thg; considerably to reduce the steric

repulsion of sulfur atoms, which have a large atomic radius,

and thereby decreases tRg substantially. A CG-H bond of a

thiophene has close contact with another thiophene ring in the

optimized geometry of dimer I.

Effects of Electron Correlation and Accuracy of AIMI

o Models. The intermolecular interaction energies of dimers B

range interactions, such as electrostatic and dispersion interactions, wheregnd | (the optimized geometries) were calculated at the MP2
and CCSD(T) levels by using several basis sets for the
interactions. Short-range interactions arise at distances where the moleculargy,gluation of the effects of electron correlation. The calculated
interaction energies are summarized in Table 3. The MP2
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Table 2. Electrostatic, Induction, and Dispersion Energies in the

Thiophene Dimers?

\ oA

HF

dimer Rb Emta\\C Eesd Emde Evep’ Ecorrg
parallel
A 40 —1.32 0.78 —-0.15 247 —-441
B 40 —159 0.73 —-0.15 208 —4.25
C 40 —1.56 0.72 —-0.15 220 —4.32
perpendicular
D 48 —1.87 0.16 —-0.09 141 -—-3.36
E 52 —-2.06 -042 -0.08 1.07 -2.63
F 48 —1.67 030 —-0.08 149 -—-3.38
G 52 —-205 -031 -0.08 094 -260
H 50 -—-228 —-062 -0.13 112 -—2.64
| 50 -260 -0.73 -0.13 0.83 -—258
J 50 -231 -064 -0.18 112 -261
coplanar
K 6.4 —0.73 025 -0.01 043 -141
L 70 -0.37 031 -0.00 040 -1.07
M 6.6 —041 0.29 -0.00 0.22 -0.92
N 66 —-064 —-004 -0.02 033 -091
(0] 6.8 —0.42 032 -0.02 034 -1.07
P 70 -0.14 0.37 -0.02 020 -0.69
Q 7.4 —0.06 0.30 —-0.00 0.12 -0.46

—e— MP2
\ —o— CCSD(T)

E (kcal/mol)

4 5 6
Distance (A)

aEnergies in kilocalories per mole. BSSE-corrected interaction energies. F7gure 5. HF, MP2, and CCSD(T) interaction energies of thiophene dimer

The geometries of the dimers are shown in Figuré IBtermolecular
distances at the potential minima. See the te@CSD(T) interaction energy
[Eccspmqimiy] estimated by using AIMI model I. See the te%{The
electrostatic energy:. The induction energy.Difference between the HF/
aug(d)-6-311G* interaction energyEfr) and Ees + Eing. ¢ Difference
betweenEa and Exr.

3

N -t HF

—e— MP2
——o— CCSD(T)

A
o~

A~
A~ pe
e B v

E (kcal/mol)

A

__/
\

3 4 5
Distance (A)
Figure 4. HF, MP2, and CCSD(T) interaction energies of thiophene dimer

I. The HF and MP2 interaction energies were calculated with the aug(d)-
6-311G* basis set. The CCSD(T) interaction energy was calculated by using
AIMI model I. See the text.

Dimer B

Dimer |

Figure 6. MP2/6-311G** level optimized geometries of thiophene dimers
B and I.R; andR; for dimer B are 1.928 and 3.326 A, respectively 6;,
and6, for dimer | are 4.498 A, 682 and 60.8, respectively. See the text.

mol, respectively. The values &ccspryimiy €stimated with
models | and Il are not largely different from those obtained
with model lll. The good agreement indicates that sufficiently
accurate interaction energies are obtained with models | and .
The Eypz and ACCSD(T) values estimated at the basis set

B. The HF and MP2 interaction energies were calculated with the aug(d)- |imit were used for the model 1l calculations. The MP2

6-311G* basis set. The CCSD(T) interaction energy was calculated by using

AIMI model I. See the text.

interaction energies were calculated with the Dunning’s cor-
relation-consistent basis sets (cc-pVXZ, X D, T, Q), as

calculations overestimate the attraction in the thiophene dimerssummarized in Table 5. The MP2 interaction energy at the basis
compared to the more reliable CCSD(T) calculations, as in the set limit was estimated by using the method proposed by
cases of the benzene and naphthalene dimers. Although the MPZeller?” By Feller's method, the calculated interaction energies

and CCSD(T) interaction energies depend strongly on the basiswere fitted to the forma + b exp(—cX) (whereX = 2 for cc-

set, the basis set dependencAGICSD(T) EEccspr — Empo)

is weak. The weak basis set dependenc&@ESD(T) suggests
that we can estimat&ccspmgimiy Of the thiophene dimer
sufficiently accurately by the AIMI models.

