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ABSTRACT: Symmetry-adapted perturbation theory (SAPT)
calculations are carried out to elucidate the intermolecular
interactions present between fluorinated and nonfluorinated alkyl
chain groups and aromatic π systems in the folded and unfolded
conformers of Wilcox torsion balance systems. The calculations
predict the folded conformers to be 2.0−2.3 kcal/mol more stable
than the unfolded conformers, with the preference for the folded
conformer being greater in the fluorinated alkyl chain case. We
also establish that a simple electrostatic analysis, based on atomic
charges, is inadequate for understanding the conformational
preferences of these systems. In the folded conformers, there are
sizable charge penetration contributions that are not recovered by
point charge models. Additionally, the SAPT analysis reveals that
exchange−repulsion interactions make a significant contribution to
the relative stability of the folded and unfolded conformer.

I. INTRODUCTION

CH−π interactions are important in many areas of chemistry,
biology, and materials science.1−3 Although less studied, there
is growing evidence that the incorporation of fluorine atoms
can influence the binding behavior in these systems.4−6 The
recent emergence of fluorine (F) as a structural design feature
in biologically relevant molecules7−12 led Ams and co-workers13

to use Wilcox molecular torsion balance systems14,15 to study
the interaction of fluorinated alkyl groups with aromatic π
systems. The torsion balances considered have the structure
depicted in Figure 1, with a benzene ring as the bottom shelf, a
vertical side arm, and a “dangling” functional group, denoted R
in the figure, and can exist as folded or nonfolded conformers.
In the folded conformer, the R group is positioned above the
benzene shelf, and may interact with it, whereas in the
nonfolded conformer, the R group is well separated from the
benzene ring of the shelf and their interaction is expected to be
negligible. The side arm portion of the scaffold also contains a
benzene ring. It is generally assumed that interaction between
the R group and the aromatic ring of the scaffold is comparable
in the two conformers, thereby having little impact on the
folding energy.13 Ams and co-workers used NMR spectroscopy
to determine relative Gibbs free energies for the folded and
unfolded conformers of torsion balance systems with several
different R groups, with various degrees of fluorine substitution.
The experiments were carried out in CDCl3 solvent at T = 298
K. Of particular interest is the finding that the ΔG° values for
folding are negative and have similar values for R = CH2CH3

and R = CH2CF3 (−0.35 and −0.23 kcal/mol, respectively), a
surprising result given the repulsion expected between electron-
rich fluorine atoms and the π cloud.16

In the present study, we use symmetry-adapted perturbation
theory (SAPT)17,18 to elucidate the interactions in the torsion
balance systems with R = CH2CH3 and CH2CF3 (molecules 2
and 5 in ref 13). The SAPT method decomposes the net
interaction energy into electrostatics, exchange−repulsion,
induction, exchange−induction, dispersion, and exchange−
dispersion contributions. Here we note that the electrostatics
contribution includes the effect of charge penetration19 in the
case of overlapping charge distributions, and the exchange−
repulsion contribution results from the exchange of electrons
between the frozen charge distributions of two atoms or
molecules. Thus, application of the SAPT method to the
selected torsion balance systems should prove valuable in
elucidating the factors responsible for the similar folding
energies of the systems with R = CH2CH3 and CH2CF3.

II. COMPUTATIONAL DETAILS

The SAPT procedure as generally formulated is designed for
dissecting interactions between nonchemically bonded species.
As a result, in applying it to the torsion balance systems, it is
necessary to employ fragment models, with cut bonds being
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terminated with H atoms. In the present study, five different
sets of dimers were used to elucidate the interaction of the
−COOR group with various entities comprising the base or
scaffold. In all cases one fragment was chosen to be HCOOR.
We focus first on what we call the “large” and “small” fragment
models (also referred to as dimer I and dimer II, respectively)
depicted in Figure 1. In the small fragment model, the base is
modeled by a toluene molecule. The large fragment model
includes the entire bottom shelf as well as the vertical part of
the scaffold. The use of these two model systems will allow us
to determine whether interaction of the HCOOR group with
the aromatic ring of the vertical portion of the scaffold plays a
role in establishing the relative stabilities of the folded and
unfolded conformers.
The geometries employed for the SAPT calculations on the

