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re dispersion interactions to the
strength of aromatic stacking interactions in
solution?†

Jungwun Hwang, Brent E. Dial, Ping Li, Michael E. Kozik, Mark D. Smith
and Ken D. Shimizu*

In this study, the contributions of London dispersion forces to the strength of aromatic stacking interactions

in solution were experimentally assessed using a small molecule model system. A series of molecular

torsion balances were designed to measure an intramolecular stacking interaction via a conformational

equilibrium. To probe the importance of the dispersion term, the size and polarizability of one of the

aromatic surfaces were systematically increased (benzene, naphthalene, phenanthrene, biphenyl,

diphenylethene, and diphenylacetylene). After correcting for solvophobic, linker, and electrostatic

substituent effects, the variations due to polarizability were found to be an order of magnitude smaller in

solution than in comparison to analogous computational studies in vacuo. These results suggest that in

solution the dispersion term is a small component of the aromatic stacking interaction in contrast to

their dominant role in vacuo.
Introduction

Aromatic stacking interactions play a key role in determining
the stability, activity, and utility of many supramolecular
processes such as the structure of biopolymers,1–3 host–guest
complex stability,4–7 and the selectivity of asymmetric cata-
lysts.8–10 The importance and utility of aromatic stacking inter-
actions have provided the motivation to study the fundamental
nature of the interaction and to develop models that can accu-
rately predict their stability trends.11,12 Thus, the inuence of
variables to the strength of stacking interactions such as
charge,13,14 substituent effects,15,16 and solvent effects17,18 has
been an active area of research.

The goal of this study was to experimentally assess the role
that dispersion interactions play in the aromatic stacking
interaction in solution using a dynamic small molecule model
system (Scheme 1).19–21 Our approach was to systematically vary
the size of one of the aromatic surfaces involved in an aromatic
stacking interaction. This strategy mirrors that of a computa-
tional study by Zeinalipour-Yazdi and Pullman,22 which pre-
dicted a dramatic strengthening of the aromatic stacking
interaction with increasing size of an aromatic surface due to an
increase in the dispersion term.
University of South Carolina, SC 29208,

(ESI) available: Experimental details;
ubstituent effect analyses and solvent
I and crystallographic data in CIF or
c5sc01370d
Attractive London dispersion interactions are weak attractive
interactions that can form between both polar and non-polar
molecular surfaces.12,23 In the gas-phase, dispersion interac-
tions have been identied as the dominant contributing term
for aromatic stacking interactions.24–26 For example, Sherrill's
component analysis estimated that the dispersion term
comprises 61% of the overall stacking energy for the benzene
dimer.27 However, the role of dispersion forces in solution has
been much more controversial. Specically, the dispersion
contributions in solution have been proposed to be much
smaller.28 The rationale is that there are roughly an equal
number of dispersion interactions on either side of the stacking
equilibrium (Scheme 1). The aromatic surfaces still form
attractive dispersion interactions in the stacking complex.
Scheme 1 Representation of the intramolecular aromatic stacking
interaction in the folded conformer of a molecular torsion balance
model system and the influence of solvent molecules (red spheres) on
the stability of the folded-unfolded conformational equilibrium.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Top views of the aromatic arm (colored blue) and shelf (colored
gray) surfaces in the folded conformers of the (a) balance 1a and (b)
control balance 2a. The models are based on the crystal structures of
an analogue of 1a41 and DFT molecular modelling (M06-2X, 6-31G*)46

for 2a. For viewing clarity, only the aromatic surfaces of the arm and
shelf are shown. The extrapolated extended surfaces in arms of b and d
are depicted as dotted lines.
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However, solvent molecules form additional dispersion inter-
actions on either side of the binding equilibrium with the
uncomplexed aromatic surfaces and with each other.28 Thus,
the question is whether the net dispersion interactions on the
right-hand side of the equilibrium are stronger than those on
the le-hand side of the equilibrium.

