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Intermolecular Interaction between Hexafluorobenzene and Benzene: Ab Initio
Calculations Including CCSD(T) Level Electron Correlation Correction
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The intermolecular interaction energy of hexafluorobenzdrenzene has been calculated with the ARS-E
model (a model chemistry for the evaluation of the intermolecular interaction energy between aromatic systems
using extrapolation), which was formerly called the AIMI model. The CCSD(T) interaction energy at the
basis-set limit has been estimated from the MP2 interaction energy at the basis-set limit and the CCSD(T)
correction term obtained using a medium-sized basis set. The slipped-patgllebfnplex has the largest

(most negative) interaction energy3.38 kcal/mol). The sandwiclC§,) complex is slightly less stable-6.07
kcal/mol). The interaction energies of two T-shap€g, J complexes are very smal-(.74 and—0.88 kcal/

mol). The calculated interaction energy of the slipped-parallel complex is about twice as large as that of the
benzene dimer. The dispersion interaction is found to be the major source of attraction in the complex, although
electrostatic interaction also contributes to the attraction. The dispersion interaction increases the relative
stability of the slipped-parallel benzene dimer and the hexafluorobenbmmzene complex compared to
T-shaped ones. The electrostatic interaction is repulsive in the slipped-parallel benzene dimer, whereas it

stabilizes the slipped-parallel hexafluorobenzebenzene complex. Both electrostatic and dispersion
interactions stabilize the slipped-parallel hexafluorobenzéemzene complex, which is the cause of the
preference of the slipped-parallel orientation and the larger interaction energy of the complex compared to
the benzene dimer.

Introduction structure is stable and a T-shaped structure is unstdlenore
recently reported MP2/6-31G* level geometry optimization
suggests that a slipped-parallel structure is an equilibrium

dstructure‘!1

Intermolecular interaction between systems f/x inter-
action) plays an important role in determining the crystal
structures and molecular recognition processes in biological an
artificial systems: 4 One of the most interesting systems is the ~ The stability of the sandwich structure was explained by the
hexafluorobenzenebenzene complex. The strong attraction in  quadrupole-quadrupole interactioh®#4 The quadrupole mo-
this complex has been reported in the 1960s. The melting pointments of benzene and hexaflurobenzene are nearly equal in
of the crystal from an equimolar mixture is substantially higher magnitude but opposite in sign. The quadrupaieadrupole
than that of either of the two componeftshis motif is interaction between benzene and hexaflurobenzene stabilizes the
suggested as a valuable supramolecular synthon and is useg@andwich structure. Therefore, electrostatic interaction was
widely for designing structures of crystals and molecular believed to be an important source of the attraction in the
assemblie§ 17 complex. Although recent ab initio calculations suggest that

Many experimental studies were reported on the hexafluo- dispersion is important for the attraction, an HF calculation
robenzenebenzene interactiot.?6 The crystals of hexafluo-  significantly underestimates the attraction compared to the
robenzene and benzene have herringbone structiifashereas calculations including the electron correlation correcfitr?
the molecules are stacked in columns of alternating hexafluo-  Recently, high-level ab initio calculations of dimer interaction
robenzene and benzene in the crystal of a 1:1 middte.  energies of a few aromatic molecules (benzene, naphthalene,
Molecular beam studies of the hexafluorobenzepenzene  toluene, thiophene, etc.) were reportéc® These calculations
complex in the gas phase also show that the molecular planesindicate that a very large basis set and a CCSD(T) level electron
are very nearly paralléf, Neutron diffraction studies in the  ¢orrelation correction are necessary for accurate evaluation of
liquid phase also show a similar structdfe. . the interaction energies of aromatic molecules. The MP2 method

Although these experimental measurements provide useful considerably overestimates the attraction compared to the more
information for understanding the hexafluorobenzebenzene reliable CCSD(T) methotf-50 The MP2 calculations over-
interaction, it is still difficult to reveal the details of the agtimate the attraction in the benzene dimer as much as 30
interaction (size of the interaction, orientation dependence, etc.)ggo445 Small basis sets underestimate the attraction because
by expe_rlmental measurements alone. A few molecular orbital ¢4l pasis sets underestimate dispersion erfér§9.These
calculations of tﬂg hexafluorobenzerigenzene complex have  oqits suggest that CCSD(T) calculations with a large basis
been reported>** MP2 calculations show that a sandwich  geq are necessary for the quantitative evaluation of the interaction

* Corresponding author. E-mail s.tsuzuki@aist.go.jp. Member of Re- energy of the hexafluorobenzenkenzene complex. Unfortu-

search Consortium for Synthetic Nano-Function Materials Project (SYNAF), nately, however, CCSD(T) calculation of the complex has not
National Institute of Advanced Industrial Science and Technology (AIST). yet been reported.

