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Abstract: High-level ab initio calculations were carried out to evaluate the interaction betweenfétve of
benzene and ammonia as a model of Mlifiteraction. The intermolecular interaction energy was calculated
from the extrapolated MP2 interaction energy at the basis set limit and a CCSD(T) correction term. The calculated
interaction energy-2.22 kcal/mol) is considerably smaller than that of the hydrogen bond between waters.
The monodentate complex is slightly more stable than the bidentate and tridentate complexes. The potential
energy surface is very flat near the minimum, which shows that the major source of the attraction is a long-
range interaction. The HF interaction energy of the monodentate complex (0.13 kcal/mol) is repulsive. The
large gain in the attraction by electron correlation correctio@.86 kcal/mol) indicates that the dispersion
interaction is significantly important for the attraction. The electrostatic eneryol kcal/mol) is also important

for the attraction. The benzenwvater (OHfr) interaction energy-3.17 kcal/mal) is larger than the benzene
ammonia (NH#) interaction. The dispersion interaction is again important for the attraction in the benzene
water complex. The attraction in the benzemenmonia complex is stronger than that in the benzenethane

(CHIn) complex (1.45 kcal/mol). The amount of electrostatic energy is mainly responsible for the magnitude
of the attractions in these three complexes. The directionality for therHfl OH/z interactions is mainly
controlled by the electrostatic interaction.

Introduction reported the NHt interaction in the hemoglobin-drug com-
plex1” The short contact was also found in several prot&ir.
Fong et al. reported that the Nidinteraction is important for
the selective binding of receptor protein with neurotransmitter.

Hydrogen bonding plays a dominant role in many forefront
areas of modern chemistry from molecular biology to material

s 2 ;
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measurements showed that the water and ammonia molecules (14) Oki, M.; Mutai, K. Bull. Chem. Soc. JprL965 38, 387.
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The NH/r interaction is believed to be an important interaction origin of the attraction and the magnitude of the attraction) is
for structures of proteins. The close contact was also observedstill not well understood.
in crystals of small molecule¥-32 1t is believed that the NH/ In this paper we have provided detailed evaluations of the
interaction is also important for crystal packing. interaction of the benzer@mmonia complex by high-level ab
Whetsel and Lady reported that the MH#hteraction energies initio calculations. Absolute values of recently reported experi-
in the N-methylaniline-benzene and anilirebenzene systems  mental interaction energies of the Ntihteraction are less than
were —1.5 and—1.6 kcal/mol, respectivel§?2 Oki and Mutai 3 kcal/mol. It is well-known that ab initio calculations using
reported from thermodynamic analysis that the interaction very large basis sets and appropriate electron correlation
energy inN-benzylaniline was smaller (less negative) than correction are necessary to accurately evaluate such weak
—2 kcal/mol%34 Rodham et al. reported that one NH bond interactions'®~48 However, such a very accurate calculation has
pointed toward the benzene ring in the benzemmmonia not yet been reported for this system. We have calculated the
complex. They estimated from the experimental centrifugal MP2 interaction energies of a few orientations of benzene
distortion constanb; that the interaction energy wasl.4 kcal/ ammonia complexes with Dunning'’s correlation consistent basis
mol.® sets and estimated the MP2 interaction energies at the basis set
A few theoretical calculations of the benzersmmmonia limit. In addition we have carried out the coupled cluster
complex were reported. In early studies the interaction energiescalculations using single and double substitutions with nonit-
were calculated by using Hartre€ock (HF) level optimized erative triple excitations (CCSD(P})® to include electron
geometries!3537 But HF calculation cannot evaluate the correlation beyond MP2. We have discussed the orientation
dispersion interaction, which is a significantly important interac- dependence of the stability of the complexes and the role of
tion in the benzeneammonia complex as we will describe later. electrostatic, dispersion, and charge-transfer terms for the
Rodham et al. report@dhe geometry optimization by the sec-  attraction. We have also carried out calculations of the benzene
ond-order Mpller—Plesset perturbation method (MP2Pusing water complexes and have discussed the difference among the
the 6-31G** basis se® Inoue et al. reported the geometry NH/z, OH/z, and CH# interactions.
obtained by the density functional calculation with Becke’s
exchange and Lee, Yang, and Parr's correlation functionals Computational Method
(BLYP).4243Both groups obtained monodentate structures. The
CalCUIate(.j.MPZIG'slG** mteracuor.] energy without basis set ab initio molecular orbital calculations. The 6-311G*and cc-pVXZ
Supe.t‘DOSI'[IO.n error (BSSE) Correctlon Was—2l.4 keal/mof? . X =D, T, andQ)>** basis sets were used. Electron correlation was
The interaction energy from the density functional calculation ¢orected by the MP229and CCSD(T5° methods. The geometries
was —1.4 kcal/mol*t of isolated molecules were optimized at the MP2/6-311G** level, and
Although these experimental and theoretical studies provided were used for the calculations of complexes. Basis set superposition
valuable pieces of information on the NHinteraction, there error (BSSEY was corrected for all calculations using the counterpoise
still remain a number of important and fundamental unsettled method®® MP2 interaction energies at the basis set limit were estimated
issues about the Nhi/interaction. (1) Despite broad interests by the method proposed by FelférDistributed multipole¥** were
in the NH/r interaction in many area of chemistry and biology,

The Gaussian 94 and Gaussian 98 progPaPisvere used for the

(45) Nishio, M.; Hirota, M.; Umezawa, YThe CH/p interactionWiley-

very little is known about the origin of the NH/interaction. VCH: New York, 1998.

