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ion of dispersion interactions
quantified in polar and nonpolar media using rigid
CH–p balances

Hao Liu, Harrison M. Scott, Binzhou Lin, Xiaolong Huang, Mark D. Smith
and Ken D. Shimizu *

Solvent attenuation of dispersion interactions was quantified using a new class of rigid intramolecular CH–p

molecular balances. These balances incorporate small, two-carbon CH donors that minimize solvophobic

effects and isolate the dispersion component. Folding energies (DGexp) were measured across eight

solvents: cyclohexane, toluene, chloroform, ethyl acetate, acetone, acetonitrile, DMSO, and methanol.

Attenuation values in nonpolar solvents closely matched those reported by Peter Chen using

a bimolecular host-guest system. Our use of a molecular balance also enabled study in polar solvents

where the attenuation remained similarly high in polar solvents such as DMSO and methanol. The

narrow 75 to 80 percent range observed across all solvents demonstrates the consistency of dispersion

attenuation and the effectiveness of molecular balances in quantifying weak noncovalent forces while

avoiding interference from solvent driven effects. Comparisons between sp2 and sp3 CH donors showed

similar dispersion contributions, with sp2 groups exhibiting stronger overall interactions due to greater

electrostatic stabilization. As a result, sp2 CH groups formed stronger interactions in nonpolar solvents,

while both CH types showed similar strengths in polar solvents.
Introduction

London dispersion forces (LDFs) are weak attractive interac-
tions, arising from temporary dipoles generated by the corre-
lated electron motion of neighbouring atoms.1–3 These
interactions are present in all atomic systems.4,5 As a result,
LDFs play a crucial role in determining physical properties like
melting and boiling points and contribute to molecular stability
and reactivity.6–9 London dispersion forces were among the
earliest recognized non-covalent interactions,10,11 yet there has
been renewed interest in dispersion interactions.1,3,12,13 Recent
advances in computational methods provide an accurate esti-
mation of dispersion energies at lower costs, revealing that
dispersion interactions are more widespread and impactful
than previously appreciated.14 This has led to a proliferation in
experimental systems such as molecular balances, torsion
balances, and host–guest systems designed to quantify disper-
sion interactions in both the gas phase and solution.3,15–21

While the importance of dispersion interactions is clear in
the gas phase and solid state, their role in solution is more
difficult to assess.15,20,22 Solvent molecules inuence both sides
of the equilibrium equation, obscuring or compensating for the
solute–solute dispersion interactions (Fig. 1). On the le-hand
side, solvent molecules form dispersion and other non-
University of South Carolina, Columbia,
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covalent interactions with the solute. On the right-hand side,
freed solvent molecules can form cohesive solvent–solvent
interactions that contribute to solvophobic effects. Recent
estimates by Chen and coworkers of this complex solution
equilibria have measured the attenuation of dispersion inter-
actions at 60–80% in nonpolar solvents.15,23 Thus, dispersion
interactions in solution are only 20–40% of their strength of the
gas phase.

Because the effects of dispersion interactions are greatly
attenuated in solution, previous studies have developed strate-
gies to enhance their detectability. One common approach is to
use large, polarizable groups such as adamantanes or long alkyl
chains to increase the overall interaction energy to measurable
levels.4,15,19,20,22,24 However, this amplication strategy intro-
duces an additional challenge that solvophobic effects also
scale with the size of the surfaces, making it difficult to isolate
Fig. 1 Representative images of molecular balances designed to
measure the dispersion interactions of CH-groups (red rectangles),
aromatic surfaces (blue rectangles), and solvents (blue spheres).

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc02852c&domain=pdf&date_stamp=2025-09-26
http://orcid.org/0009-0000-7543-5146
http://orcid.org/0000-0001-6977-7131
http://orcid.org/0000-0002-0229-6541
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02852c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016038


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

7/
20

25
 3

:0
8:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the dispersion contribution to the complexation equilibria. In
contrast to previous approaches that use large dispersion
donors, we introduce a molecular balance system with a small
two-carbon unit designed to minimize solvophobic contribu-
tions, thereby enabling direct experimental quantication of
dispersion attenuation in solution.
Results and discussion
Molecular balance design and synthesis

We designed a series of new molecular balances (1 and 2) to
study dispersion interactions in solution of CH–p interactions
(Fig. 2). CH–p interactions are well-suited for this study because
they are dominated by LDFs, owing to the weak polarization of
C–H bonds and minimal contributions from electrostatics or
hydrogen bonding.25 Schreiner recently demonstrated that
dispersion interactions between alkyl groups as small as ethyl
groups could be observed and measured in solution.19 Building
on this observation, we reasoned that the limited surface area of
small dispersion donors would produce minimal solvophobic
interference, thereby allowing clearer isolation of dispersion
contributions. Our balances incorporate small, two-carbon CH
and CH2 groups that form intramolecular interactions with
various aromatic surfaces, enabling us to probe weak non-
covalent forces while minimizing solvophobic effects.