10.1021/jp0544610 CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/10/2006



2028 J. Phys. Chem. A, Vol. 110, No. 5, 2006 Tsuzuki et al.

Despite many previous experimental and theoretical studies F
of the hexafluorobenzeréenzene complex, fundamental un- FAF
settled issues still remain: (1) The size of the intermolecular > = R,
interaction energy of the hexafluorobenzeibenzene complex i FYr -
has not yet been confirmed. CCSD(T) calculations of the | R i R "R . RzF
interaction energy of the complex are necessary. (2) Recent abF—M—F F—MF —~<T>— F3 ¥
initio calculations suggest the importance of dispersion for the
attraction in the complex, whereas the importance of the ~O7keal/mol — -174kealmol  -0.88 kealimol -5.38 keal/mol

R=36A R=50A R=60A  RI=10AR2=354

guadrupole-quadrupole interaction has been stressed repeatedly. A Sandwich
Quantitative analysis of electrostatic and dispersion energies is
?:SCSZ?Z%(;O":?(;?;;Z?] %%gtlrr:eogﬁihei?; ;[irgr?t:joenplennfjheenggrgfltﬁé The_ inter_molecular dis_tances in complemesc_ and_ horizontal and

. o e . vertical displacements in compl&xat the potential minima are shown.
hexafluorobenzenebenzene interaction is important for design-  The cCSD(T) interaction energies of the complexes at the basis-set
ing the structures of crystals and molecular assemblies usinglimit (Eccspryimiy) estimated by the ARS-E model are also shown. See
the interaction. But the details of the directionality and the roles the text and footnote d of Table 2.
of electrostatic and dispersion interactions for the directionality
are not well understood.

In this paper we have analyzed the interaction energy of the
hexafluorobenzenrebenzene complex by high-level ab initio
calculations. We have estimated the CCSD(T) level interaction
energy of the complex at the basis-set linttt¢spr)gimiy) for
studying the size of the interaction energy and its directionality. ~ Effects of Basis-Set and Electron Correlation.The inter-
We have also discussed the roles of electrostatic and dispersiormolecular interaction energies of hexafluorobenzemenzene

B T-shaped C T-shaped D Slipped-parallel
Figure 1. Structures of the hexafluorobenzerteenzene complexes.

monomers and polarizabiliti€8 The atomic polarizabilities of
carbon (0 = 10 au) and fluorined = 3 au) were used for the
calculations®

Results and Discussion

interactions for the attraction and its directionality. complexA (Figure 1) were calculated using several basis sets.
) The calculated HF level interaction enerdiuf) of the complex
Computational Method is not largely dependent on the basis set, whereas the MP2

The Gaussian 98 and 03 progr&#i$ were used for the ab  interaction energyHe) has a strong basis-set dependence, as
initio molecular orbital calculations. The geometries of hexaflu- shown in Table 1 and Figure 2. The 6-31G, 6-31G*, and
orobenzene and benzene monomers were optimized at the MP26-311G** basis sets underestimate the attraction considerably
6-311G** leveP® and were used for the calculations of the as in the cases of the interactions of benzene, naphthalene,
hexafluorobenzenebenzene complexes. Dunning’s correlation  toluene, and thiophene dimes5° The calculated MP2- and
consistent basis sets (cc-pVXZ and aug-cc-pVXZ=XD, T, CCSD(T) level interaction energieBdcspr) show that the MP2
and Q§+5° and modified 6-311G* basis sets were used. The calculations largely overestimate the attraction compared to the
aug(d)-6-311G* basis set is the 6-311G* basis set augmentedcorresponding CCSD(T) calculations (Supporting Information
with diffuse d functions ¢q4(C) = 0.1565 andxq(F) = 0.4375) Table 1S and 2S) as in the cases of other aromatic mole€ufes.
on heavy atoms. The aug(d,p)-6-311G** basis set is the Estimation of CCSD(T) Interaction Energies at the Basis-
6-311G** basis set augmented with the diffuse d functions on Set Limit (Eccsprimiy)- The Eccspmyimiy Of the hexafluo-
heavy atoms and diffuse p functione,(H) = 0.1875) on robenzenebenzene complex was estimated with the ARS
hydrogen atom8? Electron correlation was accounted for by modef649 in this work. In this model theEccsp(m)(imiy Was
the MP2758and CCSD(T) method®. The basis-set superposi-  estimated according to eq 1
tion error (BSSEXY was corrected for all calculations by using
the counterpoise meth(s‘élEc(;SD(T)(nmn) was estimated with the ECCSD(T)(Iimit) = EMPZ(Iimit) + ACCSD(T)(“mit) (1)

ARS model. Feller's methéd and Helgater's methéé were

used for obtaining the MP2 interaction energy at the basis-setWhereACCSD(T)(limit) denotes the CCSD(T) correction term
limit (Euvpagimiy). The HF and MP2 interaction energies were (ACCSD(T)= Eccsp(r)— Ewp2) at the basis-set limi€yp2 and
calculated with the Dunning’s correlation consistent basis sets Eccsp( denote the MP2 and CCSD(T) interaction energies.
(cc-pVXZ, X =D, T, and Q and aug-cc-pVXZ, % D and T). Emp2gimity IS Obtained by extrapolation in the ARS-E model,