(2) Another important issue is the directionality of the IH/ (46) Chalasinski, G.; Szczesniak, M. Mhem. Re. 1994 94, 1723.

interaction. Spectroscopic measuremeatsi recent theoretical 19&7%;;“;3‘7“' S.; Uchimaru, T.; Tanabe, K.Mol. Struct. (THEOCHEM)
i A1 indi i ' : . . .

calculation84! indicate that the benzer@mmonia complex (48) Tsuzuki, S.; Uchimaru, T.; Mikami, M. Tanabe, &.Phys. Chem.

prefers a monodentate structure, while it is not certain why the A 1998 102 2091. _
monodentate structure is the most stable. A statistical analysis__(49) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.

- 1987, 87, 5968.
of the crystal structure database showed that different types of (50) Scuseria, G. E.; Schaefer, H. F.,JIIChem. Phys1989 90, 3700.

orientations also exist in crystalsThe energy difference among (51) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
the monodentate, bidentate, and tridentate structures has not ystohnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

smilar A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
been accurately e.valuateq (3) The Slm”arlty. among theshH/ V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
OH/z, and CHf interactions has been pointed out repeat- Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
edly 10.14.16.45yhile the difference among these interactions (the Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-
(30) Viswamitra, M. A.; Radhakrishnan, R.; Bandekar, J.; Desiraju, G. Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian, Inc.:

R.J. Am. Chem. S0d.993 115 4868. Pittsburgh, PA, 1994.
(31) Malone, J. F.; Murray, C. M.; Charlton, M. H.; Docherty, R.; Lavery, (52) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
A. J.J. Chem. SocFaraday Trans.1997 93, 3429. M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
(32) Umezawa, Y.; Tsuboyama, S.; Takahashi, H.; Uzawa, J.; Nishio, Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
M. Tetrahedron1999 55, 10047. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
(33) Whetsel, K. B.; Lady, J. Hl. Phys. Chem1965 69, 1596. M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
(34) They measured the enthalpy difference between the interacting form Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
and the free form. D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
(35) Cheney, B. V.; Schulz, M. W.; Cheney, J.; Richards, WJGAm. Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
Chem. Soc1988 110, 4195. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
(36) Bredas, J. L.; Street, G. B. Chem. Phys1989 90, 7291. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
(37) Cheney, B. V.; Schulz, M. WI. Phys. Chem199Q 94, 6268. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
(38) Mgller, C.; Plesset, M. SPhys. Re. 1934 46, 618. M.; Replogle, E. S.; Pople, J. &aussian 98Gaussian, Inc.: Pittsburgh,
(39) Head-Gordon, M.; Pople, J. A.; Frisch, MChem. Phys. Letl.988 PA, 1998.
153 5083. (53) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, 1.AChem. Phys.
(40) Gordon, M. S.Chem. Phys. Lett198Q 76, 163. 198Q 72, 650.
(41) Inoue, Y.; Sugio, S.; Andzelm, J.; Nakamura,JNPhys. Chem. A (54) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.
199§ 102, 646. (55) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.
(42) Becke, A. D.Chem. Re. A 1988 38, 3098. (56) Boys, S. F.; Bernardi, Mol. Phys.197Q 19, 553.
(43) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (57) Feller, D.J. Chem. Phys1992 96, 6104.
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L " HF interaction energy is mainly exchange-repulsion and elec-
rli-’ ----- 'y IN__’ AN, trostatic energies. On the other hand the depths of the MP2
H R HH ' potentials strongly depend on basis set. The calculated interac-
:__ . _*_ RO T tion energies of the complexés—D andG—J (Figure 1) are
T~—— T~—— T~—— summarized in Table 1. The intermolecular distan&df the
complexes correspond to the MP2/cc-pVTZ potential minima
A B c (Figures 4 and 5). The small cc-pVDZ and 6-311G** basis sets

(143 and 180 basis functions for the benzeammonia
complex, respectively) lead to considerable underestimation of
H H, g4 the attraction compared to a large cc-pVQZ basis set (655 basis
functions). The MP2/cc-pVDZ interaction energies of the
complexesA—D and G-I are —1.25,—-1.13,-0.66, —1.02,
—1.88, —2.03, and—1.81 kcal/mol, respectively, while the
= — Ry - <l e energies at the MP2/cc-pVQZ level are.37,—2.15,—1.70,
—1.97,—-3.13,—-3.17, and—2.90 kcal/mol, respectively. The
D E F MP2/cc-pVDZ calculation thus underestimates the interaction
energies as much as-361%. These results illustrate the well-
known fact that very large basis sets are necessary to accurately
evaluate the dispersion interactitfit*®
H Electron correlation leads to considerable increase in the
S ? attraction. The HF interaction energies of the compleXedD
i andG—1 calculated with the cc-pVQZ are 0.13, 0.23, 0.62, 0.29,
e p e o e —0.79,—0.92, and—0.79 kcal/mol, respectively. The large gain
in the attraction by electron correlation2.11 to—2.50 kcal/
mol) indicates that the dispersion interaction is significantly
important for the attraction in both the benzerm@nmonia and
benzene-water complexes.
The calculated BSSE values in Table 1 indicate that the MP2
H calculations have substantially larger BSSE than the HF
f ------ Ly calculations. The size of the BSSE depends strongly on the basis
H R set. The MP2 calculations with small 6-311G** and cc-pVDZ
W, Ly T o {_ basis sets have large BSSE (12102 kcal/mol). The magni-
tude of the BSSE values is close to the size of the calculated
interaction energies. The increase in the size of the basis set
J K L decreases the BSSE. The BSSE values in the MP2/cc-pVQZ
calculations are 0.470.81 kcal/mol. The BSSE values in the
calculations of the benzenrsvater complexG are larger than

Figure 1. The geometries of the benzen@mmonia, benzerewater,

and be_nzenemethane complexes considered in this work. The_ those of the benzer@mmonia complexA. The shorter
ammonia, water, and methane are above the center of the benzene rin

in the complexes\—C, F—H, K, andL . The ammonia and water are thtermolecular distance of the benzeneater complex would

above one of the carbon atoms of the benzene in the complexes be the cause of the larger BSSE.

