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Abstract: Sandwich and T-shaped configurations of benzene dimer, benzene—phenol, benzene—toluene,
benzene—fluorobenzene, and benzene—benzonitrile are studied by coupled-cluster theory to elucidate how
substituents tune z— interactions. All substituted sandwich dimers bind more strongly than benzene dimer,
whereas the T-shaped configurations bind more or less favorably depending on the substituent. Symmetry-
adapted perturbation theory (SAPT) indicates that electrostatic, dispersion, induction, and exchange-repulsion
contributions are all significant to the overall binding energies, and all but induction are important in
determining relative energies. Models of z-7 interactions based solely on electrostatics, such as the Hunter-
Sanders rules, do not seem capable of explaining the energetic ordering of the dimers considered.

Introduction

Noncovalent interactions are of pivotal importance in many
areas of chemistry, biology, and materials scienéandz—ax
interactions in particular are fundamental to many supramo-
lecular organization and recognition process&hese interac-
tions play a key role in phenomena as diverse as-bhase
interactions of DNA, side-chain interactions in proteiffost-
guest complexatioh,self-assembly based on synthetic mol-
ecules’? and intercalation of certain drugs into DNADespite
a wide body of theoretical and experimental studies addressing
the importance afr— interactions;}=21 a clear picture of their
strength and geometrical preferences presents a challenge fo
both experiment and theory due to the weakness of the
interactions and the shallowness of the potential energy surfaces
However, advances in rational supramolecular design will
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require a detailed understanding of these interactions and how
substituent effects may tune them.
In previous workl” we provided the first definitive study of

the simplest prototype of aromatic-zr interactions, the benzene

dimer. Using explicitly correlated MP2R12/A%? wave func-

tions, we estimated the complete basis set limit gas-phase

binding energies at the second-order MgtBtesset perturbation
theory (MP2) level. After accounting for higher-order electron
correlation via coupled-cluster with singles, doubles, and
perturbative triples [CCSD(TE the resulting binding energies
should be within a few tenths of one kcal mbbf the ab initio
limit. The estimated complete basis set CCSD(T) valueBof
EDO) predict’ that the T-shaped and parallel-displaced configu-
rations are nearly isoenergetic, with binding energies of 2.7 (2.4)
and 2.8 (2.7) kcal mal, respectively. The face-to-face sandwich
configuration is about 1 kcal mol less stable. These results
show that the commonly cited experimental binding energy of
Krause et al.Dg = 1.6 & 0.2 kcal mot?) is too low by about
one kcal mott. That interacting pairs of phenylalanines in
proteins are generally found in orientations similar to the
T-shaped or parallel-displaced configurati&#§ is consistent
with our theoretical predictions that these two configurations
are nearly isoenergetic.

Substituents, however, may alter the energy landscape. For
toluene dimer in both aqueous solution and the gas phase, two
stacked configurations are predicted to be more stable than the
T-shaped configuratioff. Very little is known about substituent
effects int—u interactions, either theoretically or experimen-
tally. A few studies have used NMR techniques to examiner
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Chart 1 with the sz electron clouds being negatively charged anddhe
M framework being positively charged. Other effects, such as
induction and short-range repulsion, are ignored. According to
this model, electron-donating groups such as OH should increase
© ig G @ ) I the negative charge of the electron clouds on the substituted
1d : = * monomer, leading to increased repulsion in the sandwich dimer.
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X X | i~ | S This expectation does not fit our high-level theoretical results.
Sapawieh = — A preliminary analysis of our data for the sandwich dimers
X suggested that it is not possible to understand the trends in
Thaped  Tehapedt) binding based on electrostatic effects aléhe.

In this work, we explore how substituents affect the binding
interactions in substituted aromatics. Cozzi, Siegel, and co- of the T-shaped configuratioi® @nd4). When substituting the
worker$7~2% have measured barrier heights to rotation in upper ring in the T-shaped configuratiad) (the substituent is
substituted 1,8-diarylnaphthalenes featuring a face-to-face (sandplaced only in the position para to the other benzene to minimize
wich) arrangement. Rashkin and Waters recently reported complications from direct interactions between the substituent
experiments on substituent effects in a model system with anand the other benzene. Likewise, when the lower ring is

offset-stacked (parallel-displaced) configurati8iWilcox and substituted 4), the substituent is placed as far away from the
co-workers devised a “molecular torsion balance” model system edges of the upper benzene as possible. We also extend our
to examine substituent effects on perpendicular (T-shaped) preliminary report on the sandwich dimeg by incorporating

interactions’-32 Hunter and co-workers have also examined CCSD(T) corrections into the geometry optimization. This has
T-shaped configurations using chemical double-mutant cycles a nonnegligible effect on the total binding energies. Using an
and molecular zipper complexé&s4 Because none of these additive correction scheme, we estimate interfragment distances
experiments were performed in the gas phase, it is difficult to and binding energies at the highly reliable CCSD(T)/aug-cc-
decouple the intrinsic binding energy from contributions due pVTZ level of theory. Lower levels of theory are also considered
to the solvent or environment, which will change from system to investigate which ones are capable of accurately reproducing
to systent® Additionally, due to secondary intramolecular changes in binding due to substituents. Surprisingly, even though
interactions or steric constraints, the model system itself may total binding energies are very sensitive to basis set and electron
complicate the interpretation of resutfsAlthough theory can correlation, the relative energies for different substituted dimers
examine the bare interactions directly, experience with the are not. To further investigate the relative importance of
benzene diméf indicates that this is challenging, because electrostatic, dispersion, induction, and exchange-repulsion
coupled-cluster theory and augmented tripler better basis energies we have decomposed binding energies into these
sets are required for reliable total binding energies. Systematiccomponents using symmetry-adapted perturbation theory
theoretical studies of substituent effectszr- interactions (SAPT)3940This analysis confirms that electrostatic interactions
seem to be entirely absent, apart from a doupMP2 study alone are not sufficient to predict the correct energetic ordering
of T-shaped configurations by Hong and K#fh. of all the dimers.