dimer models were extracted from the structures optimized in
ref 13 for the full torsion balance systems. Specifically, we start
from geometries that were optimized using the wB97X-D
density-functional theory method20 with the 6-31G(d) basis
set21−23 and including solvent effects using the SMD

continuum treatment.24 The positions of the terminating
hydrogen atoms were optimized at the wB97X-D/6-31G(d)
level of theory, constraining the positions of the other atoms to
their original values. We also carried out SAPT calculations
using dimer models generated from the structures optimized in
the absence of solvent and obtained interaction energies close
to those for the structures optimized in the presence of solvent.
For this reason, we present only the results obtained using
structures optimized in the presence of the solvent.
To characterize the interactions between the HCOOR entity

and the various models of the base and/or scaffold, both the
SAPT225 and SAPT026,27 variants of the SAPT method were
employed. The SAPT2 calculations include intramonomer
correlation corrections to the electrostatics, exchange−
repulsion, and induction contributions and were carried out
with the aug-cc-pVDZ basis set,28,29 whereas the SAPT0
calculations, which neglect intramonomer correlation, were
carried out using both the aug-cc-pVDZ and aug-cc-pVTZ basis
sets.29,30 The use of the larger aug-cc-pVTZ basis set in the
SAPT0 calculations proved important only for the dispersion

Figure 1. Schematic of the Wilcox torsion balance studied by Ams et al.13 and the modified structures used in the SAPT2 calculations here. The
dangling functional group, R, indicates either CH2CH3 or CH2CF3 for balances 2 or 5, respectively. (a) Complete torsion balance in the folded and
unfolded structures. (b) Large monomer model. (c) Small monomer model.
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interactions. We estimate SAPT2 interaction energies with the
aug-cc-pVTZ basis set as follows:

≈

+
−

E SAPT aVTZ

E E
E

( 2/ )

(SAPT2/aVDZ) (SAPT0/aVTZ)
(SAPT0/aVDZ),
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where aVTZ and aVDZ denote aug-cc-pVDZ and aug-cc-
pVTZ, respectively. We also carried out SAPT2+18,25,31/aug-cc-
pVTZ calculations on the smaller model systems to estimate
the importance of intramonomer correlation effects on the
dispersion contributions. These were found to be relatively
small and will not be considered further. The SAPT calculations
were carried out using the PSI4 code.32

III. RESULTS AND DISCUSSION

The results of the SAPT calculations using the small and large
models described above are summarized in Table 1. In
reporting these results, we have combined the dispersion and
exchange-dispersion and have also combined the induction,
exchange-induction, and δHF contributions. (The δHF term
includes the effects of higher order induction and exchange
interactions.) The dispersion energies have been corrected for
the aug-cc-pVDZ/aug-cc-pVTZ basis set difference as described
above. The net folding energies from the present calculations
and from ref 13 [wB97X-D/6-311++G(2d,2p) level] are
reported in Table 2. Both the SAPT and DFT-D calculations
predict the folded isomers to be more stable than the unfolded
isomers. For the large models the energy differences (folded 

unfolded) from the SAPT2 calculations are −2.0 and −2.3
kcal/mol for R = CH2CH3 and R = CH2CF3, respectively. The
corresponding DFT energy differences of ref 13 are −2.2 and
−1.8 kcal/mol.
The SAPT calculations for the small models show that both

the individual energy contributions and the net interaction
energies between the aromatic ring of the shelf and the R =
CH2CH3 and CH2CF3 groups are negligible in the unfolded
structure. However, for the large models, whereas the net SAPT
interaction energies for the unfolded structures are still small in
magnitude, being −0.23 and +0.22 kcal/mol for R = CH2CH3