I, andJ. Effects of Electron Correlation Beyond MP2.The interac-
tion energies of the benzerammonia and benzenesvater

obtained from MP2/6-311G** wave functions of isolated molecules complexes were calculated by the MP3, CCSD, and CCSD(T)

using CADPAC version &° Electrostatic energies of the complexes methods with the cc-pVDZ basis set to evaluate the effect of

were calculated as interactions between distributed multipoles using electron correlation beyond MP2 as summarized in Table 2.

ORIENT version 3.2} The MP2 interaction energies are larger (more negative) than
) ) the CCSD(T) energies. The MP3 interaction energies are
Results and Discussion close to the CCSD(T) values. The CCSD calculations substan-

tially underestimate the attraction compared to the CCSD(T)
values. Similar underestimation is also observed in the calcula-
tions of CQ clusters$263 hydrogen bonding complexésand

Basis Set Effects on HF and MP2 Interaction Energies.
The intermolecular interaction potentials of the benzene

ammonia and benzenevater complexes andG (Figure 1) benzene-hydrocarbon systen?8:56 These results suggest the

were calculated using the 6-311G** and cc-pVXZ &D, T, . . 7 A
and Q) basis sets as shown in Figures 2 and 3. The basis Se,[|mportance of triple excitations to evaluate the attractive inter-

: . L action.
dependence of the HF interaction energies is very small. The
P 9 y The CCSD(T) correction termAgcsp(r), the difference
(59) Stone, A. JThe theory of intermolecular force€larendon Press:  between the MP2 and CCSD(T) interaction energies using the
Oxford, 1996.
(60) Amos, R. D.CADPAC: The Cambridge Analytical Destives (62) Tsuzuki, S.; Uchimaru, T.; Mikami, M.; Tanabe, K.Chem. Phys.
Packagelssue 6,Technol. rep., University of Cambridge, 1995, A suite of 1998 109, 2169.
guantum chemistry programs developed by Amos, R. D. with contributions ~ (63) Tsuzuki, S.; Klopper, W.; Luthi, H. Rl. Chem. Phys1999 111,
from Alberts, I. L., Andrews, J. S., Colwell, S. M., Handy, N. C., Jayatilaka, 3846.
D., Knowles, P. J., Kobayashi, R., Laidig, K. E., Laming, G., Lee, A. M., (64) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; Tanabe,
Maslen, P. E., Murray, C. W., Rice, J. E., Simandiras, E. D., Stone, A. J., K. J. Chem. Phys1999 110, 11906.
Su, M. D. and Tozer, D. J.. (65) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe,X.
(61) Stone, A. J.; Dullweber, A.; Hodges, M. P.; Popelier, P. L. A.; Wales, Am. Chem. SoQ00Q 122, 3746.
D. J.Orient: a program for studying interactions between molecu&sion (66) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; Tanabe,
3.2 University of Cambridge, 1995. K. Chem. Phys. Let200Q 319 547.
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Table 1. Calculated Interaction Energies of the BenzeAenmonia and

J. Am. Chem. Soc., Vol. 122, No. 46, 2000453

BenzereWater Complexes

benzene-anmmonia

benzene-water

method

A B C D G H |
HF/6-311G** 0.06 (0.58) 0.06 (0.64) 0.45 (0.93) 0.16 (0.48) —0.88(0.87) —1.23(1.14) —0.95 (0.76)
HF/cc-pvDZ 0.10 (0.55) 0.14 (0.65) 0.51 (0.98) 0.25(0.46) —0.81(0.81) —1.08(1.06)  —0.80 (0.70)
HF/cc-pVTZ 0.13 (0.35) 0.22 (0.43) 0.61 (0.62) 0.29 (0.33) —0.79 (0.55) —0.93(0.76)  —0.78 (0.51)
HF/cc-pvVQZ 0.13 (0.21) 0.23 (0.23) 0.62 (0.30) 0.29 (0.21) —0.79 (0.32)  —0.92(0.38)  —0.79 (0.31)
MP2/6-311G**  —1.45(1.40) —1.37 (1.20) —0.89(1.55) —1.24(1.04) —2.11(1.87) -2.34(2.02) —2.09(1.52)
MP2/cc-pVDZ ~ —1.25(1.26) —1.13(1.22) —0.66(1.61) —1.02(1.01) —1.88(1.64) —2.03(1.87) —1.81(1.39)
MP2/cc-pVTZ ~ —2.07(0.82) —1.85(0.87) —1.38(1.19) —1.70(0.72) —2.78(1.19) —2.81(1.49) —2.60 (1.09)
MP2/cc-pvVQzZ  —2.37(0.47) —2.15(0.48) —1.70(0.60) —1.97(0.47) —3.13(0.72) —3.17(0.81) —2.90(0.69)
Ewpo(limit) ® ~2.55 -2.35 -1.94 -2.14 ~3.36 ~3.46 -3.10
ACCSD(T} 0.33 0.27 0.22 0.30 0.34 0.29 0.33
Eccsorrflimityd  —2.22 —2.07 -1.72 -1.84 -3.02 -3.17 —2.77

Re 3.6 3.6 3.6 3.6 3.4 3.4 3.4

aEnergies in kcal/mol. BSSE corrected interaction energies. The values in parentheses are BSSE'’s. The geometries of the complexes are shown
in Figure 1.° Estimated MP2 interaction energies at the basis set limit. See‘tBiference between the interaction energies calculated with the

CCSD(T)/cc-pVDZ and MP2/cc-pVDZ methodsExpected CCSD(T) interaction energies at the basis set limit. SEgflimit) and ACCSD(T).

e Intermolecular distances in A. See Figure 1.