In a recently published letté?, we presented preliminary
results from the first ab initio study of substituent effects in
face-to-face (sandwichy—z interactions. Dimers of benzene Supermolecular Approach. Most computations were performed
with monosubstituted benzenes were considered, with substit-using Dunning’s augmented correlation-consistent polarized valence
uents OH, CH, F, and CN 2 in Chart 1). The most surprising basis seté! specifically the double- and triple-basis sets aug-cc-pVDZ
result was thaall substituted dimers bind more strongly than and aug-cc-pVTZ. The aug- prefix denotes the presence of one set of
benzene dimer, regardless whether the substituents are Consiodiffus_e functions for each_angular mpmentum in the basis; this adds a
ered electron donating (OH, GHor electron withdrawing (CN, conSIderabIe.number of dlﬁus_e functions to the standard, unaugmented
F), in apparent contradiction to the Hunter-Sanders mbdel. CC-pVXZ basis sets. In a previous study of benzene dm found

. . . . . that augmenting the cc-pVDZ basis with diffuse functions was more
While acknowledging that dispersion has a major effect on the

. . ) important to the binding energy than increasing the basis set to cc-
magnitude ofz—z interactions, the HunterSanders model ;17 |n that study we also explored basis set convergence by using

makes qualitative predictions assuming that geometries andpggsis sets as large as quadrupleag-cc-pVQZ (1512 basis functions),
substituent effects are determined by electrostatic interactions,and complete basis set estimates were obtained using the explicitly
correlated MP2R12/A method?? Unfortunately, such sophisticated
computations are not yet feasible for all of the lower-symmetry

Theoretical Methods
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distance between the centers of the rings while keeping the monomersTable 1.

rigid. Changes in the relative orientation between the two aromatic rings
was not considered in this initial study. For the benzene dimer, rotation
of one ring about the axis joining the centers of mass of the two rings
has very little effect on the enerdy.For the present substituted
benzenes, changes in the relative orientation of the two rings will lead
to larger energy differences, depending on the substituent. For example
preliminary data suggest that rotating the upper benzedesm that

the upper benzene is coplanar with theXCbond of the substituent
leads to direct interactions between the substituent and the meta
hydrogen of the upper benzene which are worth a few tenths of one
kcal mol. We hope to explore these additional complications in future
work.

MP2 interaction energies using the larger, aug-cc-pVTZ basis set
were approximately corrected for higher-order electron correlation
effects by adding the difference between the CCSD(T) and MP2
energies as computed using a modified aug-cc-pVDZ basis, denoted
aug-cc-pVDZ, which lacks diffuse functions on hydrogen and diffuse
d functions on carbon. This provides an estimate of the CCSD(T)/aug-
cc-pVTZ binding energies and interfragment distances. The counterpoise
(CP) correction of Boys and Bernat#iivas applied in all calculations

to account for basis set superposition error because our previous work
demonstrates that CP-corrected MP2 energies converge more quickly

to the complete basis set limit fars interactions.” Core orbitals were
constrained to remain doubly occupied in all correlated wave functions.
All supermolecular results in the present study were obtained using
the PSI 3.28 and MOLPR®* programs.

SAPT Approach. Symmetry-adapted perturbation theory (SAPT)
was employed to analyze the interaction energy in terms of physically

Interaction Energies (in kcal mol~1) for Various Dimers2

sandwich T-shaped T-shaped(2)
method RC AE, R AE, R AE,

H MP2/aug-cc-pVDZ 3.80 —2.90 5.01 —3.16 5.01 —3.16
MP2/aug-cc-pVTZ 3.70 —3.26 4.89 —3.46 4.89 —3.46
MP2/aug-cc-pVQZ —3.37 —3.54 —3.54

) MP2—R12/Ad —3.64 —3.63 —3.63
ACCSD(T)/aug-cc-pVDZf 1.26 0.76 0.76
estd. CCSD(T)/aug-cc-pvVTZ3.90 —1.80 4.99 —2.62 4.99 —2.62
ACCSD(T)/aug-cc-pVD¥ 1.83 0.89 0.89
estd. CCSD(T)/CBS —1.81 —2.74 —2.74

OH MP2/aug-cc-pVDZ 3.70 —3.40 5.00 —3.14 4.95 —3.23
MP2/aug-cc-pVTZ 3.60 —3.75 4.90 —3.42 4.90 —3.52
ACCSD(T)/aug-cc-pvVDZ 1.44 0.77 0.75
estd. CCSD(T)/aug-cc-pVTZ3.80 —2.17 5.00 —2.58 5.00 —2.67

5 MP2/aug-cc-pVDZ 3.70 —3.58 5.00 —3.11 4.90 —3.60
MP2/aug-cc-pVTZ 3.65 —3.96 4.90 —3.39 4.80 —3.89
ACCSD(T)/aug-cc-pvVDZ 1.55 0.78 0.81
estd. CCSD(T)/aug-cc-pVTZ23.80 —2.27 5.00 —2.55 5.00 —2.95

F MP2/aug-cc-pVDZ 3.70 —3.50 4.95 —3.35 5.00 —2.87
MP2/aug-cc-pVTZ 3.70 —3.81 4.90 —3.61 4.90 —3.17
ACCSD(T)/aug-cc-pvVDZ 1.40 0.74 0.73
estd. CCSD(T)/aug-cc-pVTZ3.80 —2.29 5.00 —2.77 5.00 —2.38