and R = CH2CF3, respectively, the individual contributions to
the SAPT energies are sizable, ranging from −11.17 to +19.33
kcal/mol, with there being nearly complete cancellation
between the repulsive and attractive contributions.
For R = CH2CH3, the small and large models favor the

folded structure by 2.56 and 2.02 kcal/mol, respectively. This
indicates that there is a small, but non-negligible interaction
between the CH2CH3 group and the side arm, with the
exchange−repulsion being the major contribution to the 0.54
kcal/mol change in the relative stability of the folded and
unfolded structure in going from the small to the large model.
As seen from Table 1, the individual contributions to the
relative stability of the folded and unfolded structures for the
small and large models are quite close, being greatest (0.34
kcal/mol) for the exchange contribution.
For R = CH2CF3, the folded structure is calculated to be

more stable than the unfolded structure by 1.46 and 2.32 kcal/
mol in the small and large fragment models, respectively. From
Table 1 it is seen that the interaction of the CH2CF3 group with
the side arm stabilizes the folded conformer but destabilizes the
unfolded species. The change in the electrostatics, induction,
and dispersion contributions in going from the small to the
large model are essentially the same for the folded and unfolded
conformers, and, as for R = CH2CH3, it is the exchange−
repulsion contribution that is largely responsible for the change
in the folding energy in going from the small to large models
for R = CH2CF3.
Table 3 recasts the SAPT contributions in terms of R =

CH2CH3 and R = CH2CF3 energy differences. From this table
it is seen that the electrostatic interaction contributions are

Table 1. SAPT2a Analysis of Interactions (kcal/mol) in the R = CH2CH3 and CH2CF3 Torsion Balance Systems

H-folded H-unfolded ΔE

contributionb small large small large small large

Es −1.84 −7.73 0.01 −6.01 −1.85 −1.72
Ex 4.28 22.27 0.00 17.65 4.28 4.62
Ind −0.50 −2.07 0.00 −1.62 −0.50 −0.45
Disp −4.58 −14.72 −0.09 −10.25 −4.49 −4.47
Total −2.64 −2.25 −0.08 −0.23 −2.56 −2.02

F-folded F-unfolded ΔE

contributionb small large small large small large

Es −1.83 −8.01 −0.06 −6.11 −1.77 −1.90
Ex 5.73 24.22 0.00 19.33 5.73 4.89
Ind −0.34 −2.05 0.00 −1.83 −0.34 −0.22
Disp −5.20 −16.26 −0.12 −11.17 −5.08 −5.09
Total −1.64 −2.10 −0.18 0.22 −1.46 −2.32

aResults obtained using the aug-cc-pVDZ basis set with dispersion contributions being corrected for expansion to the aug-cc-pVTZ basis set as
described in the text. bEs, Ex, Ind, and Disp denote the electrostatics, exchange−repulsion, induction, and dispersion interactions, respectively. The
exchange-induction and exchange-dispersion contributions are included in the Ind and Disp entries, respectively. δHF contributions are also included
in Ind.

Table 2. Calculated Folding Energies (kcal/mol)a

R group

method CH2CH3 CH2CF3

SAPT −2.56 (−2.02) −1.46 (−2.32)
DFTb −2.2 −1.8

aFor the SAPT2 calculations, the results obtained using the small
models are reported first, followed in parentheses by those obtained
with the large models. bThe DFT results at the wB97X-D/6-311+
+G(2d,2p) level are from ref 13.
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comparable for the two R groups. This is counter to the
expectation based on simple electrostatic considerations
focusing on the interaction of the CH3 or CF3 portions of
the R groups with the C atoms of the aromatic ring of the base,
which would have led one to expect the interaction to be more
repulsive for R = CH2CF3 than for R = CH2CH3. However,
even assuming the validity of point charge models for
describing the electrostatic interactions, the picture described
above is too simplistic. Interactions involving the methyl group
and the H atoms of the toluene ring as well as those involving
the HCOOCH2 portion of the HCOOR groups could be
important. Moreover, the charge distribution of the aromatic
ring of the base is appreciably different in the small and large
cluster models as seen from Figure 2, which reports the atomic