Table 2.

Interaction Energies of the Benzen@mmonia Complex 4
A—D and BenzeneWater ComplexeG—I Calculated with Electron (! "
Correlation Correction by Several Methéds \\‘\ ll“b — EZSCB;\}SZ
benzene-ammonia compkex benzene-water complex & —0—  HF/cc-pVTZ
[ A HF/cc-pvVQZ
A B C D G H I 27\ y ---8--  MP2/6-311G*
_ _ _ oy ---0--  MP2/cc-pVDZ
HF 0.10 0.14 051 0.25-0.81 —-1.08 -0.80 Vo —--O--  MP2loopVTZ
MP2 —-1.25 —1.13 -0.66 —1.02 —1.88 —2.03 -1.81 = Y A MP2/cc-pVQZ
MP3 -0.88 —0.82 —0.41 —0.69 —152 -173 —147 g "% x  MP2(basis set limit)
CCsSD -0.79 —-0.72 —0.31 —0.57 —1.43 -1.61 -1.34 3 oA e
CCSD(T) —0.92 —0.86 —0.45 —0.72 —154 —174 —1.48 e
aEnergies in kcal/mol. BSSE corrected interaction energies. The w
geometries of the complexes are shown in Figure 1. The cc-pVDZ basis
set was used. Intermolecular distanc® = 3.6 A. ¢ Intermolecular
distanceR = 3.4 A. 27
Table 3. Basis Set Effects on the Calculated HF, MP2, MP3,
CCSD, and CCSD(T) Interaction Energies of BenzeAenmonia
ComplexA and BenzeneWater ComplexG2
-4 T T T T T
basis set HF MP2 MP3 CCSD CCSD(WCCSD(Ty 28 3.2 3.6 4.0 4.4 4.8 5.2
benzene-ammonia Distance (A)
complexA¢ . . . . .
6-311G* ~001 —-1.31 -1.02 —-0.90 —1.03 0.28 Figure 2. The HF and MP2 intermolecular interaction potentials of
6-311G** 0.06 —1.45 —1.07 —0.96 —1.12 0.32 the benzeneammonia compleXA calculated with several basis sets.
cc-pvDZ 0.10-1.25 -0.88 —0.79 —0.92 0.33 ] ]
cc-pVTZ 0.13-2.07 —1.55 —1.41 —1.69 0.38 Intermolecular Interaction Potentials of Benzene-Am-
benzenﬁwggr monia Complexes.The intermolecular interaction potentials of
complex . _ :
6-311G* 113 215 —1.89 —1.75 —1.85 0.30 the six complexeé&—F (F|gure_ 1) were calculated at the MP2/
6-311G* —-088 —2.11 —1.74 —1.63 —1.77 033 cc-pVTZ level as shown in Figure 4. Although the complex
cc-pvDZ  —0.81 —1.88 —1.52 —1.43 —1.54 0.34 does not have a hydrogen bond, this complex was added to
cc-pVvVTZ —0.79 —2.78 —2.30 —2.17 —2.43 0.35

understand to what extent the hydrogen bond stabilizes the

aEnergies in kcal/mol. BSSE corrected interaction energies. The COMplexes. The potential of compleA has the deepest
geometries of the complexes are shown in Figuré Difference minimum. The calculated potentials of compleXesE have
between the interaction energies calculated with the CCSD(T) and MP2 their minima at intermolecular distanceR) (of 3.6, 3.6, 3.6,
me_thods.C Intermolecular distanc® = 3.6 A. ¢ Intermolecular distance 3.6, and 3.8 A, respectively. The potential of compleroes
R=3.4A U .

not have a minimum. The calculated potentials are very flat

cc-pVDZ, is not large. Thé\ccsp(r values of the complexes — near the minima. The calculated potential of compegFigure
A—D andG—I are 0.33, 0.27, 0.22, 0.30, 0.34, 0.29, and 0.33 2) shows that substantial attraction still exists, even if the
kcal/mol, respectively. The CCSD(T) interaction energies of the intermolecular distance is larger than 4.0 A. This suggests that
complexA and G were also calculated using the 6-311G*, the major source of the attraction is not short-range interactions
6-311G**, and cc-pVTZ basis sets as shown in Table 3. The (E ~ e *R), such as charge transfer, but long-range interactions
CCSD(T) interaction energies depend on the basis set, while (E ~ R™), such as electrostatic and dispersiéithe calculated
the basis set dependence of thecspr is very small. The interaction energy of compleX is substantially larger than those
Accsp(m values of complexA calculated with these basis sets (67) Nonbonding interactions can be separated into two main types. One
(0.28, 0.32, and 0.38 kcal/mol, respectively) are close to that is jong-range interactions such as electrostatic and dispersion interactions
with cc-pVDZ (0.33 kcal/mol). Thé\ccsprvalues of complex where the energy of interaction behaves as some inverse power of R.
G calculated with these basis sets (0.30, 0.33, and 0.35 kcal/Another is short-range interactions such as exchange-repulsion and charge-

| ivel | | h ith transfer interactions. Short-range interactions arise at distances where the
kmo II/ resI;:Jectlve y) are also close to that with cc-pVDZ (0.34 mojecular wave functions overlap significantly. The energies of short-range
cal/moil).

interactions decrease exponentially with distance.
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Figure 3. The HF and MP2 intermolecular interaction potentials of
the benzenewater complexG calculated with several basis sets.
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Figure 4. The MP2/cc-pVTZ intermolecular interaction potentials of
the six benzeneammonia complexes.