An additional advantage of our intramolecular balance
system is its ability to operate in a broader range of solvents
than previous bimolecular systems. In Chen's studies of
dispersion attenuation, the host–guest complexes relied on
hydrogen bonding to maintain the dispersion interaction,
limiting measurements to nonpolar solvents that do not disrupt
these interactions. In contrast, our balances use a rigid covalent
framework to x the geometry of the interacting groups without
Fig. 2 Schematic representation of the equilibrium for sp2 and sp3

molecular balances 1 and 2 with two-carbon vinyl and alkyl dispersion
donors which form an intramolecular CH–p interactions. The first row
of rings in the aromatic surfaces that can form direct interactions with
the CH-groups are highlighted in blue.

© 2025 The Author(s). Published by the Royal Society of Chemistry
relying on hydrogen bonds or other supporting interactions.
This allows measurements of CH–p dispersion interactions in
both polar and nonpolar solvents, including those with strong
hydrogen-bonding disrupting abilities such as THF, DMSO, and
methanol. As a result, our system enables a more comprehen-
sive evaluation of dispersion attenuation by extending
measurements across a wider and more chemically diverse
range of solvents.

The combination of structural rigidity and solvent compati-
bility in our system allows us to test three key questions: (1) can
the magnitude of dispersion attenuation by organic solvents
reported by Chen (∼70%) be conrmed using a fundamentally
different system and method; (2) does the attenuation persist in
polar solvents that disrupt hydrogen bonding and were inac-
cessible to previous bimolecular systems; and (3) do sp2 and sp3

C–H groups form dispersion interactions of different strength?
To enforce a favorable geometry between the dispersion

donor and aromatic surface, we employed a rigid yet con-
formationally dynamic N-phenylsuccinimide scaffold. We and
others have previously used N-arylimide molecular balances to
successfully study a variety of weak non-covalent interactions,
including aromatic stacking,26 CH–p,27 halogen–p,28 chal-
cogen–p,29 substituent–p,30 and solvent effects.31 In our
balances, rotation about the C(aryl)–N(imide) bond gives rise to
two interconverting conformers: a folded form, where the CH
donor is positioned above the aromatic acceptor, and an
unfolded form, where this contact is disrupted (Fig. 2). A unique
feature of our design is that both ends of the CH donor are
tethered to the framework, more rigidly positioning it over the
p-surface. This enhanced geometric control is particularly
important for measuring weak interactions. It reduces confor-
mational exibility and entropic contributions compared to
previous dispersion balances, where the donor group was
tethered by a single linkage.19,20,22,31,32

Our balances also allow systematic variation of two struc-
tural features that modulate the intramolecular interaction
strength: the hybridization of the CH donor (sp2 in balance 1
versus sp3 in balance 2) and the size and orientation of the
aromatic p-surface.33 The p-surface was varied across a series of
increasingly polarizable aryl groups. These included phenyl
(Ph), 1-naphthyl (Nap), 2-naphthyl (2Nap), 9-anthracenyl (Anth),
1-pyrenyl (Py), and 4-pyrenyl (4Py). If dispersion dominates the
CH–p interaction, we expect a systematic increase in folding
energy with aryl size. Because the size of the CH donors remains
constant, the solvophobic interactions should plateau once the
p-surface is large enough to make full contact. This approach
complements our previous study, where the aromatic surface
was xed and the size of the alkyl CH donor was varied to probe
dispersion.34 By reversing that design, we achieve greater
control over solvent-accessible surface area, enabling clearer
separation of dispersion and solvophobic effects.