The Eccspmyimiy Values of the optimized geometries of dimers

B and | were estimated with AIMI models I, II, and Ill, as
summarized in Table 4. The valuesEfcspr)imiy for dimers

B and | estimated with model Ill are'1.71 and—3.12 kcal/

pVDZ, 3 for cc-pVTZ, etc). The MP2 energy at the basis limit
(Emp2qimity)) Was then estimated by extrapolation. The estimated
values ofEwpzgimiyy for dimers B and | are-4.26 and—4.73
kcal/mol, respectively. These values are not largely different
from the interaction energies obtained by using the cc-pVQZ
basis set.

The ACCSD(T) at the basis set limit was estimated from the
value of ACCSD(T) (2.14 and 1.29 kcal/mol, respectively)

J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002 12205
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Table 3. Calculated HF, MP2, and CCSD(T) Interaction Energies of the Thiophene Dimers?

ACCSD(T)/
basis set Ene® Eypo” Eccsom® Econmp® Econiccsom)’ ACCSD(T)® Econpwp)
dimer B (optimized)
6-31G 6.42 2.09 2.69 —-4.33 -3.73 0.60 —-0.14
6-31G* 6.52 0.70 2.02 —5.82 —4.50 1.33 —-0.23
6-311G* 6.20 —-0.57 1.04 —6.77 —-5.16 1.61 —-0.24
6-311G** 6.22 -0.87 0.81 —7.09 —5.42 1.67 —-0.24
cc-pvbz 6.18 —0.62 1.10 —6.80 —5.09 1.71 —0.25
cc-pVTZ(-f,dy 6.29 —2.53 —0.38 —8.82 —6.67 2.14 —-0.24
basis set lim# 6.18 —4.26 —10.45 2.55¢
dimer | (optimized)
6-31G 2.27 -0.07 0.31 —2.34 —1.96 0.38 —-0.16
6-31G* 2.00 —1.47 —-0.61 —3.47 —2.61 0.86 —0.25
6-311G* 2.05 —-2.01 —-1.02 —4.05 —-3.06 0.99 —0.24
6-311G** 211 —2.13 —-1.12 —4.24 —3.23 1.01 —0.24
cc-pvDz 1.91 —2.21 —-1.12 —4.12 —-3.03 1.09 —0.26
cc-pVTZ(-f,dY 1.97 —-3.61 —-2.32 —5.58 —-4.29 1.29 —0.23
basis set lim# 2.1 —4.73 —6.85 1.6k

aEnergies in kilocalories per mole. The geometries of the dimers are shown in FIiUBSBE-corrected interaction energiésIP2 correlation interaction
energies: the difference betweEnp, andEne. ¢ CCSD(T) correlation interaction energies: the difference betviieegprandEne. € CCSD(T) correction
terms: the difference betwedircspr and Eve. f Modified cc-pVTZ basis set. The f functions on heavy atoms and d functions on hydrogen atoms were
removed.9 Values estimated at the basis set liMiHF/cc-pVQZ level interaction energiesMP2 interaction energies estimated at the basis set I[EiAjimi).-
See the text. MP2 correlation interaction energy estimated at the basis set Egjt({r2, imi): the difference betweeBwvpz(imiy and the HF/aug(d,p)-6-
311G** level interaction energie$.CCSD(T) correction termACCSD(T)) estimated at the basis set limit. See the text.

