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ABSTRACT: Stacking interactions are a recurring motif in
supramolecular chemistry and biochemistry, where a persistent
theme is a preference for parallel-displaced aromatic rings rather
than face-to-face 7-stacking. This is typically explained in terms of
quadrupole—quadrupole interactions between the arene moieties
but that interpretation is inconsistent with accurate calculations,
which reveal that the quadrupolar picture is qualitatively wrong. At
typical z-stacking distances, quadrupolar electrostatics may differ in
sign from an exact calculation based on charge densities of the
interacting arenes. We apply symmetry-adapted perturbation theory
to dimers composed of substituted benzene and various aromatic
heterocycles, which display a wide range of electrostatic
interactions, and we investigate the interplay of Pauli repulsion,

)

distance

dispersion, and electrostatics as it pertains to parallel-displaced z-stacking. Profiles of energy components along cofacial slip-stacking
coordinates support a prominent role for the “van der Waals model” (dispersion in competition with Pauli repulsion), even for polar
monomers where electrostatic interactions are significant. While electrostatic interactions are necessary to explain the optimal face-
to-face z-stacking distance and to account for the relative orientation of one polar arene with respect to another, we find no evidence
to support continued invocation of quadrupolar electrostatics as a basis for z-stacking. Our results suggest that a driving force for
offset-stacking exists even in the absence of electrostatic interactions. Consequently, tuning electrostatics via functionalization does
not guarantee that slip-stacking can be avoided. This has implications for rational design of soft materials and other supramolecular

architectures.

1. INTRODUCTION

Aromatic 7-stacking is a key supramolecular motif,' ™ yet the
fundamental intermolecular forces that contribute to 77—z
interactions continue to be debated.'’~** A recurring question
is whether these forces constitute a unique type of
intermolecular interaction that is distinct from “ordinary”
dispersion.'* ™' Electronic structure calculations suggest that
7-stacking is driven by dispersion but enhanced by the planar
geometries of aromatic moieties,'* !¢ in what has been called
the “pizza-7” model for stacking.'® This is consistent with the
existence of stacking interactions between molecules that are
planar but not aromatic.”> ™" A key aspect of the pizza-
model is that electrostatic interactions are attractive between
cofacial arenes at typical z-stacking distances (face-to-face
separations R = 3.4—3.8 A). This is supported by detailed
calculations'™>**'~** but is inconsistent with the quadrupolar
electrostatics model that is typically used to discuss 7—x
interactions,””* in which the electrostatic interaction between
arene moieties is considered to be dominated by their
molecular quadrupole moments.
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A persistent feature of those interactions is “slip-stacking”,
whereby two arene moieties adopt a parallel-displaced
geometry as illustrated for the benzene dimer in Figure 1. In
(C¢Hg),, the energetic preference for offset-stacking is =1
kcal/mol,*® but it is considerably larger in polycyclic aromatic
hydrocarbons (PAHs).'“*”~*’ Moreover, the parallel-displaced
motif is observed repeatedly in other 7—x systems: between

o o . 12,2840 |
aromatic side chains in protein crystal structures; in
metal complexes with aromatic ligands;*' in dimers of

) 21,43 . 44-46
pyridinoids,” macrocycles, and circumcoronenes;
for aromatic and antiaromatic 7 systems atop graphene;'®'**
and in layered materials such as covalent organic frame-
works.”*’75* Understanding the intermolecular forces that
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Figure 1. Canonical configurations of the benzene dimer along with
cartoon representations of their charge distributions: (a) T-shaped or
CH:-7 orientation, (b) cofacial “sandwich” arrangement, and (c)
parallel-displaced configuration, also known as the slipped- or offset-
stacked geometry. Benchmark interaction energies are D, values from
ref 36.

drive offset z-stacking is crucial for achieving rational synthetic
control of these and other supramolecular architectures.”*~**

A simple explanation for why the parallel-displaced geometry
of (C¢Hg), is lower in energy than the cofacial “sandwich”
arrangement was put forward long ago by Hunter and
Sanders,”* using a potential energy model consisting of van
der Waals (vdW) interactions plus electrostatics,

(1)

In the original Hunter-Sanders model, E 4y consisted of
atom—atom repulsion and dispersion potentials while electro-
statics (E,,) was represented using point charges positioned to
reproduce the benzene monomer’s quadrupole moment,
including out-of-plane charges.”* Qualitatively, slip-stacking
emerges from this model because dispersion is most attractive
in the face-to-face geometry but electrostatics (as computed
using the Hunter-Sanders point-charge model) is repulsive in
that configuration. This is suggested by the cartoon charge
distributions in Figure 1, versions of which can still be found in
contemporary reviews.”” Ultimately, however, we will argue
that these cartoons are misleading with regard to the origins of
offset z-stacking.

The atomistic model of Hunter and Sanders would later be
adapted by others into a force field for aromatic moieties,”* but
Hunter and co-workers went in a different direction beginning
in 2001.” Seizing upon benzene’s sizable quadrupole mo-
ment,”® they emphasized a picture in which substituents
modulate stacking interactions by means of how they affect the
m-electron density.”” According to this quadrupolar electro-
statics picture, offset 7-stacking arises because quadrupole—
quadrupole interactions in (C4Hg), are attractive in the edge-
to-face geometry but repulsive in the face-to-face orientation,
so slip-stacking reduces unfavorable quadrupole—quadrupole
repulsion. That point of view continues to be emphasized in
recent reviews.””

In contemporary literature, the term “Hunter-Sanders
model” is often synonymous with quadrupolar electro-
statics,”>****3>%%~77 despite the presence of a repulsive term
in eq 1 and notwithstanding the fact that the original Hunter-
Sanders model used point charges (not quadrupoles), in order
to separate 7— interactions from o—x interactions.”* In other
recent literature, the phrase “Hunter-Sanders” is invoked as a
kind of talisman, to signify that 7—z interactions are
understood. In what follows, we avoid the phrase “Hunter-
Sanders model” due to its ambiguous meaning in contempo-

EvdW+elst = EvdW + Eelst
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rary literature. By “quadrupolar electrostatics model”, we mean
the idea that the preference for parallel-displaced z-stacking
originates in quadrupole—quadrupole repulsion between
cofacial arenes. The same model posits that the T-shaped
(edge-to-face) benzene dimer arises due to attractive
quadrupolar electrostatics. Both of these ideas are wrong.