charges obtained using the APT33 procedure at the
B3LYP34−37/6-31G(d) level of theory. In addition to the
sensitivity of the atomic charges to the cluster model employed,
a realistic description of charge distributions requires the
inclusion of multipoles beyond the monopoles. Moreover,
charge penetration effects,19 resulting from the overlapping
charge distributions of the R groups and the aromatic ring of
the base, would be expected to be sizable and attractive.
The electrostatic interactions calculated for the small and

large models using the APT point charges are summarized in
Table 4. For both R = CH2CH3 and R = CH2CF3 the net
electrostatic interactions (using APT charges) in the small
model are small (<0.1 kcal/mol) in magnitude. However, it is
clear from the table that interactions with the H and C atoms of
the conjugated ring of the toluene shelf are important, as are
electrostatic interactions involving the CH2 and HCOO
portions of the HCOOR groups. In the small model of the
folded conformers, interactions between these groups range
from 1.01 to 1.85 kcal/mol in magnitude. In the large model of
the folded conformers, these interactions increase to as much as
4.12 kcal/mol. Even larger electrostatic interactions are found
between the CH2 and HCOO portions of the chain and the
nitrogen containing fragment (NCH2N(CH2)2) of the shelf.
There is an attractive interaction between the CH2 and the

nitrogen fragment of 8.34 and 6.41 kcal/mol for R = CH2CH3
and CH2CF3 respectively, and a repulsive interaction of
approximately equal magnitude between the HCOO portion
of the chain and the nitrogen fragment of the shelf.
The most striking result of Table 4 is the change of the sign

of the electrostatic interaction (as described by point charges)
between the CF3 group and the C atoms of the aromatic ring in
going from the small to the large model (from +0.51 to −1.10
kcal/mol). As shown in Figure 2, there is a strong perturbation
of the electron distribution in the ring caused by the --NR2
substitution in the scaffold. For both the small and large models
and for both R groups, the electrostatic interaction energies
resulting from the SAPT calculations are negative and much
larger in magnitude than those resulting from the point charge
calculations. The differences observed between the SAPT
calculations and the point charge model indicate that charge
penetration effects dominate the electrostatic interactions.
To gain further insight into the role of various portions of the

torsion balance systems in determining the interaction energies,
we now consider three additional models (III−V) depicted in
Figure 3. Dimers III and V both contain parts of the vertical
side arm of the scaffold and neglect the aromatic ring of the
shelf. Dimer III includes the nitrogen-containing six-membered
ring where the shelf meets the side arm, whereas dimer V
contains only the aromatic ring of the side arm. We denote
these two dimer pairs as “side arm models”. Dimer IV extends

Table 3. SAPT2 Energy Differencesa (kcal/mol) between
the R = CH2CH3 and CH2CF3 Torsion Balance Systems

folded unfolded

contribution small large small large

Es 0.01 −0.28 −0.07 −0.10
Ex 1.45 1.95 0.00 1.68
Ind 0.16 0.02 0.00 −0.21
Disp −0.62 −1.54 −0.03 −0.92

aDifferences in the various energy contributions between the R =
CH2CH3 and CH2CF3 torsion balance systems.

Figure 2. Atomic charges on carbon atoms of the shelf ring in the (a)
small and (b) large model, obtained using the APT procedure with the
B3LYP/6-31G(d) level of theory.