In Feller's method, the calculated HF interaction energies were Whereas it was obtained by eq 2 in the ARS model

fitted to the forma + b exp(—cX) (whereX is 2 for cc-pVDZ, E —E. . 4E o @)

3 for cc-pVTZ, etc.). The HF interaction energy at the basis- MP2(limit) HF(limit) corr(MP2)(limit)

set limit Exrgimiy) Was then estimated by extrapolation. In
Helgakers's method, the calculated MP2 level correlation
interaction energieE¢omvp2) the difference between the MP2
and HF interaction energies) using the aug-cc-pVXZ =D

and T) were fitted to the forma + bX™3. The Econupz) at the
basis-set limit Ecorr(vp2)gimit) Was then estimated by extrapola-
tion. The Ewp2gimiy Was obtained as the sum of the estimated
Exraimin and Ecorup2)imit: The  electrostatic and induction
energies of the complexes were calculated with ORIENT version
3.254The electrostatic energy was obtained from the interactions
between distributed multipoles of monomers. Distributed mul-
tipoles$566up to hexadecapole on all atoms were obtained from
the MP2/6-311G** wave functions of isolated monomers using
CADPAC version &7 The induction energy was calculated from
the electric field produced by the distributed multipoles of whereEcormp2)w)denotes th&comvp2)obtained using the large

whereEnrgimity andEcormvpz(gimi denote the HF interaction energy
(Exr) and MP2 level correlation interaction enerdycdivp2)
= Eup2 — Enp) at the basis-set limit.

The estimation oEmpzgimiy by extrapolation requires a large
CPU time. Therefore, thEupzimiy value obtained by eq 2 was
used in this work for the evaluation of the potential energy
surface. Theéeyr value obtained using a large basis $&ir,))
was used as thergimiy) value because the basis-set dependence
of the Exr is small, if sufficiently large basis sets are used, as
shown in Table 1.

Ecorrvp2)aimiyy Was obtained by eq 3

Ecorr(MPZ)(Iimit) = Ecorr(MPZ)(L/Fcorr(MPZ) (3)
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TABLE 1: HF and MP2 Interaction Energies of 2
Hexafluorobenzene-Benzene Complexes AD?2
basis set Bf Ene® Emp2® Ecorrup2! 0

complexA
6-31G 174 0.39 —2.80 —-3.19
6-31G* 282 1.62 —3.62 —5.24 =
6-311G** 360 1.16 —4.70 —5.86 g 2
aug(d)-6-311G* 432 170 —6.41 -8.11 £
aug(d,p)-6-311G* 468 173  —6.42 -8.15 g
cc-pvDzZ 282 1.41 —-4.07 —5.47 w4 .
cc-pVTZ 624 153 —6.08  —7.61 e+
cc-pvQz 1170 154 —6.89 -8.43 —e— cc-pVDZ
aug-cc-pvVDZ 468 145 —6.83 —8.28 6 | ——cc-pVTZ
aug-cc-pvVTZ 966 1.55 —7.22 —8.76 A cc-pvQz
basis-set limit 154  —7.42 —8.96 - 4

complexB -8 . L . 1 : 1 .
aug(d)-6-311G* 432 194  —2.19 —4.12 2 3 4 5 6
cc-pvDZ 282 231 —0.96 —3.27 Distance (A)
cc-pVvVTZ 624 216  —2.00 —4.15 Figure 2. MP2 interaction energies of sandwich hexafluorobenzene
cc-pvQZz 1170 207 -241 —4.49 benzene compleR calculated using several basis sets.
aug-cc-pvVDzZ 468 2.09 —2.29 —4.37
aug-cc-pvTZ 966 207 —254 —4.61
basis-set limit 198 273 —4.71 Table 1. These results show that the aug(d)-6-311G* basis set

complexC is close to saturation.
aug(d)-6-311G* 432 096  —1.08 —2.04 The Ecorupz)y Of complex A is —8.11 kcal/mol. The
cc-pvDZ 282 102  -033 —135 Ecorrvip2)imiy) Value obtained from the extrapolaton-8.96 kcal/
cc-pvTZ 624 0.97 —0.90 —1.87 ; 0

mol. The Ecormpz)w) value of complexA is 90.5% of the

cc-pvQz 1170 096 -1.16 -2.12 E. ey | tio (90 2% btained f
aug-cc-pVDZ 468 095 —120 214 orr(Mpz)(||m|t7).0 very close ratio (90.2%) was obtained for
aug-cc-pVTZ 966 094 —1.32 —2.07 complex D.”® Therefore,Fcorqup2) = 0.90 was used for the
basis-set limit 095 —1.37 -2.32 estimation ofEcorrmp2)gimiyy DY €9 3 in this work.