By any name, the notion that 7—7x interactions are
controlled by competition between quadrupolar electrostatics
and dispersion has been assimilated into the lore of
supramolecular or_ganic chemistry,” despite limited exper-
imental evidence.””~® That evidence consists mostly of
correlations between substituent Hammett parameters and
relative stacking energies (AAG®), measured in chemical
double-mutant experiments.””~®" Other experimental results
have been ambiguous or contradictory,”>™"* nevertheless 7-
stacking continues to be discussed in terms of quadrupolar
interactions between arenes,'*>>>%3076997122

Rather than taking the arene’s quadrupole moment as the
basis for n—r interactions, Wheeler and co-workers have
shown that substituent effects on stacking energies are better
understood using a “direct interaction model”,'#' #7127 in
which through-space interaction between the substituent and
the opposite arene is more important than a substituent’s effect
on the 7-electron density of its own aromatic ring. This idea
has antecedents in the through-space “polar-z” model of Cozzi
and Siegel,lzg_133 the evidence for which also consists of
correlations between AAG® and Hammett parameters for the
substituents.'””~'*> Cozzi and Siegel argued that the polar-
model is consistent with intuition regarding electron donating
or withdrawing effects,'*® although Wheeler and Houk have
shown how intuition can be subverted by the spatial
orientation of substituent moieties.'””'** The direct-inter-
action model has garnered support from experiment,”” "> and
has been confirmed at various levels of ab initio
theory,'*”"*>7"*” whereas ab initio support for a quadrupolar
model of ion—7 interactions is also lacking."**"*

Quadrupolar electrostatics is routinely used to explain the
prevalence of offset 7z-stacking”>"* but we have suggested that
slip-stacking is better understood in terms of vdW interactions,
i.e, as a competition between dispersion and Pauli
repulsion.'®™" In our view, this provides a more satisfying
explanation for the ubiquitous nature of parallel-displaced 7-
stacking in protein crystal structures,’ because those short-
range forces are ever-present despite differences in long-range
electrostatics engendered by myriad protein environments.'®'”
This prediction was recently confirmed in a broad computa-
tional survey of 7—x interactions in proteins.24

Elucidating the driving forces behind offset-stacking has
numerous implications for chemical science. For example, slip-
stacking may be detrimental to catalysis applications in
covalent organic frameworks, as it might occlude the pores.
In organic photovoltaic or optoelectronic materials, offset-
stacking may enhance electrical conductivity and/or exciton
delocalization,***®* yet conductivity is exquisitely sensitive to
the interlayer spacing.'*’ For these reasons, it is important to
know whether offset-stacking is tunable using electron
donating or withdrawing groups.”

This question is examined in the present work via detailed
study of the energy components that contribute to 7—x
interactions in substituted benzene dimers and in dimers
composed of aromatic heterocycles. What emerges is a more
nuanced explanation for offset ft-stackin§ as compared to our
previous attribution based on E.qw."°"'%"" Here, we show that
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J. Am. Chem. Soc. 2025, 147, 3243-3260


https://pubs.acs.org/doi/10.1021/jacs.4c13291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13291?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

electrostatics plays an important role in determining the
optimal face-to-face separation of two arene moieties, even
while Pauli repulsion and dispersion together are enough to
elicit a lateral offset. As in the pizza-7 model,'® a key aspect of
this analysis is that the quadrupolar electrostatics picture is
extremely misleading. The exact electrostatic interaction
energy,

_ f pA l)pB 2)
els
‘ e, — ] @)

computed using isolated-monomer charge densities p,(r) and
pp(r) that include both nuclei and electrons, may differ in sign
as compared to an approximation based on the monomer
dipole and quadrupole moments. Even multicenter (distrib-
uted) multipole expansions may not correct this deficiency at
typical 7-stacking distances,”’ where p,(r) and py(r) inter-
penetrate significantly. As such, low-order molecular multipole
moments should not be employed—even conceptually—to
understand z-stacking at vdW contact distances. At those
length scales, charge penetration can lead to electrostatic
attraction, even in geometries where the quadrupole—quadru-
pole interactions are repulsive.'"'®™*" Inclusion of higher-
order multipole moments (e.g, using atomic or otherwise
distributed multipoles) may not rectify these qualitative
deficiencies.”"

drdr,

2. COMPUTATIONAL METHODS

As in previous work on z—7x interactions, we employ the
methods of extended symmetry-adapted perturbation theory
(XSAPT)" to profile the total intermolecular interaction energy
(E;) and its components,

16—19,21

Eint = Eelsf +E

‘excl

h + Eind + Edisp (3)
These components include electrostatics (E,), exchange or Pauli
repulsion (E,), induction (E,4), and dispersion (Edlsp) 181417143
The induction energy contains both polarization and charge
transfer,'**"'*” which we have not separated because Ejq is
numerically small and qualitatively unimportant for the systems
examined here.

XSAPT is a hybrid approach with foundations in perturbation
theory, yet it models dispersion in nonperturbative ways that achieve
benchmark-level accuracy at low cost."**7'*° The first three
components in eq 3 (Egqt Eeent Eing) are computed using second-
order SAPT based on Kohn—Sham orbitals, as detailed else-
where,'?' 151 1 particular, E is the exact Coulomb interaction
between isolated-monomer charge densities,''** including both
nuclei and electrons (eq 2).

The dispersion energy cannot be modeled accurately using second-

order perturbation theory.'>’™'%? Higher-order SAPT does achieve

benchmark accuracy,'** but at prohibitive O(N’) cost.'*>™'*> As an

alternative, XSAPT exploits the inherent separability of eq 3 to
substitute a many-body dispersion (MBD) model for Ey,."*°~">® The
result is hybrid method called XSAPT + MBD,"”">"~"*° which
achieves sub-kcal/mol accuracy (for both Ej, and its components)
with respect to the best ab initio benchmarks.**'% Unlike energy
decompositions based on density-functional theory (DFT), where
dispersion can be difficult to disentangle from semilocal exchange and
om‘elatlon,161 163 the XSAPT + MBD energy components are in
good agreement with reliable third-order SAPT calculations.'*>'** As
such, the decomposition in eq 3 does not benefit from error
cancellation,"®® and the definition of Egp is less ambiguous in XSAPT
+ MBD as compared to DFT-based energy decomposition
analyses.'®®

All calculations were performed using Q-Chem.'*" Additional
details can be found in the Supporting Information, including a more
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complete description of the XSAPT + MBD approach and the
composite triple-¢ basis set that was used.