4.0 4.4

of D andE, which indicates that the ammonia prefers to locate

above the center of the benzene ring. This preference agree

well with the experimental observation. Burley and Petsko have

reported that the amino group prefers to locate above the cente

of the aromatic ring?
The MP2 interaction energies at the basis set lilrb(imit)

were estimated by extrapolation of the MP2 interaction energies
calculated with Dunning’s correlation consistent basis sets using

the method proposed by Feller. The foan+ b exp(—cX)
(whereX is 2 for cc-pVDZ,3 for cc-pVTZ, etc.) was fitted to
the calculated interaction energfés he Eypz(imiy Of complexes
A—D at their potential minima are-2.55,—2.35,—1.94, and
—2.14 kcal/mol, respectively, as summarized in Table 1. These
values are not largely different from the values calculated with

cc-pVQZ, indicating that cc-pVQZ is close to the saturation. 2703.

The MP2/cc-pVQZ interaction energies are only 6:0729 kcal/

mol smaller (less negative) than the correspond@(imiy.

The expected CCSD(T) interaction energies of the complexes
at the basis set IimitHCCSD(T)(nmn), the sum of tthMPZ(Iimit)

and ACCSD(T)) are—2.22, —2.07, —1.72, and—1.84 kcal/
mol, respectively. This shows that the monodentate comilex

Tsuzuki et al.

(kcal/mol)

E

-3 T

2.8 3.2 3.6 4.0

Distance (A)

Figure 5. The MP2/cc-pVTZ intermolecular interaction potentials of
the five benzenewater complexes.

(one NH bond points toward the benzene) is slightly more stable
than the bidentate and tridentate compleBesndC. Rodham

et al. reported from their spectroscopic measurement that the
ammonia is above the benzene ring and ord\oond points
toward the benzene rirfgOur calculations agree well with their
experimental measurement. The calculated interaction energy
(Ee) of the benzeneammonia compleX (—2.22 kcal/mol) is
about 40% of the hydrogen bonding energy of the water
dimer58:69

The vibrational zero-point energies (ZPE) of monomers and

the energy minimum monodentate complex were calculated at
the MP2/cc-pVTZ level. The calculated ZPE values of benzene
and ammonia monomers and the benzesm@monia complex
were 0.100713, 0.034813, and 0.136502 hartrees, respectively.
The change of the ZPE by the formation of the dim&ZPE)

is 0.61 kcal/mol. The calculateH, value of the benzere
ammonia complexX (Eccsomaimiy = —2.22 kcal/mol) and the
AZPE led to thegg value of—1.61 kcal/mol. This value is very
close to the experiment& (—1.4 kcal/mol) of the benzere
ammonia compleRX.Rodham et al. reported that the MP2/6-
31G* level interaction energyEt) was —2.4 kcal/mol® Al-
though they used a considerably smaller 6-31G* basis set, the
alculatedE; is slightly larger (more negative) than our value.

hey did not correct the BSSE in their calculations, which leads

fo the large interaction energy. Inoue et al. reported thaEthe
was —1.4 kcal/mol from their density functional calculations
with the BLYP functionals'! It has been reported that the BLYP
functionals cannot evaluate the attractive dispersion interaction

in rare gas dimers and hydrocarbon din@rg2 This deficiency
of the BLYP functionals would be the cause of the sniall

Intermolecular Interaction Potentials of Benzene-Water

Complexes.The intermolecular interaction potentials of the five
complexesG—K (Figure 1) were calculated at the MP2/cc-
pVTZ level as shown in Figure 5. Complék was added for

202.

(68) Curtiss, L. A.; Frurip, D. J.; Blander, M. Chem. Physl979 71,

(69) Feyereisen, M. W.; Feller, D.; Dixon, D. A. Phys. Chem1996

100, 2993.

(70) Kristyan, S.; Pulay. RChem. Phys. Lettl994 229, 175.
(71) Hobza, P.; Spooner, J.; Reschel,JT.Comput. Chem1995 16,
15

(Yé) Meijer, E. J.; Sprik, MJ. Chem. Phys1996 105, 8684.
(73) Tsuzuki, S.; Uchimaru, T.; Tanabe, €hem. Phys. Letl998 287,
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Table 4. Electrostatic and Dispersion Energies of the Benzehmmonia, BenzeneWater, and BenzereMethane Complexés

benzene-anmmonia benzerevater benzenemethané
energy A B C D G H | L
Etotal —2.22 —2.07 —-1.72 —1.84 —3.02 —3.17 —2.77 —1.45
Ecd —-1.01 -0.91 -0.79 —-1.22 —1.86 —-2.14 —-2.14 -0.25
Erep 1.14 1.14 1.41 1.51 1.07 1.22 1.36 1.10
Ecorf —2.36 —-2.31 —2.34 —-2.13 —2.23 —-2.25 —1.98 —-2.30
R9 3.6 3.6 3.6 3.6 3.4 3.4 3.4 3.8

a Energies in kcal/mol. The geometries of the complexes are shown in FigliReference 65° Expected CCSD(T) interaction energies at the
basis set limit Eccspmyimin). See text and footnote of Table 1.9 Electrostatic interaction energy. See teXthe difference between the HF/cc-
pV5Z interacgon energyHyr) andEes f The difference between tHotar (Eccsomyimin) and HF/cc-pV5Z interaction energfg). ¢ Intermolecular
distances in A.