complexD The ACCSD(T)(limit) value was estimated by eq 4
aug(d)-6-311G* 432 168  —6.82 —8.50 o
cc-pVDZ 282 132 436 —5.68 ACCSD(T)(limit) =
cc-pvTZ 624 1.54 —6.46 —7.99
cc-pvQz 1170 1.56 —-7.31 —8.86 ACCSD(T)(M)+ AM)ACCSD(T) (4)
aug-cc-pvDzZ 468 1.49 —7.19 —8.68 ; ;
aug-co-pVTZ 966 157 —764 —920 where ACCSD(T)(M) denotes thA\CCSD(T) obtained using

basis-set limit 156 —7.87 —9.43 a medium-sized basis set. TA€CSD(T) has a weak basis-set
dependenceA(M)ACCSD(T) is the correction term for the
1.0 A andR, = 3.5 A in complexD. See Figure 1 and the text. S"?hAt llj\;“jféeétslrga.pon QKCCSD(gT)tb)t/r;[h%.rf?edlum-SbIZ?V(\d, baSItSh
b Number of basis functions used for calculation of the complex. set.A(M) (T) corresponds to the difference between the

¢ BSSE-corrected interaction energiés/P2 correlation interacton =~ ACCSD(T) at the basis-set limiACCSD(T)(limit)) and the
energy EEwp2 — Enp). ©6-311G* basis set augmented with diffuse d  ACCSD(T)(M).

functions on carbon and fluorine atoms. See the 6¢311G** basis The ACCSD(T)(M) was obtained using the 6-31G basis set
set augmented with diffuse d functions on carbon and fluorine atoms gs the medium-sized basis set in this work, if not otherwise

and diffuse p functions on hydrogen atoms. See the $&&stimated noted. TheA(M)ACCSD(T) was estimated according to eq 5
HF level interaction energy at the basis-set linfitimiy) by Feller's

method from the calculateByr using cc-pVXZ (X= D, T, and Q)
basis sets. See the teXEstimated MP2 level interaction energy at
the basis-set limit (Bezgimin). SUM of Enrgimiy and Ecorup2)imity. '
Estimated MP2 correlation interaction energy at the basis-set limit
(Ecorvp2)imin) by Helgaker's method from the calculatBghvez)using
aug-cc-pVDZ and aug-cc-pVTZ basis sets. See the text.

aR = 3.6, 5.0, and 6.0 A, respectively, in complex®@sC. R, =

AM)ACCSD(T)= Faccspm X AM)Eorpp) =
FACCSD(T) X (Ecorr(MPZ)(Iimit) - Ecorr(MPZ)(M)) (5)

where Ecormp2)vy denotes theEcorvpz) Obtained using the
medium-sized basis Sez\(M)Ecorr(MPz) (:Ecorr(MPz)(Iimit) -
Ecorvp2)m) is the underestimation of th&corup2) by the
medium-sized basis sdtaccsp(m iS a parameter used for the
estimation ofA(M)ACCSD(T). The CCSD(T) interaction ener-
gies of benzene, thiophene, and naphthalene dimers using several
basis sets (6-31G*, 6311*, 6-311G**, cc-pVDZ, and a
modified cc-pVTZ basis sets) show thaCCSD(T) is always
Although the aug(d)-6-311G* basis set employs a relatively 20-2994 of the absolute value @eorrup2y*S5° These results
small number of basis functions (432 basis functions are Usedsuggest that we can assume th&tM)ACCSD(T) is ap-
for the hexafluorobenzeneéenzene complex), the calculated proximately 25+ 5% of the absolute value (M) Ecorrupz)
Ewp2 of complexA with this basis set{6.41 kcal/mol) is close  Therefore Faccspm = —0.25 was used for the estimation of
to those calculated using very large cc-pVTZ (624 base A(M)ACCSD(T) using eq 5 in this work.
functions,—6.08 kcal/mol) and cc-pVQZ basis sets (1170 basis  Interaction Energy of the Hexafluorobenzene-Benzene
functions,—6.89 kcal/mol) and the estimatdglpzqimiy of the Complex. The interaction energie€¢cspimiy) of hexafluo-
complex by the extrapolation<7.42 kcal/mol), as shown in  robenzenebenzene complexea&—D were calculated by the
Table 1. Similar good performance of the aug(d)-6-311G* basis ARS model with changing intermolecular geometrical param-
set for the calculations of complexes—-B is also shown in eters, as summarized in Table 2. The calculated interaction