3. RESULTS AND DISCUSSION

3.1. Offset-Stacking in Benzene Dimer. To introduce
how slip-stacking can emerge without an electrostatic driving
force, we first consider (C¢Hg),. This system has long been
regarded as an archetypal example of 7-stacking although it is
an outlier among PAHs.'® Already for naphthalene dimer, and
increasingly for larger acene dimers, parallel-displaced 7-
stacking is significantly more stable as compared to edge-to-
face CH---7 interactions,"*'®® whereas for benzene dimer
these two arrangements are very close in energy,’ as indicated
in Figure 1. The energy difference in larger PAHs is driven by
electrostatlcs, but the lateral offset is not.'°™'° Because
(C4Hg), establishes a baseline for evaluation of substituent and
heteroatom effects, we begin with a brief review of the “vdW
picture” of z-stacking (Section 3.1.1), then consider how
electrostatics modulates the face-to-face separation (Section
3.1.2).

3.1.1. Lateral Displacements. Figure 2 shows energy
components for benzene dimer in a cofacial arrangement,
along a sliding coordinate that corresponds to offset-stacking.
This analysis is performed separately at face-to-face distances R
= 3.4 and 3.8 A, the smaller of which is consistent with the
parallel-displaced minimum-energy structure in Figure 1c while

the larger separation corresponds to the Dg, “sandwich”

(a) R=3.4A
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Figure 2. Energy component profiles for (C4Hg), along a cofacial
sliding coordinate at face-to-face separations (a) R = 3.4 A and (b) R
3.8 A, consistent with the parallel-displaced energy minimum
(Figure 1c) in the former case and with the Dy, “sandwich” saddle
point (Figure 1b) at the longer separation.
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Figure 3. Two-dimensional energy contours for (C¢Hy), along a lateral displacement coordinate and a face-to-face-separation coordinate (R), equal
to the distance between the planes defined by the two coplanar monomers. The energy components that are plotted are (a) the total interaction,
E,; (b) E,qw= Eooa+ Egiip; and (c) the electrostatic energy, E,. Contours are drawn at intervals of 0.1 kcal/mol and labeled at intervals of 0.5 kcal/
mol. Blue contours indicate attractive (negative) energy components and red contours are repulsive (positive).

structure in Figure 1b."7° The Dy, configuration is a saddle would appear in E; 4 so these must be negligible, consistent
point between equivalent parallel-displaced minima.”” with previous analyses.'**"**'*!> At smaller face-to-face
At R = 34 A, which is roughly the sum of nonbonded distances such as R = 3.4 A, the electrostatic term is not only

contact radii for two carbon atoms,'® exact electrostatics is attractive but also (weakly) favors the sandwich geometry,

attractive in the cofacial arrangement (Eqq < 0), despite the opposite to the quadrupolar picture. Only E g is able to
fact that the quadrupole—quadrupole interaction is repulsive in rationalize offset-stacking at both R = 3.4 A and R = 3.8 A. In
cofacial geometries. In fact, even a 32-pole distributed atomic previous work, we have shown that this conclusion can also be
multipole calculation is strictly repulsive, at all values of R, for reached using alternative forms of energy decomposition
two coplanar benzene molecules. * In contrast, exact electro- analysis based on DFT calculations.'”
statics is (slightly) repulsive at R = 3.8 A (Figure 2b), 3.1.2. Distance Considerations. The sign change in Eq
consistent with the multipolar picture. Distributed-multipole between R = 3.4 and 3.8 A suggests it may be important to
analysis at R = 3.8 A has been used to justify the quadrupolar consider the face-to-face separation alongside the lateral
electrostatics picture of z-stacking,'® yet that distance lies displacement coordinate. Indeed, the use of one-dimensional
(just) outside of typical vdW contact distances. (The interlayer scans at fixed R has recently been criticized by Cabaleiro-Lago
separation in graphene is 3.35 A, for example.'””) Further- and co-workers,”” who instead report SAPT calculations using
more, at R = 3.8 A a distributed multigole calculation is not yet relaxed potential energy scans where the value of R is
converged to exact electrostatics.”” Finally, electrostatic optimized at each lateral displacement. Those calculations
repulsion characterizes less than 3% of z—n contacts in suggest a dominant role for electrostatics, and the authors note
.24 . . . 23 R R
proteins.” Thus, any universal explanation for 7—7 inter- that E,,, and Eyg, largely cancel.”® However, |E,| is relatively
actions needs to encompass distances R ~ 3.4 A, in addition to small for the unsubstituted benzene dimer, in comparison to
larger distances where the quadrupolar picture is qualitatively either E, 4, or IE dispL and any significant imbalance between
correct. these much larger energy components would indicate that the
Despite a change in sign for E,, slip-stacking is observed at system is far from a minimum-energy configuration. As such,
both R = 34 and 3.8 1}; with offsets of 1.4 and 1.8 A, our view is that near-cancellation of dispersion and Pauli
respectively. At R = 3.8 A, where the quadrupolar picture is repulsion simply reflects the fact that the dimer is close to a
valid, the electrostatic penalty for z-stacking is indeed reduced minimum-energy structure. This is certainly true for all the
by displacement along a parallel sliding coordinate (Figure 2b). (C¢Hg), configurations in Figure 1 (and nearby configu-
The effect is small, however, because E; < 0.5 kcal/mol even rations), whether or not they constitute proper local minima
in the sandwich configuration where it is maximally repulsive. on the potential energy surface.
Meanwhile, the total interaction energy profile (E,) is a good To put this differently, consider that R = 3.8 A is the optimal
match to the vdW potential, face-to-face separation for the Dg;, sandwich geometry, which is
Eoqw = Eua + Eagp ) a saddle' Roint between symmetr'y-equivalent parall?llgigglace'd
local minima that are characterized by R = 3.4 A.""””” This
This analysis suggests that offset-stacking can be driven by a difference can be rationalized as follows. Starting from the
competition between short-range forces, namely, Pauli sandwich geometry, lateral displacement reduces E,,, and this
repulsion and dispersion. Longer-range electrostatic interac- allows the system to access smaller face-to-face separations. By
tions are not required, contra previous claims that the doing so, the effect of electrostatics is enhanced because E, <
orientation dependence of (C¢Hy), is controlled by long- 0 at these smaller values of R. Thus, the relaxed potential scans
range interactions.'*® considered by Cabaleiro-Lago et al.”® necessarily suggest a
The vdW potential is a qualitative match to E;, at both R = larger role for electrostatics, but this is not inconsistent with
3.4 A, where charge penetration makes the electrostatic the analysis in Section 3.1.1.
interaction attractive, but also at R = 3.8 A where the To examine this issue in more detail, Figure 3 plots two-
quadrupolar picture holds and E; > 0. Charge-transfer effects dimensional scans of E;, E qw, and E, as a function of both R
3246 https://doi.org/10.1021/jacs.4c13291
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Figure 4. Energy component profiles for lateral displacement along the C—X axis in (C¢HX), dimers: (a) toluene at R = 3.5 A, (b) phenol at R =
3.4 A, and (c) benzonitrile at R = 3.5 A. In each case, the face-to-face separation R is consistent with the parallel-displaced energy minimum.