CN MP2/aug-cc-pvVDZ 3.70 —4.49 490 —3.79 5.00 —2.82
MP2/aug-cc-pVTZ 3.60 —4.86 4.80 —4.11 4.90 —3.08
ACCSD(T)/aug-cc-pvVDZ 1.58 0.84 0.81
estd. CCSD(T)/aug-cc-pVTZ3.80 —3.05 4.90 —3.25 5.00 —2.20

a All computations reflect counterpoise correctiéiDistance from center
of benzene ring to center of aromatic ring containing the substituent.
¢ Optimized geometry (monomer kept rigid) at each level of theblysing
the best estimates of monomer geometry-(C= 1.3915, C-H = 1.0800
A) from ref 17, and intermolecular distance optimized using counterpoise-
corrected MP2/aug-cc-pVTZ2.aug-cc-pVDZ represents a cc-pVDZ basis

meaningful components such as electrostatic, induction, dispersion, andon hydrogen and an aug-cc-pVDZ basis minus diffuse d functions on other

exchange energies. Here, we will employ the original notation of
Jeziorski and co-worker$.In SAPT, the Hamiltonian of the dimer is
decomposed into three partstds= F + W + V, whereF is the Fock

atoms.f Using monomer geometry optimized with MP2/aug-cc-pVTZ and
intermolecular distance optimized using estimated counterpoise-corrected
CCSD(T)/aug-cc-pVTZ.

operator, representing the sum of the Fock operators for the separatontriputions. The subscripts “resp” indicate that the induction and

monomersW is the intramonomer correlation operator, accounting for
the intramonomer correlation effects; aMlis the intermolecular
interaction operator. The SAPT interaction energy can be represented
as

E

— HF CORR
int Eint + Eint

where E['Y represents lowest-order corrections that be can identified
as describing interactions at the Hartrdéeock level. E 7 can be
represented as

(10) (10)

20
Eelst + Eexch (

nd,resp

HF
int,resp

) +E (20)

exch—ind,resp

+ E + OE

1
The superscripts (ab) denote orders in perturbation theory with respect
to operatorsV and W, respectively. It can be seen from the above

equation that the HF interaction energy includes first-order polarization
and exchange, and second-order induction and exchange-inductio

(42) Boys, S. F.; Bernardi, MMol. Phys.197Q 19, 553.

(43) Crawford, T. D.; Sherrill, C. D.; Valeev, E. F.; Fermann, J. T.; King, R.
A.; Leininger, M. T.; Brown, S. T.; Janssen, C. L.; Seidl, E. T.; Kenny, J.
P.; Allen, W. D.PSI 3.2 2003.

Amos, R. D.; Bernhardsson, A.; Berning, A.; Celani, P.; Cooper, D. L;
Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.; Hampel, C.; Hetzer, G;
Knowles, P. J.; Korona, T.; Lindh, R.; Lloyd, A. W.; McNicholas, S. J.;
Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.; Palmieri, P.; Pitzer,
R.; Rauhut, G.; Schg, M.; Schumann, U.; Stoll, H.; Stone, A. J.; Tarroni,
R.; Thorsteinsson, T.; Werner, H.-MIOLPRO, a package of ab initio
programs designed by Werner, H.-J.; Knowles, P. J. Version 2002
Bukowski, R.; Cencek, W.; Jankowski, P.; Jeziorski, B.; Jeziorska, M.;
Kucharski, S. A.; Misquitta, A. J.; Moszynski, R.; Patkowski, K.; Rybak,
S.; Szalewicz, K.; Williams, H. L.; Wormer, P. E. SAPT2002: An Ab
Initio Program for Many-Body Symmetry-Adapted Perturbation Theory
Calculations of Intermolecular Interaction Energies. Sequential and Parallel
Versions 2003.
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exchange-induction contributions include the coupled-perturbed HF
responsé? oE, "Fcontains the third- and higher-order HF induction
and exchange induction contributions.

We have employed the SAPT2 approach, in which the correlated
portion of the interaction energy is nearly equivalent to the supermo-
lecular MP2 correlation energy and can be represented as

+g M

exch
(22)

+g M

CORR _ (12)
Eint =E exch

t (22)
elstresp + Eind +
(20) (20)
+ Edisp

+ Eexch—disp

t
Eexch—ind

where 'Eind(zz) represents the part (Eind(zz) that is not included in

20 22) . .
Eind,,esp( ), anthexcand( is approximated as

t 22
Eind( )

2) (20) 20
"’Eexch—ind,resp E'nd,res;g )

t 2
Eexch—ind i

Al SAPT calculations reported here have been carried out using the

above-mentioned aug-cc-pVDHBasis set with the MP2/aug-cc-pVTZ
optimized monomer geometries. For the dimers considered in this study,
the aug-cc-pVDZ basis set ranges in size from 276 to 307 basis
functions; the very high computational cost of the SAPT procedure
precludes the use of a larger basis set. SAPT computations were
performed using the SAPT2002 progrdm.

Results and Discussion

Supermolecular Approach. Theoretical results for binding
energies and optimum intermonomer distances are summarized
in Table 1. The estimated CCSD(T)/aug-cc-pVTZ results show
that all of the substituted sandwich dimers are bound more
strongly than benzene dimer, confirming our earlier report on
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the sandwiche® Although the OH, CH, and F substituents Table 2. Interaction Energies Relative to Benzene Dimera

increase binding in the sandwich by 6.@.5 kcal mot? at the X=H  OH CH, F CN
best level of theory, CN has a much larger effect of 1.3 kcal sandwich dimerg@a—e
mol~1. The substituted T-shaped dimedb—e and 4b—e, by MP2/aug-cc-pVD2>¢ 0.00 —0.40 —-0.54 -0.51 —1.40
contrast, show both increases and decreases in binding relativeMP2/aug-cc-pVDZ 0.00 -050 -0.68 —0.60 —1.59
to benzene dimer, depending on the substituent. Changes in'\E/';.Z/C""gggg%Ig_cc_pVW 8:88 :8:‘313 :8:‘712 :8:28 :i:gg
binding due to substitution are smaller for dim&rand4 than SAPT2/aug-cc-pVDZ 0.00 —049 —-061 —-061 —-1.56
for the sandwicheg, but once again CN has by far the largest T-shaped dimer8a—e
effect. Because substituents have a larger stabilizing effect on Mp2/aug-cc-pvD2¢ 0.00 0.02 0.05 —0.17 —0.58
the sandwich configurations, the energy difference between the MP2/aug-cc-pvVDZ2 0.00 002 005 -019 -063
sandwich and T-shaped configurations becomes smaller for the 'g";zgggg(c.ll%zg_cc_pvm 8:88 8:83 8:8; :8:12 :8:22
substituted dimers than for benzene dimer. For the cyano sapt2/aug-cc-pvDZ 0.00 003 007 —021 —0.71
substituent, the sandwic2e actually becomes 0.9 kcal mdl T-shaped(2) dimerda—e
more stable than the T-shaped dirderdemonstrating thatthe  MP2/aug-cc-pvD2>< 000 —0.04 —0.38 027 0.29
preferred orientation in @—u interaction can be changed by mgg;aug-m-px%? 888 —8.8675 —8.321 8-38 8-23
only @ modest degree of substitution. -, E<t. COSD(T/aug-copVTZ 000 005 033 024 042
Concerning convergence of the theoretical predictions, we sapT2/aug-cc-pVDZE 000 —-004 -044 030 033