basis set near saturatioRcon(vp2) IS @ correction factor to
estimate th&corvp2)imiyy Value from theEconmp2) ) value. The
aug(d)-6-311G* basis s¥twas used for the large basis set in
this work.
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TABLE 2: Estimated MP2 and CCSD(T) Interaction TABLE 3: Estimated HF and MP2 Interaction Energies of
Energies of Benzene Hexafluorobenzene Complexes AD at Benzene-Hexafluorobenzene Complexes AD at the
the Basis-Set Limit by the ARS Modet Basis-Set Limit (Enrgimiy and Evpagimiy )?
dimer R;° Ror R’ Emp2gimin® Eccsomimit® A B c D
A 3.0 —3.09 2.16 estimated values using the cc-pVXZ basis sets
3.2 —6.82 -2.89 Eurm
mi
e e el e Helgaker DP 15850 20903 09519  1.6286
39 o —208¢s0n Helgaker TQ 15467 20113 09469  1.5694
4.0 _5138 _407 Feller DTQ! 1.5410 1.9756 0.9512 1.5571
4.2 —4.42 —3.41 Ecorrmp2)(imity®
4.4 —3.58 —2.80 Helgaker DP —8.5064 —4.5256 —2.0874 —8.9652
4.6 —2.88 —-2.28 Helgaker TQ —9.0291 —4.7270 —2.3037 —9.4975
B 48 o5 135 Feller DTQ' —8.9437 —4.6841 —2.3572 —9.3876
5.0 —2.64 -1.78 (-1.74) Ewmp2(imiy
5.2 —2.41 —1.76 Helgaker DPf —6.9214 —2.4353 —1.1355 —7.3366
5.4 —2.04 —1.56 Helgaker TQf —7.4824 —2.7157 —1.3568 —7.9281
c 5.8 141 086 Feller DTQ' —7.4421 —2.6887 —1.3984 —7.8906
B0 131 089 (-0.88) Eviimiy + Econupoymi®  —7.4881 —2.7513 —1.3525 —7.9404
6.2 —-1.13 —0.80 estimated values using the aug-cc-pVXZ basis sets
6.4 —0.93 —0.68 Enrgimin” 1.5856 2.0595 0.9410 1.5981
_ . Ecorrup2)imit)” —8.9646 —4.7100 —2.3187 —9.4255
D e 3 s ol Evpagimiy " —7.3791 —2.6504 —1.3778 —7.8274
0:6 3:7 —6:89 _5:00 Ewvp2(imin —7.4236 —2.7343 —1.3675 —7.8685
0.8 3.3 —8.29 —5.06 aEnergies in kcal/mol. The geometries are shown in Figure 1.
0.8 35 —7.82 —5.39 b Estimated values by Helgaker's method using the cc-pvVDZ and cc-
0.8 3.7 —6.84 —4.99 pVTZ basis setst Estimated values by Helgaker's method using the
1.0 3.3 —8.37 —5.25 cc-pVTZ and cc-pVQZ basis setsEstimated values by Feller's method
1.0 3.5 —7.76 —5.41 (-5.38) using the cc-pVXZ (X= D, T and Q) basis set8 MP2 correlation
1.0 3.7 —6.73 —4.94 interaction energy at the basis-set limit estimated fEgap2) (=Ewp2
12 3.3 —8.29 —5.29 — Ewp).  Estimated directly from the calculatde; value.9 Sum of
12 3.5 —7.60 —5.34 the Enrqimiy Obtained by Feller's method and tEgurvpz)imiy Obtained
12 3.7 —6.56 —4.84 by Helgaker's method using the cc-pVTZ and cc-pVQZ basis sets.

aEnergies in kcal/mol. The geometries are shown in Figure 1. " Estimated values by Helgaker's method using the aug-cc-pvDZ and
b Distance in A. See Figure £MP2 interaction energies at the basis- aU9-CC-pVTZ basis setsSum of theExrmiy Obtained by Feller's
set limit estimated by eq 2 using the aug(d)-6-311G* basis set. See themMethod using cc-pVXZ (X= D, T, and Q) basis sets and the
text. @ CCSD(T) interaction energy at the basis-set limit estimated by Ecomp2)imiy Obtained by Helgaker's method using the aug-cc-pVDZ
the ARS model using the aug(d)-6-311G* basis set as the large basis2Nd aug-cc-pVTZ basis sets.
set and the 6-31G basis set as the medium-sized basis set. The estimated
value by the ARS-E model using the 6-31G* basis set as the medium-

sized basis set is shown in parenthegg.gmiy was estimated from Ewp2(comimi)) Of the complexes are 7.42,~2.73,—1.37, and

the estimatedEqrmy by Feller's method using the cc-pVXZ (% D, —7.87 kcal/mol, respectively. The estimatdCCSD(T)(limit)