The measurement of dispersion interaction in solution has
posed a number of experimental challenges.29,30 First, the
dispersion contributions are expected to be small, and thus a
very sensitive method with sub kcal mol�1 accuracy is required.
Second, in contrast to electrostatic or solvent trends, it is diffi-
cult to systematically vary the dispersion term of a non-covalent
interaction. Third, dispersion interactions are very difficult to
differentiate from solvophobic interactions because both scale
with increasing size of the aromatic surfaces.31,32 Thus, studies
that have observed a correlation between the size of the
aromatic surface and the strength of the stacking interaction
could be attributed to solvophobic or dispersion effects.33–35

In this study, a small molecule model system was designed
to specically address the above challenges.36,37 First, the model
system is an example of a “molecular torsion balance”, which
has been demonstrated to provide a very accurate and sensitive
measure of non-covalent interactions.37 Variations in the
strength of the intramolecular interaction as small as �0.03
kcal mol�1 can be measured by monitoring their inuence on
the folded-unfolded equilibrium (Scheme 1).38–41 Second, the
dispersion term was systematically varied by increasing the
conjugation length and polarizability of one of the interacting
surfaces. Dispersion interactions are known to increase with
increasing molecular polarizability because dispersion interac-
tions are the result of the electrostatic attraction between
polarizable molecular surfaces.22,42,43 Third, the dispersion
effects were differentiated from the solvophobic effects by
keeping the contact area between the two stacking aromatic
surfaces constant. The rigid bicyclic framework of themolecular
balances xes the geometry and contact area of the aromatic
surfaces in 1a–f (Fig. 2a). Only the rst benzene ring of the
aromatic arm, regardless of its size, was in contact with the
Fig. 1 The structures of aromatic stacking balances 1a–f and control
balances 2a–f (shown in the folded conformation), which have six
different aromatic arms (a–f) with varying conjugation lengths and
polarizabilities.

This journal is © The Royal Society of Chemistry 2015
phenanthrene shelf. Thus, the extended aromatic surfaces in
1b–f did not form any additional stacking or solvophobic
interactions.

An additional advantage of these molecular systems was that
the results could be directly compared with computational
studies.22,40,44 These computational studies provided theoretical
in vacuo benchmarks to compare the magnitudes of our exper-
imentally measured trends in solution. The most similar
computational studies were by Zeinalipour-Yazdi and Pullman,
whichmeasured the stacking energy of a benzene with aromatic
surfaces of varying size.22 The molecular balances performed an
analogous comparison as the outer most benzene ring of the
phenanthrene shelf forms stacking interactions with
the aromatic arms of varying size. In the computational studies,
the stacking energies of the benzene unit were found to
systematically increase with the increasing size and polariz-
ability of the opposing aromatic surface. A steep linear corre-
lation was predicted between the size of the opposing aromatic
surfaces and the stacking energies. This trend is consistent with
the dispersion term representing a signicant portion of the
stacking energy in vacuo. For example, the stacking interaction
energy of the benzene–naphthalene complex was 2.3 times
larger than the benzene–benzene complex. Similarly, the
stacking interaction energy of the benzene–anthracene complex
was 3.9 times larger than the benzene–benzene complex.
Results and discussion
Molecular balance design

The rigid bicyclic N-arylimide framework of the molecular
balances utilized in this study had been previously employed to
study a range of non-covalent interactions such as aromatic
stacking, CH–p, and cation–p interactions.38–41 In particular,
substituted derivatives of balances 1a were able to accurately
measure small differences in the aromatic stacking interactions
(<0.05 kcal mol�1) due to substituent effects.45 For the
measurement of weak non-covalent interactions, this molecular
balance framework has a number of attractive features. First,
restricted rotation of the N-arylimide rotor leads to the
formation of distinct folded and unfolded conformers that are
in equilibrium at room temperature. Second, the bicyclic
Chem. Sci., 2015, 6, 4358–4364 | 4359
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Table 1 1H NMR measured folding energies of balances 1 and 2 (DG1

and DG2), the aromatic stacking energies (DDG1–2), and characteristics
of the arm aromatic surfaces (polarizability, ESE)