observe that the optimized distance between monorkeris,

relatively insensitive to the improvement of the basis set at the Al computations reflect counterpoise correcti6raug-cc-pVDZ rep-
resents a cc-pVDZ basis on hydrogen and an aug-cc-pVDZ basis minus

MP2 Ie'vel (solong as the_ counterpoise Corre.Cti(.)n is gmp!oyed), diffuse d functions on other atomsintermonomer distance optimized at
but using the larger basis set makes the binding significantly Ehe given level of theory with rigid MP2/aug-cc-pVTZ monomer geometries.

. 1 i : _ Monomer geometry and intermonomer distance optimized at the MP2/
more favorabl?ﬁeo'g 0.4 kcal mot™) for all dimer (_:or_1f|gur_a aug-cc-pVDZ level of theory? Using MP2/aug-cc-pVTZ optimized mono-
tions. The estimated CCSD(T)/aug-cc-pVTZ optimized inter- mer geometry and intermolecular distances of 3.7 AZare and 4.9 A
monomer distances are0.1-0.2 A larger than the MP2  for 3a—e and4a—e.

predictions. This means that the estimated CCSD(T)/aug-cc- . . .
pVTZ binding energies will differ from those reported previ- electron donating (OH) to strongly electron withdrawing (CN).

ously?8 for the sandwich configurations, where we used MP2/ Our results appear to be inconsistent with the experimental study

aug-cc-pVTZ interfragment geometries; using the coupled- ©f €02Zi, Siegel, and co-workef$ which indicated a linear
cluster geometries makes binding more favorable by about 0_2relat|onsh|p between the interaction energies of substituted
kcal mol %, or around 5-10%. TheACCSD(T) corrections are  PNenyl groups and the sum of the Hammett pargm;eﬁﬁ@of
significant for all dimers (see Table 1), and they account for the substituents. In that work, barriers to rotatid@* about

the overestimation of the binding energy by the MP2 mefadel.  the aryl-naphthyl bond were determined using NMR for a few
This correction is largest for the sandwich configurations, SuPstituted 18-diarylnaphthalenes in which the two phenyl

ranging from 1.4 kcal motf! for benzene-fluorobenzene dimer 9r°‘%ps are fc_)rced into a nearly face-to-face stacked geometry.
to 1.8 kcal mof? for benzene dimer. For the T-shaped and During rotation about the aryl-naphthyl bond, the stacked

T-shaped(2) dimer configurationsCCSD(T) is 0.7-0.9 kcal inte(action is Io;t, and the aut.hors therefore assumed that the
mol~L. The large magnitude afCCSD(T) arises both from the _barrlers_ to _rotat|on are determined by the strength ofither
coupling of electron pairs in CCSD (which is neglected in Mp2) Ntéraction in the stacked geometry. We note, however, that even
and from the importance of triple substitutions in CCSD(T). A in the transition state to rotation, there is stlll_an _mtera_ctlo_n
recent study by Hopkins and Tschumffeshows that both of betwegn the two phenyl groups (although their onentgtlon is
these effects are very important in weakly bound dimers, and now different) which may also be affected by substituents;

furthermore that the effect of connected quadruple substitutionstherefore' the differences in bgrrier heights for the differenF
is small but possibly nonnegligible. substituents may not be determined solely by the differences in

Given the sensitivity of the binding energies to the basis set the attraction at the stacked geometry. The present theoretical

and theoretical method, it might appear that one would require L%Sﬁgf’s\ggxgmg:jléﬁrt;:ir::gﬂg&ggﬁ?ﬁ:;;;;irzﬁg:recgﬁ’d
the very highest level of theory to accurately predict changes Hammett argmeters ay
in binding energies due to substitution. Fortunately, however, op :

Table 2 demonstrates that the binding energies relative toterlv? tz?jrltlgra\rl1ve(1)lrkzeo2uf)ggtssgl:]tteéjff:;nsdivr:”tC:rn?;n:)?t;]M(leeHi;ter
benzene dimer are accurately predicted at any of the levels of P Y

theory considered here, with variations of less than 0.1 kcal Sanders rules, which state that although dispersion is critical to

mol-1in most cases. This suggests that even though the absolutemak'ng m—m interactions favorable, it is electrostatics which

binding energies are very difficult to compute reliably, lower determine changes in binding due to geometry or substitutent

levels of theory should be sufficient to predict relative changes .effECtS' For a face-to-face sandwich configuration, the most

due to substitution in future studies of larger molecules. ?ggéig; g%nusédzéit\'/znth\gc#r:d cbeit(tal:eElr:ai?inlill)i;hS?:\;v?r?d
Sandwich Dimers. As noted above, Table 1 indicates that 9 ' 9

. . . . substituents should reduce the negativeharge and lead to
all of the substituted sandwich dimers bind more strongly than - 9 g€
. o o . decreasedr—x electrostatic repulsion, and vice versa for
benzene dimer. This is a surprising result if we note that these

- . : i electron donating substituents. Such a picture seems consistent
substituents are typically characterized as ranging from stronglyWith the experimental results of Cozzi et 228 but it is not

(46) Jaffe, R. L.: Smith, G. DJ. Chem. Phys1996 105 2780 consistent with our theoretical binding energies, if one assumes
(47) Hopkins, B. W.; Tschumper, G. S. Phys. Chem. 2004 108, 2941. that the Hammett parameters are indicative of the degree of
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©88068

Figure 1. Electrostatic potential computed using Hartr€®ck and 6-31G* basis set with a scale-625 (red) to 25 kcal mott (blue). Potentials using
B3LYP/6-31G* appear very similar.