Balances 1 and 2 were efficiently synthesized in 2 or 3 steps,
as shown in Fig. 3. The requisite 2-aryl-5-uoroanilines were
prepared by Suzuki coupling of 2-bromo-5-uoroaniline with
various arylboronic acids.34 The anilines were thermally
condensed with cis-5-norbornene-endo-2,3-dicarboxylic anhy-
dride to form the atropisomeric N- arylimides of balance 1 with
Chem. Sci., 2025, 16, 17772–17778 | 17773
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Fig. 3 General synthetic route for molecular balances 1 and 2.
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vinyl CH-groups. The vinyl groups were converted into the alkyl
CH-groups of balance 2 via hydrogenation. All steps of the
synthesis proceeded in yields greater than 70%, even with larger
aromatic groups, demonstrating the robustness and versatility
of the synthetic route.
Verication and measurement of interaction energies

The ability of the rigid bicyclic framework to position the two
carbon units at the appropriate distances and geometry with the
aromatic surfaces to form intramolecular CH–p interactions
was initially conrmed via X-ray crystallographic analysis. The
preference for the folded conformers in the solid state was the
rst indication of the formation of stabilizing dispersion
interactions. Balances 1(Nap), 1(Phen), 1(Anth), 1(2Nap), 1(4Py),
and 2(4Py) all crystallized in the folded conformation (Fig. 4).
Only balance 1(Py) crystallized in the unfolded conformation,
which may be due to the strong intermolecular pyrene–pyrene
interactions in the solid state (see SI). In the folded crystal
structures, the hydrogens of the alkyl and vinyl groups were
positioned over the aromatic shelves within the cutoff distance
for CH–p interactions (<3.05 Å).35 The measured hydrogen-to-
plane distances ranged from 2.51 Å to 2.89 Å, consistent with
previously reported CH–p interaction distances in crystal
structure database surveys (2.35 Å–3.05 Å).36–38 Notably, contact
occurs primarily between the CH groups and the rst row of
Fig. 4 Side views of the X-ray crystal structures of molecular balances
1 and 2. The hydrogen-to-plane distance between the CH groups and
aromatic shelf is shown in units of angstroms. The rings in the first row
of aromatic shelves that form CH–p interactions are highlighted in
gray.

17774 | Chem. Sci., 2025, 16, 17772–17778
aromatic rings, which are highlighted in gray in Fig. 4. In all the
folded structures, the distances between CH groups and the
rst row of aromatic rings were less than 3.05 Å, whereas the
corresponding distances to the second row of aromatic rings
exceeded this VDW threshold. For example, both aromatic rings
of 1(Nap) can engage in stabilizing dispersion interactions with
the CH groups. In contrast, only one aromatic ring in 1(2Nap) is
positioned to interact favourably with the CH groups.

The folding ratios of molecular balances 1 and 2 were
initially measured in chloroform via integration of the 19F NMR
spectra. At room temperature (23 °C), the conformers were in
slow exchange, displaying separate sets of peaks for the folded
and unfolded conformers. Balance 1(Ph), featuring the smallest
aromatic surface, formed the weakest vinyl-p interaction and
served as the control for vinyl CH balances with larger aromatic
surfaces (Fig. 5a). Similarly, balance 2(Ph) formed the weakest
alkyl-p interaction and served as the control for the alkyl CH
balances (Fig. 5a). These normalized interaction energies
(−DDGCDCl3) varied from 0.0 for 1(Ph) to 1.02 kcal mol−1 for
1(Anth) in CDCl3, depending on the aromatic surface (Fig. 5a).

The strength of the interaction correlated with the number of
rst row rings in the aromatic surfaces for the vinyl balances 1.
Balances 1(Ph) and 1(2Nap), containing only a single aromatic
ring accessible to the CHs, exhibited the weakest interactions (0
to 0.1 kcal mol−1 in CDCl3). Balances such as 1(Py), 1(Nap),
1(Phen), and 1(4Py), which featured two rst-row aromatic
rings, displayed stronger CH–p interactions (0.41 to
0.92 kcal mol−1). Extending the rst-row to three rings for
anthracene 1(Anth) provided further stabilization
(1.02 kcal mol−1). These interaction energy trends in CDCl3 are
consistent with the number of rings in contact with the CH
groups in the folded crystal structures. Notably, the addition of
the second row of rings did not lead to further increases in
interaction strength. For example, 1(Nap, 0.81 kcal mol−1),
1(Phen, 0.89 kcal mol−1), and 1(4Py, 0.87 kcal mol−1) have two
rst row rings but varying numbers of second row ring. Yet, all
of their interaction energies are very similar. Interestingly, 1(Py)
has a smaller interaction energy than 1(4Py) even though they
exhibit 2 rings in the rst row. This is possibly due to additional
repulsive interactions in 1(Py).