Table 4. Calculated MP2 and CCSD(T) Interaction Energies of Table 5. Calculated HF and MP2 Interaction Energies of the
the Thiophene Dimers? Thiophene Dimers?
AIMI model Ewp2 ACCSD(T)® Eccspmyimiy’® basis set bfo Ene Eups® Ecorrupa)”
dimer B dimer B (optimized)
|d —2.96 1.33 —1.63 cc-pvDZ 188 6.18 —0.62 —6.80
e —3.24 1.61 —1.63 cc-pvTZ 420 6.21 —2.87 —9.07
mf —4.26 2.55 -1.71 cc-pvVQZ 798 6.18 —3.73 —-9.91
dimer | aug(d)-6-311G* 270 6.31 —2.96 —9.27
d —3.65 0.86 —2.80 aug(d,p)-6-311G** 318 6.28 —3.24 —9.52
e —3.95 0.99 —2.96 basis set limit 6.18 —4.26 —10.45
mnf —4.73 1.61 —3.12 dimer | (optimized)
cc-pvDZ 188 191 -2.21 —-4.12
2 Energies in kilocalories per mole. The geometries of the dimers are cc-pvTZ 420 2.09 —3.77 —5.86
shown in Figure 6. BSSE-corrected interaction energi€@CSD(T) cor- cc-pvQz 798 212 —4.36 —6.48
rection terms. See the textEstimated CCSD(T) interaction energies: the aug(d)-6-311G* 270 2.09 —3.65 —5.74
sum of Eypz and ACCSD(T).9 Eypz was calculated by using the aug(d)- aug(d,p)-6-311G** 318 2.05 —-3.95 —6.00
6-311G* basis setACCSD(T) was calculated by using the 6-31G* basis basis set limit 2.12 —-4.73 —6.85
set.®Evp2 was calculated by using the aug(d,p)-6-311G** basis set.
ACCSD(T) was calculated by using the 6-311G* basis 'S was the aEnergies in kilocalories per mole. BSSE-corrected interaction energies.

MP2 interaction energy at the basis set liniyz(imiy) €stimated by using  The geometries of the dimers are shown in Figuré Iumber of basis
the method proposed by FelleACCSD(T) at the basis set limit was  fnctions used for the calculations on thiophene dimeBSSE-corrected
estimated from the calculatedCCSD(T) by using a modified cc-pvVTZ interaction energies! Difference betweerEyp, and Exe. € HF/cc-pVQZ
basis set. See the text. level interaction energie§MP2 interaction energies estimated at the basis

calculated by using a modified cc-pVTZ basis set (cc-pVTZ(- o imit Evezqimy). See the text.

f,d)). The cc-pVTZ(-f,d) basis set is the cc-pVTZ basis set of Econupz), respectively, if we assume thACCSD(T) is 25%
excluding the f functions on carbon and sulfur atoms and d of Ecorrque2) According to this assumption, we can estimate that
functions on hydrogen atoms. TRCCSD(T) values of dimers ~ the ACCSD(T) values for dimers B and | at the basis set limit
B and | calculated with several basis sets are summarized inare 2.55 and 1.61 kcal/mol, respectively.

Table 3. WhileACCSD(T) depends on the basis s&€CSD- In models | and II,Eyp2 was calculated by using the aug-
(T) is always 23-26% of the absolute value of the MP2 level (d)-6-311G* and aug(d,p)-6-311G** basis sets, respectively.
correlation interaction energ¥orrvp2) = Emp2 — EnF) if basis Although these basis sets employ small numbers of basis
sets larger than the 6-31G* basis set are used, as summarizeflinctions, theEyp, values calculated by using these basis sets
in Table 3. A similar ACCSD(T)Econvp2) ratio has been are close to those obtained by using large cc-pVTZ and cc-
reported from the calculations on the benzene dirfietsThe pVQ basis sets, as shown in Table 5.

Ecorrup2) values of dimers B and | calculated with the cc-pVTZ- Roles of Electrostatic, Induction, and Dispersion Interac-
(-f,d) basis set are-8.82 and—5.58 kcal/mol, respectively. The tions. The calculatetEta, Ees Eind, Erep and Ecor Values of
estimatedEcorvp2) Values of the dimers at the basis set limit dimers B and | (optimized geometry) are summarized in Table
are—10.45 and-6.85 kcal/mol, respectively, as shown in Table 6. Eal is the same a&ccspmimiyy Obtained by using AIMI