1c

m—electron density. The Hammetiparameters, however, were in determining the differences between substituted dimers. A
determined from the equilibrium constants for the dissociation more detailed analysis of the binding trends using SAPT is
of substituted benzoic acid¢&and there is no reason to assume described below.
that they necessarily correlate with the-electron density in T-Shaped Dimers.Binding energies for the T-shaped dimers
the reactants for those dissociations. Indeed, recent work onare also summarized in Table 1. Benzebenzonitrile and
cations7 interactions by Dougherty and co-workers shows that benzene-fluorobenzene both bind more strongly than benzene
the hydroxyl group, which is a strongly activating, electron dimer, by 0.63 and 0.15 kcal md} respectively, at the most
donating substituent in the context of electrophilic aromatic reliable level of theory. Conversely, benzemenol and
substitution, has nearly the same electrostatic potential abovebenzenetoluene are slightly less bound compared to benzene
the center of the ring as unsubstituted benZéne. dimer, by 0.04 and 0.07 kcal md| respectively. These changes
Because the HunterSanders rules propose that electrostatics are at least partially attributable to the electron donating or
are the most important consideration, we have computed €lectron withdrawing effects of the substituent. Electron with-
electrostatic potential maps of the monomers (Figure 1), rather drawing groups will decrease the exchange-repulsion term and
than relying on Hammett parameters as an indirect measure increase the favorable electrostatic interaction between the
of electrostatics. Figure 1 indicates that benzonitrile has the leastPartial-positive para hydrogen and the negatively charged
negativerr cloud, followed by fluorobenzene. However, the 7-€lectron cloud of the unsubstituted benzene ring below it;
electrostatic potentials of the clouds are similar for benzene, ~the opposite will happen for electron donating groups. Natural
toluene, and phenol. Even though OH is electron donating in POPUlation analysis charges computed for the substituted
some other contexts, it has little effect on the electrostatic Monomers (B3LYP/cc-pVDZ) indicate relatively small changes

potential on top of the ring, in agreement with the findings of (= 0.004 au) in the para hydrogen charge except in benzonitrile
Dougherty and co-worker&. (0.008 au), and the SAPT analysis below demonstrates that the

Unfortunately, even if we ignore the Hammetparameters largest changes generally come in the exchange-repulsion term,

and consider ther charge as it appears from the electrostatic not the electrostgtlc term. . )

potentials, the HunterSanders rules still do not give us T-Shaped(2) Dimers As shown in Chart 1, in the T-shaped-
qualitatively correct conclusions. On the basis of the electrostatic (2) dimers, a hydrogen from benzene points downward at the
potentials in Figure 1, we would expect benzene, toluene, and center of the ring c_)f th? sybstltuted monomer. In this case, we
phenol to have nearly the same binding energies to benzene,expeCt changes in binding energies to correlate with the

which is not the case here (see Table 1). Instead, the difference”'donat!ng or w!thdrawmg capamty of the subgtltuents. A
in binding energies between toluereenzene and benzene m-donating substituent should increase the negative charge of

penzen, wich e vouldexpet 1 b vy smal i sgnf- 120U, e S beiene, B0 o 2 T
cantly larger than that between fluorobenzebenzene and N el lon wi partial positiv 9

- on the hydrogen pointing down at it. The electrostatic potential
toluene-benzene, which we would expect to be larger. Thus,

- . maps plotted in Figure 1 suggest that binding should be similar
even though HunterSanders rules are useful in many instances
o . - S for benzene, phenol, and toluene, smaller for fluorobenzene,
for qualitative predictions of binding energiessn-=r interac-

tions, clearly they do not always predict the right trends for and smallest for benzonitrile. Indeed, the decreases in binding

. . . _energies compared to benzene dimer for benzene-fluorobenzene
substituents because they lack other effects such as dispersion 9 P

induction. and exchanae-repulsion. Concerning the three mon _and benzenebenzonitrile are 0.24 kcal mol and 0.42 kcal
uction, and exchange-repuision. L-oncerning the three mono mol~1, respectively, compared to benzene dimer. The binding
mers (benzene, toluene, phenol) which ought to have similar

. . ) . energy of benzenephenol is very similar to that of benzene
electrostatic interactions with benzene based on the electrostatlcdimer (0.05 kcal mol* more stable), as expected. However
potentials, their binding energies increase in the same order a ' y : ’

) oo ) . o She binding energy of toluene is significantly increased, by 0.33
their polarizabilitieS? suggesting that dispersion is important kcal molL. Our SAPT analysis (below) indicates that this is

o 1 L) Am. Chom. S0d937 5996 due to a greater dispersion energy for benzene-toluene than for
ammett, L. PJ. Am. em. So 59, 96. .
(49) Mecozzi, S.; West, A. P.; Dougherty, D. Rroc. Natl. Acad. Sci. U.S.A. benzene'phenOI or benzene dimer.