T, and Q) and the estimatdorp2)imt by Helgaker's method using of the complexes using the 6-31G* basis set as the medium-

the aug-cc-pVXZ (X= D and T) in this model. See the text. sized basis sets (Table 2S) are 2.35, 0.99, 0.49, and 2.49 kcal/
mol, respectively. The estimat&dcspr)gimiy (SUM 0fEmp2(imiy

energy potentials of complexes (sandwich),B, andC (T- and ACCSD(T)(limit)) are—5.07, —1.74, —0.88, and—5.38

shaped) have their minima when their intermolecular separa- kcal/mol, respectively (Table 2 and Table 2S). Hasp(r(imit
tions, R, are 3.6, 5.0, and 6.0 A, respectively. CompBx values obtained using the 6-31G basis set as the medium-sized
(slipped-parallel) has the largest (most negative) interaction basis set{5.20,—1.84,—0.94, and—5.52 kcal/mol) are not
energy whenR; and R, are 1.0 and 3.5 A. The calculated largely different from those obtained using the 6-31G* basis
interaction energiesEccspmaimiy) Of complexesA—D at the set as the medium-sized basis set (Table 2S). The differences
potential minima are-5.08, —1.78, —0.89, and—5.41 kcal/ are less than 0.14 kcal/mol. The good agreement suggests that
mol, respectively. further improvement of the medium-sized basis set does not
The Eccspr)imity Of complexesA—D at the potential minima largely change thACCSD(T)(limit).
were also calculated using the ARS-E model. In this model, The estimatedrimiyy values are very close to the calculated
the Ewp2gimiyy Values estimated by the extrapolation shown in HF interaction energies using the cc-pVQZ basis set as shown
Table 3 were usedEnrgimiy Was estimated by Feller's method  in Tables 1 and 3. The difference is less than 0.1 kcal/mol, which
from the calculated HF interaction energies using the cc-pVXZ suggests that the errors associated with the estimatiBargfni
(X =D, T, and Q) basis sets. The estimatgg-miy of the are less than 0.1 kcal/mol. The estimat&gvp2)imiry values
complexes are 1.54, 1.98, 0.95, and 1.56 kcal/mol, respectively.are close to the calculatét,p2)using the aug-cc-pVTZ basis
Empa2comimiy Was estimated by Helgaker’'s method from the MP2  set, which shows that the aug-cc-pVTZ basis set is close to
calculations using the aug-cc-pVXZ (% D and T) basis sets.  saturation. The differences are less than 0.2 kcal/mol. The errors
The estimatedEvp2(comimit) Values are—8.96, —4.71, —2.32, of Ecorrvp2)gimity Values associated with extrapolation are prob-
and—9.42 kcal/mol, respectively. (ThEwp2(cormimity Obtained ably less than 0.1 kcal/mol. Therefore, we can expect that the
by Helgeker's method using the cc-pVXZ (¥ T and Q) errors associated with the estimatiorE®fez(imity (=Exrqimiy +
(—9.02,—4.73,—2.30 and—9.50 kcal/mol) and those obtained  Ecorvp2)aimiy) are less than 0.2 kcal/mol. TReCCSD(T)(limit)
by Feller's method using the cc-pVXZ (% D, T and Q) was estimated from th\CCSD(T)(M) obtained using the
(—8.94,—4.68,—2.36 and—9.39 kcal/mol) are close to these medium-sized basis set and thM)ACCSD(T) (estimated
values.) The estimateBypo(imiyy vValues (sum oEprgimiy and error of ACCSD(T)). It was assumed that théM) ACCSD(T)
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M

——HF
—eo—MP2
—e—CCSD(T)

was 25+ 5% of A(M)Ecornvpzy The A(M)Ecorup2) values of 2
the four complexes using the 6-31G* basis set as the medium-

sized basis set are 0.9 to 4.1 kcal/mol. Five percent of the of
A(M)Ecorup2) values are 0.05 to 0.20 kcal/mol. Therefore, we
can expect that the errors of the estimatedCSD(T)(limit)

are less than 0.2 kcal/mol. From these evaluations, we can
conclude that the errors of the estimateg-spergimiy values

by the ARS-E model in this work are less than 0.4 kcal/mol.

The error of the relative value of th&ccspemgimiy Of 6|
complexesA andD is smaller than the errors of th&cspmimiy
values. The estimateBnrgimiy values of complexes and D 8
are 1.541 and 1.557 kcal/mol, respectively. TBgimiy Of 2 ®  Distance () 6
comple)_<D is 0.016 kcal/mol larger than that_ of A. Nearly the Figure 3. HF, MP2, and CCSD(T) interaction energies of sandwich
same difference (0'01_5 kcal/m_OD was obtained from the HF/ hexafluorobenzenebenzene compleR. The HF interaction energies
cc-pVQZ level calculations, which shows that the error of the were calculated with the aug(d)-6-311G* basis set. The MP2 and
relativeEyr associated with the extrapolation is negligible (less CCSD(T) interaction energies were the estimated values at the basis-
than 0.001 kcal/mol). The difference between the estimated set limit. See the text.
Ecorrup2)imiyy Values of complexe# andD is 0.461 kcal/mol.
The difference of th&corrvp2)obtained using the aug-cc-pvVTZ