Arm DG1
a DG2

a DDG1–2
b ac ESEd DDG1–2 � ESEe

a 0.48 1.40 �0.92 48 0.00 �0.92
b 0.17 1.33 �1.16 52 �0.22 �0.93
c �0.08 1.26 �1.33 57 �0.22 �1.11
d 0.31 1.41 �1.10 55 0.00 �1.11
e 0.38 1.33 �0.95 62 0.02 �0.97
f 0.29 1.33 �1.05 57 �0.04 �1.01

a Folding energies (kcal mol�1) measured in CDCl3 at 298 K from the 1H
NMR measurement of the folding ratios with an error of �0.03 kcal
mol�1. b Difference in folding energies (kcal mol�1) of balances 1 and

�1 c
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framework holds the aromatic surfaces of the arm and shelf at
different distances in the two conformers. In the folded
conformer, the arm and shelf surfaces are in close proximity
allowing formation of an intramolecular off-set stacking inter-
action. In the unfolded conformer, the arm and shelf surfaces
are held apart and cannot form a stacking interaction. Thus, the
folded/unfolded equilibrium ratio provides a very sensitive
measure of variations in the strength of the intramolecular
interactions. A strengthening of the intramolecular stacking
interactions is evident by a shi in the folded/unfolded ratio
towards the folded conformer.

We have previously demonstrated that the parent balance 1a
with a phenyl arm forms a well-dened off-set stacking inter-
action in the folded conformer (Fig. 2a).40,41 X-ray and NMR
analyses of 1a found that the phenyl arm and phenanthrene
shelf adopt a parallel stacking geometry in the folded
conformer. The phenyl ring of the arm is in contact with outer
most ring of the phenanthrene shelf with an arm centroid-to-
shelf plane of 3.75 Å. Furthermore, the proximity of the arm and
shelve surfaces and the rigidity of the bicyclic framework do not
provide sufficient freedom and space to form the alternative
arene–arene geometries such as the perpendicular edge-to-face
and T-shaped geometries. The rigidity of the balance framework
also ensures that the extended aromatic surfaces of the arms in
balances 1b–f (represented as dotted lines in Fig. 2a) should not
form additional stacking interactions with the phenanthrene
shelf. In addition, the contact area between the arm and shelf
surfaces should remain constant despite the variations in the
size of the aromatic arms.

We have also conrmed that the parent control balance 2a
with the phenyl arm is unable to form an intramolecular
stacking interaction in the folded conformer due to its shorter
benzene shelf (Fig. 2b).41 The absence of stacking interactions
in 2a was conrmed by NMR and modeling studies. Thus,
control balances 2a–f should provide a measure of the other
factors that inuence the folded-unfolded equilibria such as
solvent, dipole, linker, and secondary interaction effects. The
subtraction of the folding energy of 2 from the folding energy of
1 should isolate the intramolecular stacking energy.

For this study, six balances (1a–f) and six control balances
(2a–f) were prepared via previously described synthetic
routes.40,41 The six aromatic arms (a–f) include aromatic
surfaces of varying size, conjugation length, and polarizability.
These aromatic surfaces fell into three groups (Fig. 1). The rst
was the unsubstituted phenyl arm (a) that had the smallest
common aromatic surface. The next were the fused aromatic
surfaces with naphthyl and phenanthryl arms (b and c). The last
group was the non-fused aromatic surfaces (d–f). These include
the biphenyl (d), stilbene (e), and diphenylethynyl (f) arms,
which extend the conjugation of the parent phenyl ring from a
single substitution point at the para-position.
2 with an error of �0.04 kcal mol . Polarizabilities calculated for
the aromatic arm surfaces using Spartan10 (B3LYP, 6-31G*), with
units of a.u.3 d The estimated electrostatic substituent effect (ESE)
based on the Hammett smeta parameters and the previously measured
ESE for the parent balance 1a.45 See Table S5 and Fig. S19 in the ESI.
e Stacking energy corrected for the electrostatic substituent effect with
units of kcal mol�1 and an error of �0.04 kcal mol�1.
Verication and measurement of the intramolecular stacking
interactions