comparison. The depths of the potentials of compleéXeand difference between the two geometries would be the slightly
H are not largely different. The calculated potentials of smaller interaction energy of thé complex.

complexesG—J have their minima at intermolecular distances  Feller reported an MP2/aug-cc-pVDZ vibrational energy
(R) of 3.4, 3.4, 3.4, and 3.6 A, respectively. The potential of calculation of the monodentate benzemeater complex. The
complexK does not have a minimum. The calculated potentials change of the ZPE by the formation of the compl&ZPE) is
are very flat near the minima, as in the case of the benzene 1.0 kcal/mol. The calculate8. value of the benzerewater
ammonia complex. The calculated potential of comp@&x complexG (Eccspryimiy = —3.02 kcal/mol) and thAZPE lead
(Figure 3) shows that substantial attraction still exists, even if to the Eq value of —2.0 kcal/mol. The experimentd, was
the intermolecular distance is larger than 4.67AThe major measured by a few group.7® Gotch and Zwier reported the
source of the attraction in the benzerveater complex is again  Ey value of 1.63-2.78 kcal/mol’® Cheng et al. reported 2.25
long-range interactions. The calculated potential depths of 4 0.28 kcal/mol’” Recently Courty et al. reported that tBe

complexes andJ are smaller than those @ andH, which value is 2.44+ 0.09 kcal/mol® The calculatedt, value is close
indicates that the water also prefers to locate above the centetto these experimentd, values.
of the benzene ring. ThEupz(imiy values of complexe&—I Roles of Electrostatic and Dispersion InteractionsElec-

are —3.36, —3.46, and—3.10 kcal/mol, respectively. The  trostatic and correlation interaction energies of the benzene
Eccsomqimiy values of the complexes are3.02, —=3.17, and ~ ammonia and benzensvater complexes were analyzed to
—2.77 kcal/mol, respectively. The interaction energigg 6f understand the details of the interactions as summarized in Table
the benzenewater comple>xG andH (—3.02 and—3.17 kcal/ 4. The electrostatic energid) was calculated as an interaction
mol, respectively) are substantially larger than that of the petween the distributed multipoles of isolated molecules. The

benzene-ammonia compleX (—2.22 kcal/mol). Théee values  HF interaction energyHye) was the interaction energy calcu-
are about 60% of the hydrogen bonding energy of water |ated at the HF/cc-pVQZ level, which is mainly the exchange-
dimer58:69 repulsion and electrostatic energies. Hag was the difference

Recently Fredericks and co-work&snd Fellef® reported betweerEyr andEes Although theEpis mainly the exchange-
ab initio calculations of the interaction energy of the benzene repulsion energy, it may also contain some other energy
water complex. Fredericks et al. reported that the interaction components. The correlation interaction enerByof) is the
energy of the monodentate complex wa2.83 kcal/mol from difference between thBiotar (Eccspmyimit) @and Enr. The Egorr
the MP2 calculations using the 6-8G[2d,p] basis set Feller is mainly attractive dispersion energy.
reported the calculations using large Dunning’s correlation  The E,, values of complexes—D andG—| are—1.98 to
consistent basis set3.The BSSE corrected MP2 interaction _—2 36 kecal/mol. The largeEcor values indicate that the
energies calculated with the aug-cc-pVDZ, aug-cc-pVTZ, cc- dispersion interaction is significantly important for the attraction
PVQZ ,and cc-pV5Z basis sets wer@.89,—3.31,—3.42,and  in the benzeneammonia and benzeravater complexes as in
—3.42 keal/mol, respectively. The estimat@gbzgimiy fromthese  the case of the benzeneethane comple$ The Ecor value
values is—3.7 kcal/mol. This value is not largely different from  of the benzeneammonia complex is about 2.3 times as large

our Evipz(gimity values of complexe& andl (—3.36 and—3.46 as theEqsvalue. TheEco, values are still comparable to tigs
kcal/mol, respectively). Although Feller obtained Bgp2imiy values even in the benzenwater complexe§ andH, which
value of —3.7 kcal/mol from the BSSE corrected interaction haye the stronger electrostatic interaction.

energies, he proposed tBgip(imiy value of —3.9 + 0.2 keal/ The electrostatic energieEd) of the six benzeneammonia
mol from the average of this value and the BSSE not corrected complexes are shown in Figure 6. Tiis values strongly
MP2/cc-pVQZ interaction energy 6f4.1 kcal/mol. depend on the orientation of the complexes. The complex

Fellef also reported_ that the MP2 calculations slightly 55 very large repulsivEes Apparently this large repulsives
overestimate the attraction (6:2.3 kcal/mol) compared to the s responsible for the calculated repulsive intermolecular interac-
CCsD(T) csalculanons using the aug-cc-pvVDZ and aug-cc-pVTZ tion potential of complext shown in Figure 4. The intermo-
basis sets> The Evpa(imiy value of complexG (—3.36 kcall  |gcyjar interaction potential of compléxhas a deeper minimum
mol) is slightly smaller (less negative) than tge2(imi of the than complexE. The larger attractiveEes of complex D is
monodentate complex-@3.7 kcal/mol) obtained from the BSSE  esponsible for this. These results indicate that the electrostatic
corrected MP2 interaction energies by Feller. Feller optimized nteraction is highly orientation dependent and is important in

the geometry of the complex, while the intermolecular geo- getermining the relative stability of these complexes. Bucking-
metrical parameters of compl&was fixed in our calculations

and one N-H bond was on the Laxis of the benzene. The (76) Gotch, A. J.; Zwier, T. SJ. Chem. Phys1992 96, 3388.
(77) Cheng, B.-M.; Grover, J. R.; Walters, E. Bhem. Phys. Letl995
(74) Fredericks, S. Y.; Jordan, K. D.; Zwier, T.5.Phys. Cheni996 232 364.
100, 7810. (78) Courty, A.; Mons, M.; Dimicoli, I.; Piuzzi, F.; Gaigeot, M.-P.;