E (kcal/mol)

kcal/mol. More recently, Vanspeybrouck et al. reported that a

basis set is 0.423 kcal/mol. The change of the difference by the SliPPed-parallel equilibrium geometry was obtained from the
. )

extrapolation is only 0.038 kcal/mol. Therefore, we can expect MP2/6'_316 level geometry optimizatioh. The calculated

that the error of the relative value @ypzqimy Of the two interaction energy of the sipped-parallel structure 4s02 kcal/

complexes is less than 0.04 kcal/mol. TRECCSD(T)(M) mol. The MP2 level interaction energies reported by these

(ACCSD(T) values calculated using the 6-31G* basis set as 9"0UPS are notlargely different from tB@csp(mimi) Of complex
the medium-sized basis set) of complexesndD are 1.422 D estimated in this work-5.38 kcal/mol). They used consider-

and 1.478 kcal/mol. The difference is 0.056 kcal/mol. The @Ply smaller basis sets than those used this work, which leads
estima{tedACCSD(T).(limit) of the complekes are 2.365. and the underestimation of the attraction, while the MP2 method
2.491 kcal/mol. The difference of thieCCSD(T)(limit) is 0.126 overestimates the attraction compared to the CCSD(T) method.
kcal/mol. The change of the difference between A@CSD- The error cancellation would be the cause of the fairly good
(T) of two complexes by the estimation at the basis-set limit is P€rformance of their MP2 calculations.

only 0.070 kcal/mol. Therefore, we can assume that the error Molecular beam studies show that hexafluorobeznene and
of relative energy of two complexes associated with the benzene are nearly parallel in the gas pHagesimilar parallel

estimation ofACCSD(T)(limit) is less than 0.07 kcal/mol. From structure was also observed in the I|qu_|d phas_e by neutron
these evaluations. we can conclude that the error of the diffraction measuremen#.The calculated interaction energies

calculated energy differencEdcsomimi) of complexesA and show that the_complex pre_fers the parallel structures, _whlch
D by the ARS-E model is less than 0.11 kcal/mei0[04 + agrees well with the experlment_al observation. The sI_|pped-
0.07 kcal/mol). parallel structure was also found in the crystal of a 1:1 mixture.

In the ab lculati the fixed i The observed interplanar distance (ca 3.4 A) is close to the
usg d Eu?l ggtein??zgtji:nlgﬁhe gom|eTz:]§;1|Z:§§3r2ﬁ;fgsev¥ﬁf calculated vertical separation (3.5 A) in the most stable slipped-

- . parallel complexD.
calculated interaction energy of the complex. The geometry of Source of Attraction and Directionality. The electrostatic
complexDlwas fully o.ptlmlzed at the.MP2/6-311G* level with and induction energiesEs and Eing) of hexafluorobenzene
counterpoise correction for evaluating the effect of geometry benzene complexeA—D at the potential minima are sum-
gptlmlzanop. ‘I.'het'changeslof botnhd d|s(t)ag(():§s End Vdal%nICﬁ angle%arized in Table 3Ea is the estimatedEccspmimiy by the
in{eraitigg (IaTZrZ)I/ng tiffuﬁ;s/ipti;?zed comple?(ncalcﬁlatZd at ARS-E modelEcor is the effect of electron correlation on the

calculated total interaction energy, which is the difference

the MP2/cc-pVTZ level was-6.68 kcal/mol. The geometry of g9y

. - betweenE.a andExe. The dispersion interaction is the major
complexD was also optimized at the MP2/6-311G* level using contributor 10 Esor. Evep (= Evr — Ees — Eing) is mainly

the 'flxed monomer geometries .W'th changlrﬁg and Ry . exchange-repulsion energy, but it also includes some other
(horizontal displacement and vertical separation). The optized terms

R; andR; values are Q.92 and 3.45 A. The calculated interaction The absolute value .o is always considerably greater than
energy of the opt|m|zeq geometry at the MP2/cc-pVTZ level that of Ecs which indicates that dispersion is the major source
was—_6.59 keal/mol, which is only 009 kcal/mol smaller (less of attraction in the hexafluorobenzenkenzene compleXig
nggatlve) than that of the fully optimized complex. The small ¢ always small (less than 0.5 kcal/mol). The calculated
difference shows that the effect of geometry changes uponneraction energy potential of compléx(Figure 3) also shows
complex formation is very small. the importance of dispersion because electron correlation

Our calculations show that slipped-parallel compExis considerably increases the attraction. The complex has substan-
considerably more stable than T-shaped complékesid C. tial attraction even when the molecules are well separated, which
Sandwich complex is slightly less stable than slipped-parallel  shows that short-range interactions such as charge transfer are
complexD. The energy difference between complexesnd not the major source of attraction in the hexafluorobenzene

D (0.31 kcal/mol) is considerably smaller than that between the phenzene complex.

slipped-parallel and sandwich benzene dimers (1.00 kcalAhol). Comparison with Benzene Dimer. Slipped-parallel and
Hernandez-Truijillo et al. reported that the sandwich structure T-shaped benzene dimers are nearly isoeneréfettéwhereas

is stable and the T-shaped structure is repulidée calculated the slipped-parallel hexafluorobenzer®enzene complex is

MP?2 level interaction energy of the sandwich structure4s33 considerably more stable than the T-shaped ones. Electrostatic
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TABLE 4: Electrostatic, Induction, and Dispersion Energies
of Hexafluorobenzene-Benzene Complexes and Benzene
Dimers?