Table 4. Electrostatic Interaction Energies (kcal/mol)
between Chain and Scaffold Fragments Calculated Using
Point-Charge Models in the Folded Conformation

small fragment model

CH3 CH2 HCOO HCOOCH2CH3

shelf CH3 0.00 0.50 −0.44 0.06
C atoms of shelf ring −0.02 −1.85 1.76 −0.11
H atoms of shelf ring 0.02 1.36 −1.28 0.10
toluene 0.00 0.01 0.04 0.05

small fragment model

CF3 CH2 HCOO HCOOCH2CF3

shelf CH3 −0.08 0.26 −0.26 −0.08
C atoms of shelf ring 0.51 −1.38 1.38 0.51
H atoms of shelf ring −0.37 1.02 −1.01 −0.36
toluene 0.06 −0.10 0.11 0.07

large fragment model

CH3 CH2 HCOO HCOOCH2CH3

shelf CH3 0.00 0.25 −0.21 0.04
C atoms of shelf ring 0.05 4.12 −3.89 0.28
H atoms of shelf ring 0.02 0.99 −0.93 0.08
NCH2N(CH2)2 −0.10 −8.34 8.37 −0.07
C atoms of side arm ring 0.01 2.79 −2.91 −0.11
H atoms of side arm ring 0.02 1.70 −1.68 0.04
complete scaffold 0.00 1.51 −1.25 0.26

large fragment model

CF3 CH2 HCOO HCOOCH2CF3

shelf CH3 −0.03 0.15 −0.16 −0.04
C atoms of shelf ring −1.10 2.92 −2.88 −1.06
H atoms of shelf ring −0.27 0.75 −0.74 −0.26
NCH2N(CH2)2 1.59 −6.41 6.67 1.85
C atoms of side arm ring −1.27 2.12 −2.49 −1.64
H atoms of side arm ring −0.03 1.34 −1.27 0.04
complete scaffold −1.11 0.87 −0.87 −1.11
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the shelf of dimer II to include the nitrogen-containing ring. We
denote dimers II and IV as “shelf models”.
Table 5 summarizes the SAPT results for dimers III−V. With

the exception of the models of the folded conformer with R =
CH2CF3, the inclusion of the nitrogen-containing ring (i.e.,
going from dimers V and II to III and IV, respectively) results
in a lowering of the electrostatic, induction, and dispersion
energies by as much as 0.96 kcal/mol. The unfolded structures
of the shelf models and all structures of the side arm models
experience an increase in the exchange−repulsion energy with
the addition of the nitrogen-containing fragment. This is

especially noticeable in the side arm dimers, with the increases
being between 0.74 and 0.87 kcal/mol. Additionally, the total
SAPT interaction energy for each conformer decreases by
between 0.2 and 1.0 kcal/mol in magnitude with the addition of
the nitrogen-containing fragment. Looking at the overall
relative stabilities of the folded vs unfolded energies, all dimer
pairs show a greater preference for the folded conformer in the
models that contain the nitrogen fragment in comparison to
their non-nitrogen-containing counterparts. These results
demonstrate that the nitrogen-containing ring plays a vital
role in the interaction energies between the HCOOR group
and each part of the scaffold. Finally, comparison of the relative
stabilities of the side arm dimers with the hydrogen and fluorine
R groups present opposite trends: R = CH2CH3 prefers the
unfolded state by 0.4 and 0.8 kcal/mol for dimers III and V,
respectively, whereas R = CH2CF3 prefers the folded state by
0.5 and 0.2 kcal/mol for dimers III and V, respectively. It also
implies that the interaction between the HCOOR group and
the side arm should not be assumed to be equivalent in the
folded and unfolded states. This difference persists even in
model V, for which any energy difference between the “folded”
and “unfolded” structures must result from geometrical
differences. Examination of the optimized structures reveals
that there are sizable differences in the distances of the atoms of
the CH2CH3 and CH2CF3 R groups and the atoms of the side
arm aromatic ring of the scaffold.
Roughly speaking, the large model, dimer I, can be formed by

combining dimers II and III or IV and V. Table 6 summarizes
the sums of the interactions of each of these dimer pairs and
compares them with the interaction energies of dimer I. The
first pair (II + III) compares favorably with the large monomer,
matching each interaction within 0.5 kcal/mol, the largest
differences occurring in the exchange and dispersion
interactions in the folded structures, which roughly cancel.
The second pair of dimers (IV + V) also compares favorably,
matching each interaction energy contribution to within 1 kcal/
mol. For both conformers the II + III pair and the IV + V pair
produce net interaction energies fairly close to the SAPT results
for the corresponding large monomer models.