1996 93, 10 566. : : .
(50) Maryott, A. A.; Buckley, F.U.S. National Bureau of Standards Circular ~According to the preceding analysis of supermolecular
No. 537 1953. binding energies, it is clear that consideration of electrostatic
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Table 3. Contributions to the Interaction Energy (kcal mol~1) for Table 4. Contributions to the Interaction Energy (kcal mol~1) for
Different Sandwich Dimer Configurations 2a—e? Different T-Shaped Dimer Configurations 3a—e?
X=H OH CHs F CN X=H OH CHs F CN
Eim"”: 5.330 4.947 5.352 4.534 3.914 EimHF 1.618 1.677 1.817 1.228 0.648
[ -0.520 —0.689 —0.544 —1.073 —1.757 Eoist —2.190 -2.135 -2.131 -2.293 -2.770
[ 6.185 5984  6.299 5900  5.968 [ 4447 4442 4588 4171  4.219
Eing r(zo) —2.196 —2.252 —2.291 —2.153 -—2.150 Eing r(zo) —1.161 -1.152 -—-1.189 -1.105 -—1.210
Eexch_md'r(zo) 2.002 2.058 2.066 2.010 2.005 Eexch—ind,r(ZO) 0.914 0.907 0.946 0.836 0.847
tSEint HF —0.141 -0.153 -0.179 -—-0.150 -0.151 6EimrHF —0.392 -0.385 —0.397 -0.382 —0.438
[ —-0.454 -0.388 -0.483 -0.282 —0.075 Eerst —-0.054 -0.071 -0.104  0.022  0.181
Eorc™ + B —0.151 -0.132 -0.089 -—0.169 —0.190 Eorct™ + Eee”? 0418 0405 0431 0376  0.374
‘Eind(zz) 0.054 0.035 0.043 0.038 0.049 ‘Eind(zz) —-0.144 -0.139 -0.154 -0.117 -0.105
Eorering? —0.050 —0.032 —0.039 —0.036 —0.046 Eexch ind® 0113 0109 0123 0089  0.073
Eq (20) —7.470 -7.653 —-8173 —-7.377 —7.909 Edisp(ZO) —4.893 —4.896 —5.004 -—4.713 —-4.772
isp
Eeren-aiss”” 0942 0933 0985 0888  0.899  Eexcnsy 0526 0529 0547 0489 0478
En(SAPD) —-1.798 —2.289 -—2.405 -2.403 -3.357 En(SAPD) —2.415 —2385 -2.344 -2626 -—3.122
Ein(MP2)° —1.744 —2.223 —2345 —2.326 —3.273 Eint(MP2)° —2.248 —2.241 -—2.189 -—2.464 —2.888
aUsing MP2/aug-cc-pVTZ optimized monomer geometry and intermo-  © Using MP2/aug-cc-pVTZ optimized monomer geometry and intermo-

lecular distance of 3.7 angstrontsMP2/aug-cc-pVDZ counterpoise- lecular distance of 4.9 angstrontsMP2/aug-cc-pVDZ counterpoise-
corrected binding energies. corrected binding energies.

. Table 5. Contributions to the Interaction Energy (kcal mol~1) for
effects alone (as advanced by the Hunter-Sanders rules) is nobifferent T-Shaped(2) Dimer Configurations 4a—e?

sufficient to fully explain the trends in the binding energies of Y=H OH CHs F N
the substituted dimers. To better understand the observed trends hr 1618 1674 1365 1971 2295
we now turn to SAPT to decompose the binding energy into its E';‘S{m) —2190 -2.065 -2.343 —1.816 —1.510
electrostatic, dispersion, induction, and exchange-repulsion Eo10 4.447 4.365 4.374 4.333 4.293
components. Eng, > -1.161 -1.167 -1.179 -1.118 -1.110
SAPT Approach. All SAPT computations were performed g . @9 0.914 0930 0914  0.929  0.939
using MP2/aug-cc-pVTZ optimized monomer geometries. The oF, -0.392 -0.389 -0.401 -—0.355 -—0.316
individual energy components of the SAPT analysis were found Eeg'" —0.054 -0.119 -0.036 -0.161 -0.218
to be very sensitive to the interfragment distance; for example, Eexy  + Eexcn .~ 0418 0417 0435 0400  0.393
when T-shaped benzene-benzonitdiéss computed at distances ~ End —0.144 —0.158 —0.146 —0.158 -—0.154
of 4.8 and 4.9 A, the exchange-repulsion term changes by 35%, [Eexc(fzroi)nd(ZZ) 0113 0126 0113 0131  0.130

—4.893 —4.932 —-5.120 —4.802 —5.032

(@0 . ; 0 Edisp
and theEgsp ~ dispersion term changes by 16%. Such changes 20) 0526 0519 0534 0500 0498

were often larger than the variations due to substituent effects. Eercn-disp

) En(SAPTD —2.415 —2.474 —2.854 -—2117 -—2.087
For that reason, we performed all SAPT computations at the E::IEMpz)b) —2248 -2.316 -2.687 -1.967 —1.963
same intermonomer distances: 3.7 A for the sandwihasd
4.9 A for the T-shaped configuratior® and 4. All SAPT 2 Using MP2/aug-cc-pVTZ optimized monomer geometry and intermo-

lecular distance of 4.9 angstron®MP2/aug-cc-pVDZ counterpoise-

computations were carried out using the modified aug-cc-pVDZ 0 g binding energies.

basis. Critical to our SAPT analysis is the ability of such a
modest basis set to faithfully reproduce the higher-level super-
molecular (SM) ordering of the binding energies for the dimers
studied. Table 2 indicates that the shifts in binding energies
due to substituents are reliably predicted by SAPT2/aug-cc- Because CN is the most strongly electron withdrawing
pVDZ' (despite our using the same interfragment distance for Substituent, it should reduce thﬂjensity the mOSt, decreasing

all dimers of a given configuration, which is not the equilibrium ~unfavorablez—z repulsion. Indeed, we observe the most
distance in all cases). favorable electrostatic energy for benzene-benzonitrile (0.86 kcal