The formation of the expected intramolecular stacking inter-
actions within the new balances 1b–f was established by
4360 | Chem. Sci., 2015, 6, 4358–4364
comparison of their 1H NMR spectra (CDCl3, 298 K) with those
of the parent balance 1a and control balances 2a–f. The NMR
analyses were facilitated by a separate set of peaks for the folded
and unfolded conformers due to slow exchange on the NMR
time scale. The rst indication of stacking interactions in 1b–f
was the observation of the expected upeld shis of the
aromatic arm and shelf protons. Due to the proximity of the arm
and shelf aromatic surfaces in the stacked structure, upeld
shis of up to 1.0 ppm were observed in the folded versus the
unfolded conformers. The direction and magnitude of these
peak shis were identical to those observed in the parent
stacking phenyl balance 1a.41 By comparison, these same
aromatic protons did not display upeld shis in the folded
versus unfolded conformers of control balances 2a–f, which
cannot form intramolecular stacking interactions.

The formation of stacking interaction was also evident from
a comparison of their folding energies. The folded/unfolded
ratios of 1a–f and 2a–f and their corresponding folding energies
were measured from their peak areas in the 1H NMR spectra
(Table 1). The folding energies of the stacking balances 1a–f
were consistently stronger (more negative) than the folding
energies of the corresponding control balances 2a–f. This was
consistent with the stabilization of the folded conformers of 1a–f
by the formation of attractive stacking interactions. The intra-
molecular stacking interactions were estimated from the
difference in the folding energies of 1a–f and 2a–f (DDG1–2). The
stacking energies ranged from �0.92 to �1.33 kcal mol�1,
which were comparable with previous measurements of stack-
ing interactions of benzene surfaces in organic solution.15 Next,
the inuence of the different sized aromatic arms on the
stacking energies was examined. This analysis suggested that
the dispersion contributions to the stacking interaction are not
dominant in solution. These conclusions were based on two
observations. First, the stacking energies in 1a–f were very
similar despite the large variations in size of the arm surfaces.
The DDG1–2 values spanned a relatively narrow range from
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Plot of the correlation between themeasured stacking energies
(DDG1–2) in balance 1a–f and the polarizability of the aromatic arms a–f.
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�0.92 to �1.33 kcal mol�1. Overall, these variations were an
order of magnitude smaller than those predicted by the
computational studies.22 For example, the stacking interaction
energy of the naphthyl arm in 1b was only 26% greater than the
phenyl arm in 1a (�1.16 versus �0.92 kcal mol�1). By compar-
ison, the computational studies predicted a 230% increase in
the stacking energies of naphthalene versus benzene surfaces.22

Second, no clear correlation was observed between the
stacking energies and the polarizabilities of the respective arms.
The polarizabilities of the aromatic surfaces in the arms were
estimated using computational methods (B3LYP, 6-31G*)
(Table 1).47 The most polarizable arms such as the diphenyl
acetylene and stilbene did not show the strongest stacking
energies. More convincingly, a plot of the calculated polariz-
abilities versus the measured stacking energies (DDG1–2) did not
show a clear correlation (Fig. 3). The stacking energies of the
different sized arms appeared to strengthen (more negative)
with increasing polarizability of the fused arms (b and c).
However, an inverse correlation was observed between polariz-
ability and stacking energy for the non-fused arm (d–f).
Table 2 Classification of aromatic surfaces in arms a–f as meta- and
para- substituted phenyl rings for use in estimating their electrostatic
substituent effects
Explanations for the inability to observe the dispersion

contributions to the stacking energy trends

The inability to observe the dispersion of the stacking interac-
tion energies in solution was consistent with the hypothesis
that the dispersion contributions would be smaller in solution
because of the counter-balancing dispersion interactions of the
solvent molecules. However, alternative explanations were also
explored. First, the possibility was that the variations in the
stacking energies were within the error for the measurement.
The standard deviation of the stacking energies was 0.15 kcal
mol�1. While this value is small, it is greater than the error for
the analysis which was estimated to be �0.04 kcal mol�1.