3. The cc-pVTZ(-f,d) basis set underestimates the absolute valuemodel Ill. Erepis the difference between the HF/cc-pVQZ level
of Ecorupz) for dimers B and | by as much as 1.63 and 1.27 interaction energy Hyr) and the sum ofEes and Eing. The
kcal/mol, respectively. We can expect that the cc-pVTZ(-f,d) absolute values oEcorr (=Eiotal — Enr) Of the two dimers are
basis set underestimat@dCCSD(T) for dimers B and | by as  substantially larger than those &.s which indicates that
much as 0.41 and 0.32 kcal/mol (25% of the underestimation dispersion interaction is the major source of the attraction in
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Table 6. Electrostatic, Induction, and Dispersion Energies of the p % W
Thiophene and Benzene Dimers@ @ /|2 QUL o .%?4 e _P7
dimer Eou® Eut End® Eef Ecor T70®, o, oW ® % 7 ™ Z@®
otal es ind rej corr [ ;
_ : p 4248 T a e
thiophené e i o
B (parallel) -1.71 1.46 —0.30 502 ~—7.89 o.m,/® 8% », ® P
| (perpendicular) —3.12 —1.14 -029 355 -524 -y . " %//(4 e _wy
benzene % @7 ", .x// a ] ®7Z N Z i
; ) _ _ _ % Z
'Sr“pﬁed parallel 2.48 0.90 0.25 3.01 6.14 M %f.. ’y/,f..
-shape —246 —-055 —-0.17 1.74 —3.48 e Ygn % ® T

aEnergies in kilocalories per mole. BSSE-corrected interaction energies.
The geometries of the dimers are shown in Figures 6 afdCTSD(T)
interaction energyHccspmqimin] €stimated by using AIMI model Ill. See
the text.c Electrostatic energy! Induction energy¢ Difference between the
HF/cc-pVQZ interaction energyE(r) andEes+ Eing. f Difference between
Etotal aNdEne. 9 MP2/6-311G** level optimized geometries (Figure 6) were
used." Reference 41.

'
'
»!
1
I
N
N

~

k

Figure 7. Structures of parallel-displaced and T-shaped benzene dimers.
Ri, R, andR are 1.8, 3.5, and 5.0 A, respectively.

the dimers Eqa Of dimer | (—3.12 kcal/mol) is substantially
larger (more negative) than that of dimer BX.71 kcal/mol).
The large attractiveees (—1.14 kcal/mol) is the cause of the
larger Ewa Of dimer I. The atomic charges of thiophene
monomer obtained by the electrostatic potential fitting using
the Merz-Singh—Kollman schem®&83from the MP2/6-311G**
level wave functions are shown in Figure 1g Has a large
positive charge (0.16, 1e= 1.602x 1071° C). The Coulombic
interaction between §(Figure 6) and the negatively charged
carbon atoms of anther thiophene explains the attractive

electrostatic interaction. Cooke et al. reported that a thiophene

acts as ar-base in the thiopheme -HCI complex®* Although

thiophene has a sulfur atom, the induction energies are not large

The Ejng values for the two dimers are abou0.3 kcal/mol.
Comparison with Benzene Dimer.The interaction energy

of dimer | calculated by using AIMI model 111+€3.12 kcal/

mol) is substantially larger than that of dimer BX.71 kcal/

mol), as shown in Table 6. On the other hand, the interaction

energies of the parallel-displaced and T-shaped benzene dimer

(Figure 7) calculated by using AIMI model Il are nearly
identical (—2.46 and—2.48 kcal/mol, respectively).

Ecorr Of thiophene dimer B<7.89 kcal/mol) is larger (more

negative) than that of the parallel-displaced benzene dimer

(—6.14 kcal/mol). The large atomic polarizability of sulfur
explains the large dispersion interaction in the thiophene dimer.
Eiwtal Of dimer B is smaller than that of the parallel-displaced
benzene dimerkEes of dimer B (1.46 kcal/mol) is larger than
that of the slipped-parallel benzene dimer (0.90 kcal/mol). The
larger repulsive electrostatic energy in thiophene dimer B is
the cause of the small&ig.

(62) Singh, U. C.; Kollman, P. AJ. Comput. Cheni984 5, 129.

(63) Besler, B. H.; Mertz, K. M.; Kollman, P. Al. Comput. Chenil99Q 11,
431.