Sandwich Dimers. The SAPT binding energies for the mol~! more stable than benzene dimer). The next most favorable

sandwich dimers are summarized in Table 3. The electrostatic€lectrostatic energy is for benzene-fluorobenzene, which is
component of the binding energy, represented here by the sumconsistent with F being the next most effective electron
of Eelst(lo) and Eels“ﬂz)' is always stabilizing. This is surprising Wlthdrgww!g §ubstltuent, as |nd|cated_ by the electrostat_lc
from the point of view of the Hunter-Sanders model, which Potentials in Figure 1. According to that figure, the electrostatic
would imagine two negatively chargedclouds directly ontop ~ €nergies should be nearly the same for the sandwiches of
of each other for the benzene dimer sandwich. However, suchPenzene with benzene, phenol, and toluene, and this is what
a picture ignores the fact that the electron clouds interpenetrate We observe in Table 3. Hence, the trends in electrostatic energies
and the electrostatic penetration term is usually attractive. The With respect to substitution seem consistent with expectations
electrostatic energies for the T-shaped dingend4 (Tables based on electrostatic potential maps of the monomers. Because
4 and 5) are much more attractive than for the sandwi2his the electrostatic energies for benzempdenol and benzere
agreement with the expected dominance of attractiver toluene are so similar to that of benzene dimer, clearly
interactions in the T-shaped configuration. The exchange- electrostatics alone cannot explain why tbil binding energies
repulsion terms are substantially larger than the attractive of those dimers are significantly larger than that of benzene

electrostatic terms in the sandwiches, so that the sum of the
electrostatic and exchange terms is overall repulsive.
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dimer. Other energetic components are therefore important in < 4.0

determining the energetic order of the dimers. 45 A A, R
The exchange energy terms calculated here E@s@h(lo), 5'0 A
20 11 12 22 20 -0.U =
Eexcrrind,r( ). Eexch( ). Eexch( ). tEexcand( ), and Eexci‘kdisp( ) X
55 # Sandwiches 2a-e

10 . . .
Eexch( ) accounts for the repulsion due to the Pauli exclusion

A T-shaped(2) 4a-e

Dispersion Energy (kcal mol

principle and arises from the antisymmetry requirement of the -6.0

wave fUnCtiOﬂ,Eexch(ll) and Eexch(lz) account for the effects of 6.5 oo

intramonomer correlation on the exchange repulsion, and .

Eexcmnd,r(zo) and other second-order termfe((ch_md(zz) and -7.04 * V'S
Eexcmdisp(zo)) account for additional exchange repulsion arising -7.5 T v v

from the coupling of electron exchange and the induction and 40 45 50 55 60
dispersion interactions. The exchange energy is slightly more
repulsive for benzenretoluene and slightly less repulsive for ) i )
benzene-phenol, benzenefluorobenzene, and benzerken- Figure 2. Plot of dispersion energy (SAPT2/aug-cc-pvDExchange-
o~ o - S . . corrected) vs polarizability in the direction perpendicular to the aromatic

zonitrile, than in benzene dimer. This is consistent with the plane (HF/aug-cc-pVDZ).
reducedrz—z overlap for the electron withdrawing CN and F
substituents and the increasee-z overlap for the weakly  dispersion energies relative to benzene digweare significant
electron donating Ckigroup. Kim and co-workers previously  for all but the F substituent, ranging from0.66 to 0.04 kcal
noted a similar reduction in exchange-repulsion energies for mol~. For methyl-substituted2c, dispersion is the most
fluorobenzene-argon as compared to benzersggon® The important contributor to the energy lowering relative to benzene
relative exchange energies are larger in magnitude than thedimer 2a. For hydroxyl-substitute@b, dispersion is twice as
relative electrostatic energies for gldnd OH substituents,  important as electrostatics in contributing to the stabilization
indicating the importance of exchange terms. When the exchange-elative to2a
induction and exchange-dispersion cross terms are counted as T-Shaped Dimers.Table 4 shows the SAPT contributions
induction and dispersion, respectively, the relative exchange to the interaction energy for the T-shaped dingase. It should
energy for the OH substituent (compared to benzene dimer) isbe noted that, in general, the T-shaped dimers have a larger
almost twice as large as the relative electrostatic energy. electrostatic component than their sandwich counterparts because

The induction contribution to the binding energy is mainly of favorable quadrupole-quadrupole interactions. They also
contained inEing, . This is a second-order energy correction €xhibit smaller destabilizing exchange-repulsion energies and
that results from the distortion of the charge distribution of one Smaller stabilizing dispersion energies than the sandwich dimers.
monomer by the electrostatic charge distribution of other Nevertheless, the dispersion and exchange-repulsion energies
monomer, and vice versa. This mutual polarization of the remain larger than the electrostatic energies3ar-e.
monomer by the static electric field of the other is proportional ~ Examining Table 4, we see that the sum of electrostatic terms
to the multipole moments and static polarizabilities of the (Ee|5t(1°) + Ee.sn(lz)) is very similar for all of the T-shaped
monomers. The leading intramonomer correlation contribution dimers, with differences of 0.04 kcal mélor less from benzene
is included in tEind(zz) and accounts for only 2% of the dimer except for benzerdenzonitrile. The trend in electrostatic
induction energy. Table 3 shows that the dominant induction energies follows the trend in computed para hydrogen charges,
term Eind,r(ZO) is very similar for all sandwich dimers. The with the exception of the hydroxyl substituent. The trend in

attractive part of the induction energy is substantially quenched lectrostatic energies also happens to match the trend in total

by the repulsive exchange-induction energy (represented bybinding energi_es, except for a reversal of the order for the CH
Eexmind’r(zm and tEech’Hnd(ZZ))- As noted by Jeziorski and co- and OH substituents. However, due to the very small changes

o . . in electrostatic energies due to substitution, and the much larger
workers3? any quantitatively accurate calculation of the induc- g g

: ; . .~ changes in other energy components (below), this appears
tion energy cannot neglect the exchange-induction contribution. fortui?ous 9y P ( ) PP
If we account for this repulsive term and also add the third- )