and the lateral displacement coordinate considered previously.
(The scans in Figure 2 are one-dimensional cuts through the
surfaces in Figure 3, at either R = 3.4 or 3.8 A.) Comparing
E. 4w in Figure 3b to E; in Figure 3a, it is evident that the vdW
potential would generate an offset of approximately 1.25 A, if
left to its own devices, but would place the minimum-energy
cofacial geometry at R ~ 3.9 A. Considering all energy
components, that minimum-energy distance ought to be R =
3.5 A with an offset of about 1.75 A. Since induction is
negligible, the difference is attributable to electrostatics.
Indeed, E, affords contours that are attractive for R < 3.75
A but largely ambivalent toward lateral displacement, at least
for cofacial separations in the range 3.4 A<R<38A (Figure
3c). For R =34 A, E,, &% — 2 kcal/mol and it is even more
attractive at shorter separations. However, Pauli repulsion
turns on quickly for R < 3.4 A and limits further approach of
the two arenes.

Short-range electrostatic stabilization thus plays an impor-
tant role in establishing the minimum-energy value R = 3.4 A
for parallel-displaced 7-stacking in benzene dimer, consistent
with the conclusions of Cabaleiro-Lago et al.*® This is also
consistent with the pizza-7 model that was suggested based on
calculations for acene dimers up to (pentacene),.'® According
to that model, electrostatic attraction (for R < 3.8 A) provides
the extra stabilization that is indicative of a specific z-stacking
affect, differentiable from “normal” dispersion. That attractive
interaction is not available in perpendicular edge-to-face
geometries, where the electron-deficient hydrogen atoms
prevent the onset of electrostatic attraction at close-contact
distances.

3.2. Substituent and Heteroatom Modifications. We
next consider a variety of aromatic dimers in order to examine
whether offset-stacking is controllable by tuning the balance of
intermolecular forces, a frequent consideration in organic
synthesis.”®*® Polar substituents engender much larger electro-
static interactions as compared to benzene dimer, though we
also consider —CHj as a nonpolar substituent. The toluene
dimer has been suggested as a model of 7—7 interactions in
proteins.170

3.2.1. Homomolecular Dimers. We first consider (CcHX),
for X = CH;, OH, and CN. One-dimensional energy profiles
for all three dimers are plotted in Figure 4, using the same
lateral displacement coordinate that was examined for the
benzene dimer. For each system, the face-to-face separation is

3247

set to that of the minimum-energy parallel-displaced geometry
(R = 3.4—3.5 A). These distances were obtained via potential
energy scans with rigid monomer geometries, constrained so
that the arenes remain coplanar, as described in Section S1.4.

Despite profound differences in the polarity of the
substituents, each of these three dimers exhibits offset 7-
stacking with only minor variations, as judged by the
similarities between E; profiles in Figure 4. Induction energies
are negligible and will not be considered further. For the
toluene dimer (Figure 4a), electrostatic interactions are most
favorable when the two arene moieties are in a sandwich
arrangement with zero offset, analogous to the benzene dimer
at a similar face-to-face separation (cf. Figure 2a). The vdW
potential is repulsive at zero displacement but it does afford an
offset on its own, albeit one that is slightly larger than the
parallel-displacement that is observed when E is added to the
mix.

For the phenol and benzonitrile dimers, the polar
substituents are arranged such that the dipole moment vectors
of the two monomers are parallel to one another, as shown in
the insets to Figure 4. In this arrangement, electrostatic
interactions are nearly independent of the lateral displacement
coordinate. Electrostatics is essentially negligible for (benzoni-
trile), but contributes a constant stabilization of —1.5 kcal/mol
for (phenol),. In either case, both E 4 (on its own) and E
(considering all energy components) predict similar offsets.
This is remarkable similarity given that one of the substituents
is electron-donating (Hammett parameter 6, = —0.37 for OH)
while the other is withdrawing (6, = +0.66 for CN)."”" The
observed behavior is opposite to the prediction of the Hunter-
Sanders rules,®* insofar as an electron-withdrawing substituent
would be inferred to reduce the quadrupole moment of the
aromatic moiety, and thus reduce quadrupolar repulsion. In
reality, E, < O for (phenol), whereas E,, &~ O for for the
benzonitrile dimer.

3.2.2. Heterocycles. Biochemical 7-stacking often involves
heterocycles ranging from purines and pyrimidines in DNA to
histidine and tryptophan in proteins. Previous calculations
indicate that (pyridine), and the (pyridine)--(benzene) dimer
display an even stronger preference for parallel-displaced
stacking as compared to (benzene),.'””'”> We next examine
dimers of pyridine and thiophene as representative hetero-
cycles, where the latter is a typical constituent of organic
electronics.'”* Both monomers have a dipole moment (u = 2.2

els
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the direction perpendicular to the monomer dipole axis.