(75) Feller, D.J. Phys. Chem. A999 103 7558. Brenner, V.; de Pujo, P.; Millie, Rl. Phys. Chem. A998 102 6590.
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Figure 6. The electrostatic energieB4) of the six benzeneammonia Figure 7. The electrostatic energiekEd4) of the five benzenewater
complexes. complexes.

ham and Fowler pointed out from simple model calculations 3

that structures of molecular clusters are mainly determined by
the exchange-repulsion and electrostatic interactidfs.
ComplexA (Ewta = —2.22 kcal/mol), in which one NH
bond points toward the benzene ring, is more stable than
complexesB andC (—2.07 and—1.72 kcal/mol, respectively). 1
The structure of comple& is close to the observed monodentate
structure in the gas pha8d@lthough the monodentate complex
A is more stable than the bidentate and tridentate compBxes
andC, the energy difference among the three complexes is only
0.5 kcal/mol. The small energy difference explains the different
types of orientations found in crystadsThe Ecor values of
complexesA—C are nearly equal<2.31 to—2.34 kcal/mol)
as shown in Table 4. ThEgs values of complexe&—C are Y —e— EMP2(R=36A4)
—1.01,-0.91, and—0.79 kcal/mol, respectively. Complex —Oo— EMP2(R=46A)
has slightly stronger electrostatic attraction than complékes ToA-T Ees(R-364)
andC. The Ep values of the three complexes are 1.14, 1.14, -3 T T T T T
and 1.41 kcal/mol, respectively. CompleX has stronger 0 30 60 90 120 150 180
repulsion than complexes andB. The small difference of the l 1 angles l
Ees and Eep values controls the relative stability of complexes
A—C. c A F
The calculatedE.s values of the benzeravater complexes Figure 8. The orientation dependence of the MP2/cc-pVTZ interaction
(Figure 7) show that the electrostatic interaction is again energiesiwe;) and the electrostatic energidsd of benzene-ammonia
important in determining the relative stability of the complexes. complexes.
The repulsiveEesof complexK is responsible for the repulsive ) ) )
intermolecular interaction potential of this complex shown in calculated interaction energy of the complex has strong orienta-
Figure 5. TheEo values of complexe§ andH are again  fion dependence even in a long intermolecular separaiten (
nearly equal €2.23 and —2.25 kcal/mol). Although the 4.6 A). 'I_'he orientation dependence is th_e same as that in a short
benzene-water complexH has a larger attractivEes (—2.14  Separation R = 3.6 A). The same orientation dependence
kcal/mol) value thanG (—1.86 kcal/mol), complexH has a suggests that the directionality is controlled mainly by the
larger Erep (1.22 kcal/mol) value tha (1.07 kcal/mol). As a electrostanc.|nteract'|on, which is a long-range interactfolfi. '
result theEq values of the two complexes are not largely short-range interactions such as charge transfer are the major
different. source of the directionality, the directionality should disappear
The directionality of hydrogen bonding was sometimes N @ long separation. The orientation dependence oEthef
explained by the interactions between orbitals such as chargethe complex R = 3.6 A) is also shown in Figure 8. The
transfer8! Oki and Mutai also tried to explain the N/ orientation dependence of the MP2/cc-pVTZ interaction energy
interaction as the interaction between orbilShe orientation IS close to that of th&es which indicates that the directionality

interaction energy of the benzenawater complex in a long

(kcal/mol)

E

(9 Sicaian A.0:Cove (& G PIVSIETE S Soparaton ~ 4.4 ) 5 again fhe samo as tat n 2 Sho
(81) Dyke, T. R.; Mack, K. M.; Muenter, J. S. Chem. Physl977, 66, separation R = 3.4 A) and the dependence of the MP2/cc-

498, pVTZ interaction energy is again close to that of tagof the
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Figure 9. The orientation dependence of the MP2/cc-pVTZ interaction
energies [Ewp2) and the electrostatic energids.d of benzene-water
complexes.

complex R = 3.4 A) as shown in Figure 9. These results
indicate that the directionality of the NH/{benzene-ammonia)
and OH#r (benzene-water) interactions are determined mainly
by the electrostatic interaction.

Atomic charge distributions of complexes (R = 3.6 A)
andG (R= 3.4 A) were obtained by the electrostatic potential
fitting with the Merz-Singh—Kollman schem&83 using the
MP2/cc-pVTZ wave functions to evaluate the amount of charge

transfer from the benzene to the water or to the ammonia. The
calculated charges on ammonia and water (sum of the atomic

charges) are-0.022 e and-0.042 e (1 e= 1.602x 1071° C),
respectively. Calculated negative charges on the ammonia an
water, which correspond to the charge transfer from benzene
are larger than the calculated charge on the methane in th
benzene-methane complex {0.002 e)?® The calculations
suggest that the amounts of charge transfer in the berzene
ammonia and benzensvater complexes are larger than that
in the benzenemethane complex. However, the calculated
intermolecular interaction potentials of the benzeammonia
and benzenewater complexes (Figures 2 and 3) indicate that
substantial attraction still exists even if the intermolecular
distance is larger than 4.0 A. This shows that the major source

of the attraction is not short-range interactions such as charge
transfer, but long-range interactions such as electrostatic and

dispersion. In addition the directionality of the benzene
ammonia and benzenevater complexes is mainly determined
by the electrostatic interaction. These results show that the
charge transfer is not essential for the attraction and direction-
ality of the NHfr and OH/#r interactions.