Figure 3. Folded conformers of modified Wilcox torsion balance
structures used in the second set of SAPT2 calculations. Unfolded
configurations for each dimer, analogous to those shown in Figure 1,
were also used but are not shown here. (a/b) The sum of the
interaction energies of dimer II (small monomer model) and dimer III
are approximately equal to the interaction energies calculated for the
dimer I (large monomer model, Figure 1). (c/d) Similarly, the sum of
the interaction energies of dimer IV and dimer V are approximately
equal to the interaction energies calculated for dimer I.

Table 5. Additional SAPT2a Analysis of Interactions (kcal/mol) in R = CH2CH3 and CH2CF3 Torsion Balance Systems

H-folded H-unfolded

contribution III IV V III IV V

Es −6.22 −1.90 −5.86 −6.16 −0.04 −5.88
Ex 18.53 4.09 17.76 18.01 0.11 17.27
Ind −1.69 −0.55 −1.60 −1.65 −0.05 −1.59
Disp −10.30 −5.01 −9.38 −10.25 −0.59 −9.65
Total 0.32 −3.37 0.92 −0.05 −0.57 0.15

F-folded F-unfolded

contribution III IV V III IV V

Es −6.08 −1.73 −5.37 −6.11 −0.31 −5.59
Ex 18.87 5.68 18.13 19.62 0.40 18.75
Ind −1.85 −0.39 −1.74 −1.87 −0.06 −1.76
Disp −10.91 −6.02 −9.95 −11.10 −0.97 −10.14
Total 0.03 −2.46 1.07 0.54 −0.94 1.26

aSAPT2 interaction energies with the aug-cc-pVTZ dispersion correction as described in the text. Each of the dimer models listed is shown in Figure
3.
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IV. CONCLUSIONS

SAPT calculations have been carried out for models of the
folded and unfolded conformers of the R = CH2CH3 and R =
CH2CF3 Wilcox torsion balance systems. The folded con-
formers are calculated to be 2.0−2.3 kcal/mol more stable than
the unfolded conformers. Both the electrostatic and induction
contributions to the interaction energy are calculated to be
essentially the same in the folded conformers of R = CH2CH3
and R = CH2CF3. Although the exchange−repulsion and the
dispersion contributions are greater in magnitude for the R =
CH2CF3 species, the sum of these two contributions are
comparable for the two R groups. Most importantly, our results
demonstrate that simple point charge models are inadequate for
analyzing the CH−π and CF−π interactions. At the optimized
geometries of the torsion balance systems there are sizable
charge penetration contributions that are not recovered by
point charge models. Similarly, due to the overlap of the charge
distributions of the different functional groups, exchange−
repulsion effects are also important for the energetics. We note
also that the folded and unfolded structures differ in the
distances of the atoms of the R groups from the atoms of the
scaffold, with these geometry differences also impacting the
energy differences.
The folded/unfolded energy differences calculated here for

gas-phase models and also in ref 13 for the considered torsion
balance systems are appreciably larger in magnitude than those
found experimentally from condensed phase measurements.
Even when solvation effects were included in ref 13 by means of
a continuum solvation model, the calculated free energy
differences remained much larger than those measured
experimentally. This suggests that explicit solvent−solute
interactions as well as entropy effects, that are not described
in a continuum model, may be preferentially stabilizing the
unfolded structures.
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