(64) Cooke, S. A.; Corlett, G. K.; Legon, A. . Chem. Soc., Faraday Trans.
1998 94, 1565.

(@) (b)

Figure 8. Crystal structures ofi-quaterthiophene (a) and ifsmethyl
derivative (b).

The interaction energy of thiophene dimer | is considerably
larger than that of the T-shaped benzene dimer.HRealues
of thiophene dimer | and the T-shaped benzene dimers g4
and—0.55 kcal/mol, respectively. In additioBeor of thiophene
dimer | (—5.24 kcal/mol) is considerably larger than that of the
T-shaped benzene dimer8.48 kcal/mol). The larger electro-
static and dispersion interactions are the cause of the laggr
of thiophene dimer 1.

Crystal Packing of Oligothiophenes.In most cases, the long
axes of oligothiophene molecules-{erthienyls) are parallel in
the crystal. The thiophene rings of two neighboring oligoth-
iophenes cannot take the orientations of dimer&CH—J, and
N—Q if the long axes of the two oligothiophenes are parallel.
The orientations of the other seven dimers (A, B, F, G, and
K—M) are close to the possible orientations of the thiophene
rings of two neighboring oligothiophenes. Our calculations show
that the perpendicular dimers F and G have the largest
interaction energies among the seven dimers. The interaction
energies of dimers F and G-(.67 and—2.05 kcal/mol) are
larger (more negative) than those of the parallel dimers A and
B (—1.32 and—1.59 kcal/mol) and coplanar dimers—HVi
(—0.73,-0.37, and—0.41 kcal/mol).

The thiophene rings of the nearest neighboring oligoth-
iophenes take nearly perpendicular orientation (herringbone
structure) in many oligothiophene crystals. Nonsubstituted
oligothiophenes have the herringbone structure in the crystéks.
The crystal structure ofi-quaterthiophene is shown in Figure
8a as an exampk&.The orientations of the thiophene rings in
the nearest neighboring oligothiophenes are close to those in
the thiophene rings in the perpendicular thiophene dimers F and
G. Apparently, the large attractive interaction between the

ghiophene rings in the perpendicular orientation is the cause of

the preference for the herringbone structure in the crystal.
The thiophene rings of the nearest neighboring oligoth-

iophenes take slipped-parallel orientationgtacked structure)

in someS-substituted oligothiophené%:2° The crystal structure

of a-quater@-methylthiophene) is shown in Figure 8b as an

example.?® In the w-stacked structure, the orientations of the

thiophene rings in the nearest neighboring oligothiophenes are
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Figure 9. Geometries of the 3-methylthiophene dimers. The-%laxes
of 3-methylthiophenes have a parallel or perpendicular orientation in the
dimers.
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Figure 11. HF and CCSD(T) interaction energies of the perpendicular

thiophene dimer G and 3-methylthiophene dimer S. The HF interaction

energies were calculated with the aug(d)-6-311G* basis set. The CCSD(T)
interaction energy was calculated by using AIMI model I. See the text.

E (kcal/mol)
o

The interaction energy of the perpendicular 3-methylthiophene

dimer B HF

o —o— dimer B CCSD(T) dimer S calculated at the potential minimum-d.70 kcal/
o Jmer R esD(n) mol, which is substantially smaller than that of the perpendicular
thiophene dimer G |2.05 kcal/mol). The intermolecular
3 : . . distance of the perpendicular 3-methylthiophene dimer S at the
3 4 5 6 7 potential minimum R= 6.2 A) is considerably larger than that
Distance (A) of the perpendicular thiophene dimer B£ 5.2 A). The large

Figure 10. HF and CCSD(T) interaction energies of the parallel thiophene steric repulsion due to the methyl groups is the cause of the

dimer B and 3-methylthiophene dimer R. The HF interaction energies were : - .
calculated with the aug(d)-6-311G* basis set. The CCSD(T) interaction larger intermolecular separation, and the large separation

energy was calculated by using AIMI model I. See the text. decreases the attraction.