D for pyridine and g = 0.5 D for thiophene), so these systems
might be anticipated to exhibit enhanced electrostatic
interactions even in the absence of substituents. In fact, E
remains small. One-dimensional energy component profiles for
(pyridine), and (thiophene), are plotted in Figure S, using
their minimum-energy parallel-displaced separations of 3.5 and
3.6 A, respectively.

The situation for (pyridine), largely parallels that of
(C¢H4CN), at the same separation, insofar as Egy is small
and effectively independent of the lateral displacement (Figure
5a). As such, E, 4y parallels E; with only a modest difference
between the two, arising from the polarized electrostatics E ,+
E,.q- Energy components for (thiophene), are similar to those
in (toluene),, with E_, at its most attractive in the sandwich
configuration (Figure Sb). For (thiophene),, the contribution
from electrostatics is needed to obtain a bound potential
because E.,qy > O when the lateral displacement is zero.
Nevertheless, emergence of an offset-stacking double-well
potential is driven by E 4. As in the benzene dimer, this
means that short-range forces (dispersion and Pauli repulsion)
are sufficient to furnish an offset.

Figure 6 plots two-dimensional lateral displacement profiles
for (pyridine), at two different face-to-face separations that
bracket the value R = 3.5 A that is used in Figure Sa. At both
larger and smaller values of R, slip-stacking behavior is evident
in the form of energy lowering for displacement in any lateral
direction (Figure 6a,d), although the deepest wells correspond
to displacements perpendicular to the monomer dipole axis. At
R = 3.9 A, these wells are clearly evident in E,g, (Figure 6e),
whereas E, is strictly repulsive and cannot explain offset
stacking (Figure 6f). At R = 3.4 A, a double-well structure
remains in E, gy, for displacement in any lateral direction
(Figure 6b), but the sign of E, has switched from repulsive to
attractive. At R = 3.4 A, electrostatic attraction serves to
deepen the wells very slightly.

3.2.3. Face-to-Face Distance Dependence. For the cofacial
benzene dimer, E, changes sign as one moves from the Dy,
saddle point at R = 3.8 A to the parallel-displaced geometry R
= 34 A. To explore this possibility in a wider variety of
systems, we next consider one-dimensional lateral displace-
ment potentials for dimers of aromatic heterocycles at different
values of R.

Thiophene dimer exhibits similar face-to-face separation as
benzene dimer, namely, R = 3.9 A for the sandwich geometry
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and R = 3.5 A for the parallel-displaced minimum (Table S1).
Energy profiles at R = 3.4, 3.9, and 4.3 A are shown in Figure 7,
including all of the energy components discussed above along
with Egg + Eee As discussed elsewhere,'” some DFT-based
energy decomposition analyses compute electrostatic inter-
actions using an antisymmetrized reference state, whereas
SAPT-based methods do not. To compare the two, the
antisymmetrized version of E . should be compared to SAPT-
based E . + E..q, which is provided here as a convenience.

For the chemist who might be tempted to conflate electron—
electron Coulomb repulsion with Pauli (meaning steric)
repulsion, the sum E . + E,,q contains both. Note that steric
repulsion originates in the Pauli Principle and its antisymmetry
requirement, and is unrelated to electron—electron repulsion.'®
Pauli or exchange repulsion (E.,) can be understood as the
penalty to deform the monomer molecular orbitals in order to
orthogonalize them with respect to an interacting partner, so
that the orbitals of the dimer can be inserted into a single
Slater determinant to satisfy the antisymmetry require-
ment.18,175

Considering thiophene dimer at R = 4.3 A (Figure 7a), E
is repulsive across the entire range of lateral displacements,
whereas for R = 3.4 A the electrostatic interactions are strictly
attractive (Figure 7c). At the intermediate value R = 3.9 A, Ej
~ 0 across the whole range of lateral displacements (Figure
7b). We consider each case in turn.

Atomic radii for two sulfur atoms sum to ~3.6 A,'® so at R
= 4.3 A the monomers are well separated and there should be
little charge penetration. In this case, E is repulsive across the
range of lateral displacements, consistent with dipolar and
quadrupolar repulsion. Although the total electrostatic
interaction does not exceed 0.5 kcal/mol at this separation,
it is almost as repulsive as E.,, whose magnitude falls off
rapidly with distance and is much diminished at R = 4.3 A, as
compared to its value at smaller values of R. Nevertheless, the
slip-stacked configuration is lower in energy as compared to
the sandwich configuration, even at R = 4.3 A. The shallow
double minimum eliciting that behavior is present in E 4,
which is also shallow to the point of being nearly flat in the
region of +1.8 A displacement from the cofacial saddle point.
The shallow double-minimum in E,, arises once one considers
that electrostatics is slightly more repulsive at the zero-
displacement saddle point, as compared to offset-stacked
geometries.
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Figure 6. Energy component profiles for (pyridine), at two different
face-to-face separations: (a)—(c) R = 3.4 A and (d)—(f) R = 3.9 A.
The origin represents the sandwich configuration and displacement
directions are defined at the top. Red and blue contours indicate
positive and negative energies, respectively, and selected contour
values are labeled. For (a, b), contours are drawn every 0.1 kcal/mol
and labeled every 0.5 keal/mol. For (c)—(e), contours are given every
0.05 kcal/mol and labeled at intervals of 0.25 kcal/mol. For (f) the
contours appear every 0.01 kcal/mol and are labeled every 0.1 kcal/
mol.

At R = 3.9 A both |E| and |E, 4l are smaller than 0.2 kcal/
mol so E, ~ E,y (Figure 7b). However, electrostatics
switches from repulsive to attractive at smaller values of R,
where the face-to-face separation is smaller than the sum of
two sulfur atomic radii and charge penetration is significant.
Note also that the maximum value of |E,l always coincides
with the zero-offset sandwich geometry, regardless of whether
electrostatics is attractive or repulsive.