The second possible explanation was that the variations in
the stacking energies were due to electrostatic substituent
effects (ESEs). Substituents on aromatic rings have been shown
to stabilize and destabilize the aromatic stacking interaction in
computational and experimental studies.15,16,48–50 Along these
This journal is © The Royal Society of Chemistry 2015
lines, we have previously characterized the electrostatic
substituent effects (ESE) of this specic stackingmodel system.45

This allowed us to estimate the inuence of the substituent
effects and to test whether the substituent effects can explain the
observed minor variations in stacking interaction energies.

To assess the ESEs in this system, the extended conjugation
of arms b–f was classied as meta- and/or para-substituents on
the core phenyl arm a (Table 2). Arms d–f were treated as
monosubstituted phenyl rings. For example, the biphenyl arm
in balance 1d was categorized as a phenyl ring with a para-
phenyl substituent. The fused naphthyl and phenanthryl arms b
and c were treated as disubstituted phenyl rings with one meta-
and one para-substituent. The expected stabilizing or destabi-
lizing ESEs were calculated based on the Hammett smeta

parameters for respective substituents in Table 2 and the slopes
of the previously measured Hammett plots for this balance
system.51 The details of this calculation are provided in the ESI.†
For the disubstituted arms (b and c), the ESEs were calculated as
the sum of the individual substituent effects. This analysis is
based on the recent nding that the substituent effects for
stacking interactions are additive.45

The estimated ESEs were able to explain half of the variation
in the DDG1–2 values. The ESEs for arms b–f were mostly
stabilizing, which was consistent with the observed stronger
stacking energies for the extended arms b–f. The vinyl, phenyl,
styrene, and phenylacetylene substituents in the arms are all
weak electron withdrawing groups with small positive Hammett
smeta values (0.03 to 0.14). Electron withdrawing substituents
have been shown to stabilize stacking interactions due to the
formation of attractive electrostatic interactions.52 To assess the
importance of the substituent effects, the predicted ESE values
were subtracted from the measured DDG1–2 values to give a
substituent corrected stacking energy (DDG1–2 � ESE). The
corrected stacking energies (�0.92 to �1.11 kcal mol�1) had
approximately half the variation than the uncorrected stacking
energies (�0.92 to �1.33 kcal mol�1).
Chem. Sci., 2015, 6, 4358–4364 | 4361
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Fig. 4 Plot of the correlation between the substituent effects cor-
rected stacking energies (DDG1–2 � ESE) and the polarizability of the
aromatic arms a–f.
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The third alternative explanation that was examined was that
the substituent effects had been obscuring the smaller disper-
sion effects. To test this possibility, the correlation between the
substituent corrected stacking energies and polarizability was
examined (Fig. 4). The plot of DDG1–2� ESE versus polarizability
was relatively at, as themajority of variance had been removed.
However, the remaining variance did not show a correlation
with the polarizabilities of the aromatic surfaces.

The nal explanation for the inability to observe the
dispersion effects was that the experimental design has not
properly isolated the stacking energy from the folded-unfolded
equilibrium energies. Of particular concern were solvophobic
effects, which have been cited as the dominant term for the
weak non-covalent interactions of non-polar surfaces in solu-
tion.53,54 However, there were two observations that suggested
that solvent and solvophobic effects had been effectively iso-
lated in this study. First, relatively small differences in the
stacking energies in 1a–f were observed despite the large vari-
ation in the size of the aromatic arms. Thus, the geometric
constraints in the balance framework appear to have been
effective in keeping the surface area contact and solvophobic
effects constant for the series. Second, the folding energies of
balances 1a–f and 2a–f were measured in two additional solvent
systems. The folding energies of balances 1a–f and control
balances 2a–f were measured in a more polar, acetone-D6, and a
less polar, bromobenzene-D5, solvent (see ESI†). The overall
trends and conclusions were analogous to those observed in
CDCl3, suggesting that the solvent effects were not the reason
for the inability to observe dispersion effects. The uncorrected
(DDG1–2) and corrected (DDG1–2 � ESE) stacking energies in
these two additional solvents had relatively small variations and
did not show any clear correlation with the polarizabilities of
the aromatic surfaces (ESI Fig. S22 and 23†).
Conclusions