The dispersion interactions involving the sp3 CHs of
balances 2 followed similar trends to those of the sp2 CHs of
balances 1 in CDCl3 (Fig. 5a) and DMSO-d6 (Fig. 5b). In CDCl3,
the sp2 CH interactions consistently exhibited 20–40% stronger
stabilization in CDCl3. For instance, in balance 1(Py), the sp2 CH
group showed an interaction energy of 0.45 kcal mol−1, whereas
the corresponding sp3 CH balance (2(Py)) exhibited a weaker
interaction of 0.18 kcal mol−1. These results are consistent with
a stronger electrostatic component due to the greater electro-
static polarization of sp2 C–H enhancing CH–p dispersion
interactions, in agreement with prior computational studies
from Tsuzuki.40 Further support for this electrostatic hypothesis
comes from the similar interaction energies of the sp2 and sp3

balances 1 and 2 in DMSO-d6 (Fig. 5b). The differences observed
in CDCl3 largely disappear in DMSO, consistent with the polar
solvent screening or attenuating the electrostatic component. In
DMSO, the −DDGDMSO appear to reect primarily dispersion
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Normalized NMR-measured folding energies (−DDGCDCl3) of CH double bond (black bar) and sp3 CH (red bar) with different aromatic
shelves in CDCl3. (b) Normalized NMR-measured folding energies (−DDGDMSO) of CH double bond (black bar) and sp3 CH (red bar) with different
aromatic shelves in DMSO. The error in the measured folding energy was less than ±0.02 kcal mol−1.39 The folding energies of balances 1 and 2
were normalized to 1(Ph) and 2(Ph), respectively. (c) Correlation between solvent ced and the normalized NMR-measured folding energies (DDG)
of balances 1(2Nap), 1(Nap), and 1(Anth) in eight organic solvents.
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and solvophobic interactions, which are very similar for both
CH types. Comparison of the folding free energies in CDCl3 and
DMSO-d6 thus provides insight into the relative contributions of
electrostatic and dispersion effects. The dominant role of
dispersion in the CH–p interaction25 is evident from the similar
DDG values measured in DMSO-d6 and CDCl3. Because DMSO is
highly polar and effectively screens electrostatic interactions,
the comparable folding energies in both solvents suggest that
dispersion, which is not strongly affected by solvent polarity, is
the primary contributor.

Assessing the solvophobic effect

Further solvent studies were conducted to determine whether
the observed folding trends had a signicant solvophobic
component. The folding free energies of balances 1 and 2 were
measured in eight organic solvents. Monitoring the uorine
NMR-tag via 19F NMR enabled the use of both deuterated and
non-deuterated solvents, including CDCl3, THF, acetone, 1,4-
dioxane, pyridine, DMF, DMSO-d6, and methanol (Fig. 5c).
These solvents have cohesive energy densities (ced) ranging
from 85.4 (CDCl3) to 209 (MeOH), which serves as a useful
predictor of the strength of solvophobic interactions. Previ-
ously, Cockro and our study showed a positive linear correla-
tion between solvent ced and the solvophobic effect, as higher
ced solvents had proportionally stronger solvophobic
effects.31,32 This correlation is attributed to the ability of the
solvent parameter ced to assess the strength of the solvent–
solvent interactions on the right-hand side of folding equilib-
rium (Fig. 1), which is a major component of the solvophobic
effect. The DDG values for balances 1 and 2 stayed constant with
increasing the solvent ced values, suggesting a minimal sol-
vophobic contribution to the folding behaviour of these systems
(Fig. 5c).

The origins of the minimal solvophobic effects in 1 and 2
were examined. The solvent-accessible surface area (SASA)
values for the folded and unfolded conformers of balances 1
and 2 were calculated using Spartan 24, based on geometries
derived from their corresponding crystal structures (see SI). The
change in the SASA (DSASA) upon folding was very small, <6 Å2

for all balances, due to the small size of the CH dispersion
© 2025 The Author(s). Published by the Royal Society of Chemistry
donors. We used these values to calculate the expected sol-
vophobic effects in chloroform and DMSO from the DSASA and
ced values using our recently developed empirical model.31 The
solvophobic interactions were all <0.05 kcal mol−1, which is
consistent with the observed negligible solvophobic effects. For
example, for balances 1(Anth) and 2(Anth), the solvophobic
interactions in CDCl3 and DMSO in this study are −0.02 and
−0.04 kcal mol−1.