For R = 34 A, Egy > 0 except at very large lateral
displacements (Figure 7c). As such, the vdW potential alone
would tend to dissociate the complex along the slip-stacking
coordinate and electrostatics is necessary in order to stabilize
the structure so that E,, < 0. Given that E,, is most attractive
in the sandwich configuration, however, one must invoke E, gy
to explain offset-stacking.
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A more nuanced picture emerges for the dimer of 1,3,5-
triazine (also known as s-triazine), for which one-dimensional
potentials are plotted in Figure 8 at the same values of R that
were considered for (thiophene),. The total interaction
potential exhibits a slip-stacked double minimum at each
face-to-face separation but E 4, exhibits only a single
minimum (at the zero-offset sandwich configuration) for R
> 3.9 A. For these larger separations, the double minimum
emerges from E, rather than E 4.

If one s-triazine monomer is rotated by 180° at R = 3.4 A
then E,, becomes more (and strictly) attractive, as shown in
Figure 9. In this case, E;; exhibits only a single minimum at
zero lateral displacement. The vdW potential is essentially
unaffected by this 180° rotation, however, and maintains its
double-well structure. It competes with E., which has its
minimum in the sandwich configuration, as it did also in
(thiophene),. In the present case, that competition leads to a
total interaction potential that is effectively flat for lateral
displacements up to +1 A. Furthermore, electrostatics is
responsible for the 3-fold-symmetric potential when one s-
triazine monomer is rotated with respect to the other, along
their mutual C; axis in the cofacial sandwich configuration; see
Figure S2. Energy components E,y, E;,q, and Eg, are entirely
indifferent to the rotation angle and the variation is driven
entirely by electrostatics. In the next section, we consider polar
substituents and will find that E,g+ Eggt+ Ejnq remains
indifferent with respect to the orientation of those substituents,
whereas E,; depends strongly on orientation.

3.3. Modulation by Electrostatics. Results for aromatic
heterocycles suggest that electrostatics can compete with vdW
interactions to modulate the overall interaction energy profile
in important ways. To examine this interdependence in detail,
we next consider two-dimensional potentials for a variety of
dimers, using both the face-to-face separation coordinate and
the lateral displacement coordinate, analogous to the plots for
benzene dimer in Figure 3.

3.3.1. Nitrobenzene Dimer. In the (CsHX), examples
considered in Section 3.2, substituent dipole moments were
aligned in parallel. Here, we consider (C;HsNO,), in two
orientations: one where the NO, substituents are arranged on
the same end of the aromatic ring, so that their dipole moment
vectors are parallel-aligned (Figure 10a—c), and another in
which one monomer is rotated by 180° so that the dipole
moment vectors are antiparallel (Figure 10d—f). In the first
case, the potential is symmetric about zero for lateral
displacements that align with the dipolar axis of the monomer,
which is the horizontal coordinate in Figure 10. When the
substituents are on opposite ends of the aromatic rings, the
potential is highly asymmetric.

We consider the dipole-aligned orientation first. In this case,
the symmetric double well in E;, has a clear antecedent in
E,qw, with a similar (though not identical) well depth and
offset. At face-to-face separations R < 3.5 A, the electrostatic
component is attractive, serving to deepen the well, but it is
largely ambivalent to lateral displacements (Figure 10c). For
larger separations E; is repulsive, more so at zero displace-
ment where the aromatic moieties assume a sandwich
orientation. For this configuration, a case can be made that
offset-stacking is driven by E 4y although it is important to
note that the face-to-face separation that would emerge from
E 4w alone is much larger (R ~ 3.8 A) than what is observed
on the full potential (R ~ 3.45 A). It is the attractive contours
of E, at short range that drive this reduction in R. Even so,
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opposite aromatic ring, as evident in Figure 10f This
electrostatic effect can be imagined to “pull down” the vdW
well to the smaller value of R where the minimum on the E;
surface is found, and in fact the same can be said for the
parallel-dipole arrangement of (C¢HNO,),. Thus, E, has a
significant effect on tuning the lateral displacement potential.

3.3.2. Pyrimidine Dimer. Stacking interactions in this
system are qualitatively similar in several ways to those in
the nitrobenzene dimer, and Figure 11 presents a two-
dimensional scan that is analogous to the one we considered
for that system. As with the nitrobenzene dimer, the parallel
arrangement of the monomer dipoles (in Figure 1la—c)
affords potentials that are symmetric about zero, for lateral
displacements along the dipolar axis. A symmetric double-well

energy (kcal/mol)

7= "1 _é _é _1' (') _; é é "1 structure of this sort exists ?lready %n E qw but at. a toojlarge

displacement (A) value of R. The remedy, as in the nitrobenzene dimer, lies in

short-range electrostatic attraction that is mostly independent

Figure 9. Energy component profiles for lateral displacements in (s- of lateral displacement (see Figure 11c). This situation closely
triazine), at R = 3.4 A. Relative to the data in Figure 8c, one monomer mirrors that of the dipole-aligned nitrobenzene dimer.

has been rotated by 180° with respect to the other. For the antiparallel-dipole configuration (Figure 11e—f), the

potential for lateral displacements is very asymmetric. Never-
theless, the situation is somewhat similar to the antiparallel
arrangement of two nitrobenzene molecules except that in
(pyrimidine), the potential has developed a proper double-
minimum, due to a deeper attractive well in E 4. The

this runs counter to a dipolar or quadrupolar electrostatics
model.

Rotating one nitrobenzene monomer by 180° creates
significant asymmetry in the potential, for displacements that