The methyl groups stabilize the parallel dimer but destabilize
close to those of the the thiophene rings in the parallel thiophenethe perpendicular dimer. The parallel 3-methylthiophene dimer
dimers A and B. Our calculations show that perpendicular is more stable (-2.27 kcal/mol) than the perpendicular dimer S
orientation (herringbone structure) is more stable than parallel (—1.70 kcal/mol), in contrast to the parallel and perpendicular
orientation {r-stacked structure). However, the thiophene rings thiophene dimers B and G—(@.59 and —2.05 kcal/mol,
of the nearest neighborirgysubstituted oligothiophenes cannot respectively). The dimer orientation preference of 3-methylth-
take perpendicular orientations in the crystal, due to the stericiophene is completely different from that of nonsubstituted
repulsion of thep-substituents. The steric repulsion of the thiophene. This difference explains the difference between the
B-substituents explains the observedtacked structure of the  crystal packing of nonsubstituted oligothiophenes (herringbone
[-substituted oligothiophenes. structure) and that of substituted oligothiophenesstacked

The intermolecular interaction energies of the parallel and Structure).
perpendicular 3-methylthiophene dimers (Figure 9) were cal-
culated with AIMI model | to confirm the effects of methyl
substituents on the intermolecular interaction. The calculated The interaction energies of the thiophene dimers were
interaction energy potentials of the 3-methylthiophene dimers calculated at the MP2 and CCSD(T) levels by using several
R and S are compared with the potentials of the parallel and basis sets. Small basis sets underestimate the attraction consider-
perpendicular thiophene dimers B and G, respectively, as shownably, and the MP2 method overestimates the attraction greatly
in Figures 10 and 11. The interaction energy of the parallel compared to the CCSD(T) method, as in the cases of the benzene
3-methylthiophene dimer R calculated at the potential minimum and naphthalene dimers. Although the MP2 and CCSD(T)
(R=3.8 A) is—2.27 kcal/mol. The calculated interaction energy interaction energiesEyp, and Eccsp(r) are strongly basis set
of the parallel thiophene dimer BR(= 4.0 A) is —1.59 kcal/ dependent, the basis set dependence of the CCSD(T) correction
mol. The methyl groups increase the attraction in the dimer in term (ACCSD(T) = Eccsp) — Ewmp2) is weak. This suggests
the parallel orientation. The HF potentials of the two parallel that AIMI models provide sufficiently accurate interaction
dimers are nearly identical, as shown in Figure 10. This indicates energies of the thiophene dimers.
that the methyl groups increase the dispersion interaction, and The CCSD(T) interaction energie€dcspmiimiy) Of the
therefore the 3-methylthiophene dimer has a larger (more parallel and perpendicular thiophene dimers estimated by using
negative) interaction energy. the most accurate AIMI model Il are1.71 and—3.12 kcal/

Conclusions
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mol, respectively. TheEccspmimiy values of the dimers  responsible for the total interaction energy of the perpendicular
estimated by using the computationally less demanding AIMI thiophene dimer being larger than that for the parallel dimer.
models | and Il are not largely different from those estimated  The perpendicular thiophene dimers have larger attractive
by using model Ill. The good performance of the AIMI models interaction energies than the parallel dimers. The large interac-
for the evaluation of the thiophene dimer interaction energy tion energy is the cause of the preference for the herringbone
suggests that the AIMI models are also useful for studying the structures in the crystals of nonsubstituted oligothiophenes.
interaction energy of the thiophene dimer. Somef-substituted oligothiophenes hawestacked structures
Our calculations show that dispersion interaction is the major in the crystals. The parallel 3-methylthiophene dimer is more
source of the attraction in the thiophene dimers. Especially stable than the perpendicular dimer, in contrast to the case with
parallel (stacked) dimers are considerably stabilized by disper- the thiophene dimer. Thé-substituent destabilizes the perpen-
sion interaction. Electrostatic interaction is repulsive in the dicular dimer. This explains the observeestacked structures
parallel dimers, which shows that dispersion interaction is the of the S-substituted oligothiophenes in the crystal.
major source of the attraction in the-stacking of oligoth-
iophenes. The parallel and perpendicular thiophene dimers have Acknowledgment. We thank Prof. K. Hiratani, Dr. Y.
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dimers considerably. Although the electrostatic interaction is
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total interaction energy. Electrostatic interaction is mainly JA0204877
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