Tsuzuki et al.

source of the attraction. But both dispersion and electrostatic
interaction play important roles for the directionality of the
interaction.

complex Etotal Eef End®  Eef  Ecod Although the T-shaped and slipped-parallel benzene dimer
hexafluorobenzene-benzene are nearly isoenergetic, the slipped-parallel hexafluoroberzene
sandwich 4) -5.07 -1.15 -0.46 3.14 -6.61 benzene complex is substantially more stable than the T-shaped
slipped-paralellp) -538 —1.12 —047 3.15 -6.94 ones. The electrostatic interaction stabilizes the T-shaped
T-shaped®) -l74 060 -008 145 -3.72 benzene dimer, whereas it destabilizes the T-shaped hexafluo-
T-shapedC) -0.88 041 -0.05 059 -1.83 . S .
) robenzene benzene complex. The dispersion interaction en-

slipped-paralle 7221%”28”90%'8” 025 30l -614 hances the relative stability of the slipped-parallel benzene dimer
T-shaped 246 —055 -017 174 —348 and the hexafluorobenzenbenzene complex. The stabilization

aEnergies in kcal/mol® Estimated CCSD(T) interaction energies at
the basis-set limitEccspmgimiy) by the ARS-E model. See the text.
¢ Electrostatic energies. See the téMinduction energies. See the text.
¢ Repulsion energiesHExr — Ees — Eing). Ene was calculated using
the aug(d)-6-311G* basis sétCorrelation interaction energiesEptal
— Enr). See the text? References 46 and 50.

of the slipped-parallel hexafluorobenzerigenzene complex by
both electrostatic and dispersion interactions is the cause of the
preference of this structure and larger interaction energy
compared to the benzene dimer.
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hexafluorobenzene are opposite in sign. Both electrostatic and

dispersion interactions enhance the relative stability of the
slipped-parallel hexafluorobenzenkenzene complex. There-
fore, the interaction energy of slipped-parallel hexafluoroben-
zene-benzene comple® (—5.38 kcal/mol) is considerably
larger than those of T-shaped comple®andC (—1.74 and
—0.88 kcal/mol, respectively).

The Eiwar value of slipped-parallel hexafluorobenzene
benzene compleR is 2.2 times larger than that of the slipped-
parallel benzene dimer—2.48 kcal/mol)*® The large Ecorr
(—6.94 and—6.14 kcal/mol) values indicate that dispersion is
the major source of the attraction in both systéfghe Eqor
of the slipped-parallel hexafluorobenzerteenzene complex is

only 13% larger than that of the benzene dimer. The difference

of electrostatic energies-(L.12 and 0.90 kcal/mol) is the major
cause of the considerably largéfqa Of slipped-parallel
hexafluorobenzenebenzene comple® than that of the benzene
dimer.

Slipped-parallel hexafluorobenzenbenzene comple® is
slightly (0.31 kcal/mol) more stable than sandwich complex
The Ees Eing, andEep values of complexD are nearly equal to
those of the compleR, whereas th&.q, of D is 0.33 kcal/mol
larger (more negative) than that éf, which shows that the

larger dispersion interaction is the cause of the greater stability

of slipped-parallel compleB. The smaller vertical separation
in complexD (3.5 A) than that in complen (3.6 A) would be
the cause of the larger dispersion energy.

Conclusions

The estimated CCSD(T) interaction energies of the benzene-
hexafluorobenzene complexes at the basis-set limit show that

the slipped-parallelEs) structure has the largest (most negative)
interaction energy £5.38 kcal/mol). The sandwichC,)
structure is slightly less stable-5.07 kcal/mol). The interaction
energies of the two T-shaped structur€s,) are very small.
The electrostatic interaction is substantially smaller than the
dispersion interaction. The dispersion interaction is the major

Supporting Information Available: Table 1S shows the
estimated MP2 and CCSD(T) interaction energies of the
hexafluorobenzenebenzene complex at the basis-set limit by
the ARS model using the 6-31G basis set as the medium-sized
basis set, and Table 2S shows the estimated MP2 and CCSD(T)
interaction energies of the hexafluorobenzebenzene complex
at the absis-set limit by the ARS-E model using the 6-31G and
6-31G* basis sets as the medium-sized basis set. This material
is available free of charge via the Internet at http://pubs.acs.org.
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