Comparison of NH/zx, OH/x, and CH/x Interactions. The
MP2/cc-pVTZ level interaction potentials of the benzene
ammonia compleX\, the benzenewater complexG, and the
benzene-methane complek % are compared in Figure 10. The
C—H bond of methane points toward the benzene ring in the
most stable benzerenethane comple®€ The benzenewater
complex has stronger attraction than the benz@memonia

(82) Singh, U. C.; Kollman, P. AJ. Comput. Cheml984 5, 129.
(83) Besler, B. H.; Mertz, K. M.; Kollman, P. Al. Comput. Chen1.990Q
11, 431.
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Figure 10. The MP2/cc-pVTZ intermolecular interaction potentials

of the benzeneammonia, benzerewater, and benzerenethane
complexesA, G, andL.

complex. The attraction in the benzermaethane complex is
weaker than that in the benzepgmmonia complex. The
intermolecular potentials of the benzengater, benzene
ammonia, and benzenenethane complexes have their minima
at intermolecular distances of 3.4, 3.6, and 3.8 A, respectively.
The size of the van der Waals radii of the proton-donating atoms
(C, 1.75 A; N, 1.55 A; and O, 1.40 A) would be one of the
causes of the different intermolecular distances at the potential
minima. However, the size of the attraction is also a cause of
the difference of the intermolecular distance. The stronger
attraction leads the smaller equilibrium intermolecular distance.
The order of the size of the interaction energigg) of the
benzene-water G), benzeneammonia A), and benzene
ethanel() complexes is water ammonia> methane. The
total VAlues of these complexes ar88.17,—2.22, and—1.45

ékcal/mol, respectively, as shown in Table 4. Thg, values of

the three complexes2.25 to—2.31 kcal/mol) are not largely
different, while theEes values of the three complexes are
considerably different. Th&s values of the benzerevater
(G), benzene-ammonia A), and benzenemethane () com-
plexes are—2.64, —1.08, and—0.25 kcal/mol, respectively.
Apparently the amount oEcs is mainly responsible for the
magnitude of the interaction energieEfy) of the three
complexes. The order of th&yw values agrees with the
electronegativity order of the proton-donating atoms{@l <
0). This agreement also indicates that the size of the interactions
is mainly governed by the electrostatic interaction.

Our calculations of the XK/ (X = O, N, and C) interactions
indicate that there are some similarities between thezxXH/
interactions and the cation/interaction, which is the strong
noncovalent attractive interaction between the cation and the
systenP4~88 The cationf interaction has been studied exten-
sively in these two decades. Electrostatic energy is important
in the cationfr interaction. Although the electrostatic energy is
not large and dispersion is important for the attraction in the

(84) Dougherty, D. ASciencel996 271, 163.

(85) Mecozzi, S.; West, P., Jr.; Dougherty, D. A. Am. Chem. Soc.
1996 118 2307.

(86) Ma, J. C.; Dougherty D. AChem. Re. 1997, 97, 1303.

(87) Cubero, E.; Luque, F. J.; Orozco, Mroc. Natl. Acad. Sci. U.S.A.
1998 95, 5976.

(88) Gallivan, J. P.; Dougherty, DProc. Natl. Acad. Sci. U.S.A999
96, 9495.
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XH/m interactions, the electrostatic interaction plays an impor- separation, which suggests that the origin of the directionality
tant role in determining the magnitude and the directionality of of these interactions is not short-range interactions.

the XH/r interactions. The monodentate benzerammonia complex is slightly
more stable than the bidentate and tridentate complexes. The
calculated energy differences among these three complexes are
Attraction between benzene and ammonia is weaker than theonly 0.5 kcal/mol. The correlation interaction energies of the
hydrogen bond between waters. The calculated interactionthree complexes are nearly equal. The small difference of the
energy of the benzereammonia complex-2.22 kcal/mol) is repulsive and electrostatic energies is mainly responsible for
about 40% of the hydrogen bonding energy of the water dimer. the relative stability of the three complexes.
Electron correlation greatly increases calculated interaction The attraction in the benzenevater complex (OH#) is
energies of the benzenammonia and benzenevater com- stronger than that in the benzeremmonia complex (NHy).
pleXeS, which indicates that the diSperSion interaction is The benzeneammonia Comp|ex (NHi) has Stronger attraction

important for the attraction in these complexes as in the casethan the benzenemethane complex (Chj). The amount of

is also important for the attraction in the benzeaenmonia magnitude of the attractions of these complexes.
and benzenewater complexes.

The calculated potentials of the benzemenmonia and Acknowledgment. We thank Prof. K. Hiratani, Dr. Y.
benzene-water complexes indicate that substantial attraction Nagawa, Dr. H. Houjou, and Dr. F. Ito for helpful o]iscussion.

?ti”.eXiSts inalong intgrmolecularseparati@]:_( 4.0 A), which We thank Tsukuba Advanced Computing Center for the
|nd|cat§>s that tlhe major source of the attraction is not the short- provision of the computational facilities.

range interactions such as charge transfer, but the long-rang
interactions such as electrostatic and dispersion.

The electrostatic interaction is mainly responsible for the
directionality of the NH# (benzene-ammonia) and OHY/
(benzene-water) interactions. The directionality observed in a
long intermolecular separation is the same as that in a shortJAO01901A

Conclusion
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