. . . . . . The exchange interactions for the T-shaped dimers are
and higher-order induction and exchange-induction terms in considerably less repulsive than for the sandwiches; this is due
oE_HF induction stabilizes the total binding energy by 8.3 Y P :

int I
0.4 kcal mof? for the sandwich dimers investigated. The shifts to the reduced overlap between the orbitals of t_h(_e two
. : . . . . monomers. Benzendluorobenzene and benzenkenzonitrile
in the induction energies relative to benzene dimer due to .
S have smaller (0.32 and 0.27 kcal mblrespectively) exchange-
substitution are less than 0.07 kcal mbl . ) ;
repulsion energies than benzene dimer because the F and CN

di Dlspet:suén;{tat?)llézis Theofmf(:lngthenerg% of ths. sandywch substituents are electron withdrawing and reduce the electron
IMers by 6.5 10 7.2 kcal mor after the exchange-diSpersion density available to interact with the other benzene. Such a

correction. This is by far the largest attractive contribution. reduction of electron density in the ring also reduces the
Figurg 2 displays the good correlation bgtwe_e_n_ dispersion favorable dispersion contribution by0.1 kcal mott. An
engrgglte? znd ther component? gf tthti palg/rlzabllltlesvgfztre | opposite effect is seen for benzene-toluene because methyl is a
SXGSZ;U 37?(1)80214%51’ co4r2p7ulz a d 581 8 éil;/%ci'p ™ eve slightly electron donating substituent. The increased electron
(46.21a,47.41b, 54.91¢, 44.71d, an ) h16). The density in the toluene ring leads to a slightly larger exchange

? ] . .
(51) Tarakeshwar, P.; Kim, K. S.; Kraka, E.; Cremer,JDChem. Phys2001, repulsion (0.2 kcal mot™) an_d more favorgble dispersion
115 6018. energy (0.1 kcal moft) than in benzene dimer. Although

Pi Polarization (ezaoth'1)
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substituent effects for exchange and dispersion are of opposite4, but other effects remain important in determining the size of
sign, the shifts in the exchange energies are usually 2mes the relative energies.
larger. Therefore, dispersion is less important in determining ~. | <ions
relative energies for the T-shaped dimers than for the sandwich ) ) _ o
dimers. Substitution by OH leads to very small changes in A better understanding of -z interactions will aid rational
exchange and dispersion energies relative to benzene dimerdesign efforts in biological chemistry and crystal engineering.
Shifts in exchange-corrected induction energies relative to Substituent e.ffects in the sandwmhlgnd T-;haped co'n'ﬂguratlons
benzene dimer are relatively small and generally have the samePf Penzene dimer have been quantified using an additive scheme
sign as the electrostatic shifts. The largest effect due to induction® estimate high-quality theoretical CCSD(T)/aug-cc-pVTZ
is an 0.2 kcal moit increase in binding for the CN substituent. Pinding energies and interfragment distances. The cyano sub-
T-Shaped(2) Dimers.Table 5 shows the SAPT contributions stituent has by far the largest effect, changing thg blnd_mg energy
to the interaction energy for substituted T-shaped(2) dimars by more than 1 kcal mot relative to benzene dimer in some
e Now the substituent will either enhance or reduce the €ases; this substituent is even capable of making the sandwich
n-electron density on the lower benzene ring, and consequently,configuration drop lower in energy than one of the T-shaped
increase or decrease its electrostatic interaction with the partialconfigurations. In general, fluorine has the next largest effect,
positive charge of the hydrogen on the upper benzene. Thefollowed by methyl and then hydroxyl. Unlike previous
electron withdrawing F and CN substituents reduce the amount€XPerimental studies, the present work does not show a good
of 7-electron density on the lower ring and decrease both the correlation between binding energies and Hammett parameters
electrostatic interaction (by 0.27 and 0.52 kcal mMptespec-  (@lthough arough correlation withne:is seen for the T-shaped
tively) and the total binding energy (by 0.30 and 0.33 kcalthol ~ dimers). o -
at the SAPT2 level). The electron donating methyl substituent 10 uncover the origin of the observed trends in binding
has the opposite effect, increasing the electrostatic attraction€nergies, we performed the first symmetry-adapted perturbation
by 0.14 kcal mot® and the total binding energy by 0.44 kcal thegry (SAPTZ)'dec.ompo'S|t|or1 nf—:r' interaction energies into '
mol~1. Once again the OH substituent has little effect, with a thelrelectrostath, dlspt_arsmn, induction, and excha_mge-repulsmn
decrease in electrostatic attraction of 0.06 kcal thaind an ~ components. Dispersion and exchange-repulsion are more
increase in total binding of the same size. Other than this sign Important than electrostatics in determining the total binding
change for OH, the trend in total binding energies follows that €nergies of the dimers considered. Induction energies are largely
of the electrostatic interaction. We observe once again that theduenched by exchange-induction coupling, and they contribute
exchange-corrected induction energies are relatively small, andVery little to differences in binding energies between the

their shifts relative to benzene dimer have the same sign putSubstituted dimers. Contrary to the predictions of the Hunter-
are several times smaller than the shifts in the electrostatic Sanders rules, electrostatics alone are insufficient to predict the

energies. correct trends in binding. For the sandwich configuration,

Although the relative energies generally follow the same trend electrostatics suggest that phenol and toluene should bind to
as the electrostatic energies, that does not mean that theP&nzene about as well as benzene does; however, both of them
electrostatic contribution to the total energy is the dominant one. &ctually bind more strongly by 0-40.5 kcal mof™. For several
As was seen foB, both the exchange and dispersion energies T-Shaped dimers, either exchange or dispersion makes larger
are greater in magnitude than the electrostatic energied. for contributions to the relative energy than electrogtatlcs. Th|§
This agrees with Wilcox's conclusicibased on the molecular ~ Suggests that models based solely on electrostatic effects will
torsion balance, that “the electrostatic potential of the aromatic have difficulty in reliably predicting substituent effectssin-
ring is not a dominant aspect of the aryaryl interaction.” Interactions.

We might expect that the F and CN substituents, by reducing  Acknowledgment. We thank Prof. Daniel Crawford (Virginia
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of the monomers (see Figure 2). The relative dispersion energy
is comparable to the relative electrostatic energy for hydroxyl-
substituteddb, and it is larger than the relative electrostatic
energy for methyl-substitutett. Hence, the electrostatic energy
largely determines the energetic order of the T-shaped dimersJA049434A
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