In this study, we designed a series of molecular torsion balances
1a–f to assess the importance of dispersion interactions to the
4362 | Chem. Sci., 2015, 6, 4358–4364
aromatic stacking interactions in solution. These model
systems measured the strength of an intramolecular stacking
interaction via changes in a folded-unfolded conformational
equilibrium. The contribution of the dispersion term was
assessed by systematically varying the size and polarizability of
one of the aromatic surfaces and measuring the effect on the
stacking energies. Through the use of control systems 2a–f,
geometrical constraints, and studies in multiple solvents, the
stacking interaction energies were separated from other factors
that inuence the conformational equilibrium such as sol-
vophobic, dipole, linker, and steric effects.

No correlation was observed between the polarizabilities of
the aromatic surfaces and the stacking energies. There was
relatively little variance in the strengths of the stacking energies
despite the wide range in the sizes and conjugation lengths of
the aromatic surfaces. These results suggest that the dispersion
contributions to the aromatic stacking interaction in solution
are relatively minor.

The approach and conclusions of this study nicely comple-
ment studies of the origins of alkyl–alkyl interactions in solu-
tion.53 Cockro and co-workers used a perpendicular approach
of assessing the contributions of dispersion interactions in
solution. Instead of varying the size and polarizability of the
interacting surfaces, they systematically varied the solvent
environment, which allowed them to measure and subtract out
the solvent effects from the overall interaction energy. Although
the approach was different, the conclusions were similar to
those in this study as the dispersion term of the interaction
could not be observed in solution. The majority of the interac-
tion energy was attributed to the solvent and solvophobic
effects. A more recent study by Cockro was able to measure the
dispersion contributions to the interaction energy of non-polar
surfaces in organic solution. However, the dispersion terms in
non-polar organic solvents were small and were on the same
order as the solvophobic interactions.55

The conclusion that dispersion interactions do not play a
dominant role in stacking interactions in solution is in contrast
to computational studies and gas-phase studies,56 which have
found a dramatic correlation between the stacking energy versus
the size and polarizability of an aromatic surface.22 It is
important to note that the smaller inuences of dispersion
interactions in solution is not due to an absence of dispersion
interactions. Aromatic surfaces still form attractive dispersion
interactions in solution just as they do in vacuo. However, the
aromatic surfaces also form dispersion interactions with
solvent molecules, which attenuates the overall magnitude of
the dispersion term.

Experimental section
Synthesis of balances 1a–f and control balances 2a–f

Balance 1a–f and control balance 2a–f were synthesized as
previously described.41 The balances and control balances were
prepared by the following general route. First, the phenol cor-
responding to the arm was reacted with 2-uoronitrobenzene in
an SNAr reaction that formed the diphenyl ether. The nitro-ether
was reduced to the amino-ether and then reacted with the
This journal is © The Royal Society of Chemistry 2015
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endo-bicyclic anhydride to yield the balance or control balance.
Specic procedures and characterization data for 1a–f and 2a–f
are provided in the ESI.†
Measurement of the folding energies

The folded/unfolded ratios were measured by integration of the
1H NMR spectra at 25 �C. The peak areas of the singlets corre-
sponding to the succinimide methine protons were measured
by line tting analysis. The folding energies were calculated
from the equation DG¼�RT ln([folded]/[unfolded]). The error in
the folding energies was estimated to be �0.03 kcal mol�1

based on a conservative estimate of the NMR measured folded/
unfolded ratio of �5%.57
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