align with the dipolar axis. The vdW potential predicts a lateral electrostatic driving force is somewhat asymmetric but does
displacement of about the right magnitude (= 1.5 A, see Figure not favor nearly so large an offset as it did in (C¢H;NO,),, for
10e), but the vdW well depth is too shallow by about 3.75 which the polar bonds lie outside of the arene framework and
kcal/mol and appears at too large a value of R. These that incentivizes a relatively large lateral displacement. In the
discrepancies have clear origins in a very strong electrostatic antiparallel configuration of (pyrimidine),, the displacement is
driving force to place one NO, substituent directly atop the smaller and more consistent with that arising from E 4.
total interaction van der Waals electrostatics
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Figure 10. Potential energy scans for (C¢H;NO,), in configurations where the monomer dipole moments are either (a)—(c) parallel-aligned or
else (d)—(f) in an antiparallel configuration, as shown in the insets at left. The vertical coordinate is the cofacial separation R and the horizontal
coordinate represents lateral displacement along the dipolar axis (as shown in the insets), leading to potentials that are symmetric about zero in
(a)—(c). Contours are drawn every 0.2 kcal/mol and labeled every 1.0 kcal/mol, with blue and red indicating negative and positive energy values,
respectively.
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Figure 12. Two-dimensional energy component profiles as a function of the face-to-face separation and a lateral displacement coordinate, for (a)—
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3.3.3. (C4Hg)-+(CeHsX). Benzene dimers with a single a weaker interaction as compared to dispersion. Two-
substituent allow us to isolate the polar substituent’s dimensional energy profiles for (C¢Hg)-+(CsHsX), with X =
contributions to the energetics in the absence of a dipole OH or CN, are plotted in Figure 12.
moment on the opposite monomer. Previous theoretical work Examining these two dimers in the context of the polar,
has established the existence of parallel-displaced minima in homomolecular dimers considered above, a throughline
systems such as (C4Hg) -(C4HNO,),"”® with electrostatics as emerges. On its own, E,qy provides sufficient driving force
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Figure 13. Electrostatic interaction potentials for (C¢Hg),. (a) Two-dimensional contours of the quadrupole—quadrupole interaction for a coplanar
arrangement, with the sandwich structure at zero displacement, computed using a quadrupole moment that is consistent with XSAPT + MBD
electrostatics. Contours are drawn in 0.5 kcal/mol intervals. For comparison, the analogous electrostatic potential computed using full charge
densities can be found in Figure 3. (b) One-dimensional slice for coplanar (C4Hg), at R = 3.4 A, comparing the quadrupolar result from (a) to an
exact calculation of E,y using eq 2. (c) Contours of the quadrupole—quadrupole interaction for a perpendicular configuration of (C6H6)7_, with the
T-shaped geometry at zero displacement. Contours appear at 0.25 kcal/mol intervals. (d) One-dimensional potential at a 5.0 A center-to-center
distance (consistent with the T-shaped saddle point), comparing the quadrupolar interaction potential from (c) with an exact calculation of E . In
(a, ), both distance scales are the same but the energy scales differ between (b, d).

for a lateral offset, which may or may not be symmetric That said, an equally consistent theme is that short-range
depending on the nature of the substituents, but which appears electrostatic interactions are typically attractive for cofacial
at a face-to-face separation that is significantly larger than that arenes, notwithstanding any considerations based on the
of the true minimum-energy value. Short-range electrostatics, monomer dipole and/or quadrupole moments. In that sense,
which is attractive but does not depend strongly on the lateral the picture that emerges from detailed calculations is very
displacement, is needed to bring R into alignment with the different from the conventional view of z-stacking.’””> To
value obtained from the total interaction potential. This emphasize this, we next examine approximate electrostatic
description fits the (CgHg)-+(C¢H;OH) and (CeHg)- potentials computed using only the dipole and quadrupole
(C¢HCN) systems as well as the nitrobenzene and pyrimidine moments for the monomers. These results are qualitatively
dimers. different from exact electrostatics, in misleading ways. Details
3.4. Failure of Quadrupolar Electrostatics. Results of the multipolar electrostatics calculations can be found in
above demonstrate that the slip-stacking phenomenon (mean- Section S1.2.2. Here, it suffices to say that the monomer dipole
ing the existence of a lateral offset) can be explained in many moment vectors and quadrupole moment tensors were
cases by competition between dispersion and Pauli repulsion, computed at the LRC-wPBE/def2-TZVPD level,'”” consistent
with the latter favoring the cofacial sandwich that maximally with the description of the monomers in the XSAPT + MBD

places atoms and 7 electron density into close proximity, calculations (see Section S1.3).
whereas E, is reduced by moving the two arenes farther We begin with parallel and perpendicular arrangements of
apart. This competition is codified into E 4. However, results (C¢Hg),. Figure 13a shows a two-dimensional scan of the
in Section 3.3 clearly demonstrate that E, 4, cannot capture the quadrupole—quadrupole interaction potential for two cofacial
strong asymmetry of the potential energy surface for polar benzene monomers, which should be compared to the
substituents or polar heterocycles, because it is typically corresponding plot of the exact electrostatic interaction energy
insensitive (or only moderately sensitive) to the relative (Euy) in Figure 3c. The two plots are qualitatively different.
orientation of the two monomers. Capturing the asymmetry The exact electrostatic interaction is attractive for R < 3.7
requires consideration of electrostatic interactions that depend A'®** but is mostly ambivalent with regard to small lateral
strongly on the relative orientation of polar substituents or (in displacements. In fact, it exhibits a shallow minimum at zero
the case of unsubstituted heterocycles such as pyrimidine) the lateral displacement, as seen in the one-dimensional cut (for R
relative orientation of the monomer dipole moments. = 34 A) that is shown in Figure 13b. In contrast, the
3253 https://doi.org/10.1021/jacs.4c13291
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Figure 14. Approximate electrostatic potentials for cofacial (C¢H;NO,), in orientations where the monomer dipole moments are either (a) parallel
or (b) antiparallel. In either case, the electrostatic potential is approximated using monomer dipole and quadrupole moments computed at a level of
theory that is consistent with XSAPT+MBD electrostatics. Contours are plotted every 0.5 kcal/mol. Exact results using full charge densities (eq 2)
can be found in Figure 10c,10f for the parallel and antiparallel configurations, respectively.
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Figure 15. Approximate electrostatic potentials for cofacial (pyrimidine), in orientations where the monomer dipole moments are either (a)
parallel or (b) antiparallel. In either case, the electrostatic potential is approximated using monomer dipole and quadrupole moments computed at a
level of theory that is consistent with XSAPT+MBD electrostatics. Contours are plotted every 0.5 kcal/mol. Exact results using full charge densities
can be found in Figure 11c,f for the parallel and antiparallel configurations, respectively.

quadrupole—quadrupole interaction is extremely repulsive in
the sandwich geometry and decays much more rapidly along
the lateral displacement coordinate.

Although our focus in this work has been on cofacial offset-
stacking, it bears pointing out that the quadrupolar description
of electrostatics is also qualitatively wrong in edge-to-face
geometries. For the perpendicular arrangement of (CgHg),,
exact electrostatics favors an L-shaped configuration with a
small offset of about 1.1 A, as discussed in previous work."”
This is readily apparent in the one-dimensional cuts that are
provided in Figure 13d for R = 5.0 A, which is the center-to-
center distance of the two benzene rings in the T-shaped
saddle point. The quadrupole—quadrupole potential is also
attractive near the T-shaped minimum but favors the T-shaped
(C,,) geometry rather than an L-shaped one.

For examples where polar substituents lend asymmetry to
Egy we consider (CqHNO,), in Figure 14 and (pyrimidine),
in Figure 1S. In both cases, what is plotted are contours of the
electrostatic interaction surface obtained when only the
monomer dipole and quadrupole moments are considered.
As in previous calculations for these two systems, the
monomers are in a coplanar arrangement and we consider
both parallel and antiparallel alignments of the monomer
dipole moment vectors. Lateral displacements are taken
parallel to the dipolar axis of the monomers. This way, results
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for (C4HsNO,), in Figure 14 can be compared to exact
electrostatics calculations in Figure 10cf, and results for
(pyrimidine), in Figure 15 can be compared to exact results in
Figure 11c,f.

When the monomer dipole moments are parallel-aligned,
the multipolar electrostatics results are qualitatively similar in
(C¢H3NO,), and (pyrimidine),, even if the interactions are
much stronger for the former. These dipole-aligned multipolar
potentials are also qualitatively similar to the quadrupole—
quadrupole interactions in benzene dimer (Figure 13a), in the
sense that the sandwich configuration is strongly repulsive and
there are shallow wells for lateral displacement (slip-stacking).
Setting aside the magnitude of these offsets, this is qualitatively
wrong behavior for electrostatics, as demonstrated by
comparison to exact results. In the exact calculation (in Figure
10c for the nitrobenzene dimer and in Figure 1lc for the
pyrimidine dimer), E, < O at short range but the contours are
largely ambivalent to lateral displacement. This is similar to the
situation in benzene dimer and indicates that the dipole +
quadrupole approximation fails for these polar systems, in the
same way that quadrupolar electrostatics fails for (C¢Hg),.

For the antiparallel-aligned geometries of the nitrobenzene
and pyrimidine dimers, the multipolar calculation provides a
strong driving force for lateral displacement, e.g., in a direction
that places one NO, substituent atop the opposite arene in

https://doi.org/10.1021/jacs.4c13291
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(C¢H3NO,),. (The driving force lies in the opposite direction
for the pyrimidine dimer due to differences in the dipole—
quadrupole interactions.) Multipolar interactions are thus
strongly asymmetric with respect to lateral displacements,
but in a manner that is inconsistent with exact electrostatics.
For the latter, Figures 10f and 11f show that E exhibits only
mild asymmetry for lateral displacement. The exact result is
generally attractive for R < 3.8 A, at least for any lateral
displacement consistent with z-stacking. This is altogether
different from the multipolar result that exhibits both strongly
attractive but also strongly repulsive regions for the same value
of R, depending on the lateral displacement.

4. CONCLUSIONS

There is no basis for continued invocation of quadrupolar
electrostatics, or electron—electron repulsion at all, in order to
explain offset z-stacking between nonpolar arene moieties. The
quadrupolar picture, which has been characterized as “neat,
simple, and wrong”,18 does not account for the fact that charge
penetration is significant at typical nonbonded close-contact
distances, including z-stacking distances (3.4—3.8 A face-to-
face separation). As a result, electrostatic interactions may
differ in sign with respect to what would be inferred from the
leading-order molecular multipole moments, or even from
distributed multipoles.””*"** Very often, electrostatic inter-
actions are attractive in face-to-face z-stacked geome-
tries, 0718203134 o5 the gain in intermolecular electron—
nucleus attraction at short range compensates for additional
electron—electron repulsion.'® As such, the ubiquitous cartoon
charge distributions in Figure 1 are misleading and perhaps
ought to be retired.

In view of this, an alternative explanation for offset 7-
stacking is required. Using a diverse array of aromatic dimers,
including substituted benzenes and heterocycles, we have
demonstrated that electrostatic interactions are neither
necessary nor sufficient to drive z-stacked systems into
parallel-displaced geometries. Instead, this behavior is driven
by the combination of dispersion and Pauli repulsion, i.e., by
vdW interactions.'”"? The preference for parallel-displaced 7-
stacking may be enhanced or opposed by electrostatics, but it
emerges nonetheless. Meanwhile, approximate electrostatic
interactions computed by considering only the monomer
dipole and quadrupole moments bear little resemblance to
exact electrostatic energies computed using the full change
densities of the interacting monomers. At typical face-to-face
n-stacking distances (3.4—3.8 A), rigorous quantum-mechan-
ical calculation of the Coulomb interaction between monomer
charge densities, rather than any finite-order multipolar
approximation, is necessary in order to safely draw conclusions
about electrostatic interactions.

Competition between dispersion and Pauli repulsion
provides a basis for offset-stacking that requires only short-
range forces, rather than longer-ranged electrostatics. This
explains the pervasive nature of parallel—disglaced m-stacking
between aromatic side chains in proteins,”* and the near
absence of cofacial 77-stacking in those systems, "’ across myriad
local electrostatic environments. The arene moieties bring the
short-range forces with them wherever they go, regardless of
what might be happening in terms of electrostatics. That said,
E. qw is largely unchanged by rotation of one cofacial arene with
respect to its z-stacked partner. Therefore, in cases involving
polar substituents or heterocycles, one must also consider E,
in order to predict the relative orientation of the two arenes,
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and to correctly predict the preferred direction of the slip-
stacking phenomenon.

A better understanding of the molecular physics underlying
7m—m interactions is important for rational design of supra-
molecular structures; our data present a clear roadmap for
those looking to rationalize and utilize such interactions.
Consideration of electron-donating or withdrawing effects
within the context of the Hunter-Sanders rules®* is not an
effective guide.lo'20 Instead, one should look to the “direct
interaction model” of Wheeler and Houk to explain substituent
effects on stacking energies.'”'*>~"*7 At the same time, our
work suggests that substituent modifications alone may be
insufficient to avoid offset-stacking in supramolecular frame-
works and other soft materials.”'
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