The minimal solvophobic effects provided a unique oppor-
tunity to directly assess the magnitude of solvent attenuation on
dispersion interactions and to test recent estimates of 70%
attenuation by Chen.15 To provide an estimate of the gas phase
dispersion interaction strengths, the computational methods
validated by Chen were employed. Interaction energies were
calculated for balances 1 and 2 using density functional theory
(DFT). First, both folded and unfolded structures were opti-
mized using the B97-D3 functional with the aug-cc-pVDZ basis
set. Then, single-point energy calculations were performed on
these optimized structures using the M06-L functional with the
def2-QZVP basis set. A plot of the experimental (DG) versus
calculated (DGcal) folding energies (Fig. 6) provided support for
the accuracy of the DFT calculations. A strong linear correlation
was observed with an R2 of 0.9. Furthermore, the sp2 and sp3

balances 1 and 2 follow the same line providing additional
support for the accuracy of the DFT calculations.

To assess the solvent attenuation of the dispersion, the slope
of the experimental versus calculated folding energies plot was
examined (Fig. 6a). The slope of 0.22 indicated that dispersion
interactions in the gas phase are approximately four times
stronger than in chloroform, which corresponds to a 78% ± 2%
reduction in interaction strength. A similar analysis of the slope
in other organic solvents, including THF (0.20), acetone (0.24),
pyridine (0.24), DMF (0.25), DMSO (0.24), MeOH (0.23), and 1,4-
dioxane (0.21), gave attenuation values of 75–80% (see SI).
These values are remarkably similar to Chen's study estimates
of 60–80% attenuation in polar and nonpolar aprotic solvents,
which were obtained using a different methodology and
a bimolecular complexation model system.15,23 Despite an
average attenuation of ∼77% in organic solvents, dispersion
interactions remain an impactful stabilizing force. These
Chem. Sci., 2025, 16, 17772–17778 | 17775

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02852c


Fig. 6 (a) Plots of the experimental folding energies in CDCl3 of 1 and
2 versus the DFT calculated folding free energies (M06-L/def2-QZVP//
B97-D3/aug-cc-PVDZ). (b) Correlation between difference in the total
SAPT interaction energies for the folded and unfolded conformers of 1
and 2 and the individual differences in SAPT components (exchange-
repulsion DEexch, electrostatics DEelst, induction DEind, and dispersion
DEdisp) calculated for the folded geometries of the molecular balances
at the SAPT0/jun-cc-pVDZ level using the functional group interaction
analysis method (Fi-SAPT) in Psi4. The p surfaces, norbornene, and the
remaining framework were treated as separate fragments in the
energy decomposition analysis.
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ndings underscore the critical role of dispersion forces in
molecular stability and highlight their potential as a guiding
principle in the design of chemically stable systems. This
agreement supports the reliability of the attenuation effect and
highlights the value of using distinct, independent strategies to
quantify weak noncovalent interactions in solution.

To further investigate the origin of the stabilization observed
for the folded conformers and to quantify the contributions of
different noncovalent forces, we performed symmetry-adapted
perturbation theory (SAPT) calculations on the folded and
unfolded geometries (Fig. 6b). This analysis was carried out at
the SAPT0/jun-cc-pVDZ level using the functional group inter-
action analysis (Fi-SAPT) method in Psi4. Themolecular balances
were partitioned into three fragments: the p surface, the nor-
bornene, and the remaining framework, which allowed isolation
of the donor–acceptor interaction between the CH donors and
17776 | Chem. Sci., 2025, 16, 17772–17778
the p surface. The folded–unfolded energy differences (DEtotal)
were decomposed into exchange-repulsion (DEexch), electro-
statics (DEelst), induction (DEind), and dispersion (DEdisp)
components. The results show that the dispersion term is the
dominant attractive interaction, conrming that folding
promotes strong dispersion contacts between the aromatic
surfaces. The magnitude of the exchange-repulsion term corre-
lates with that of the attractive components, indicating
a compensating increase in repulsion as the attractive interac-
tions strengthen. Dispersion is signicantly greater in magni-
tude than the electrostatic and induction terms, supporting the
conclusion that dispersion forces are the primary stabilizing
factor in the folded conformations of these molecular balances.

The narrow range of attenuation values (75–80%) observed
across solvents with very different cohesive energy densities
provides strong evidence that our system effectively isolates the
dispersion component. This uniformity arises because sol-
vophobic contributions have been minimized. If solvophobic
effects were signicant, DGexp would vary more strongly with
solvent due to differences in solvent cohesion. Moreover, the
consistent attenuation across solvents is consistent with
expectations, as most nonuorinated organic solvents have
similar polarizabilities and therefore form solvent–solvent and
solvent–solute dispersion interactions of comparable strength.

Conclusions

In conclusion, a series of N-phenylimide molecular balances
was developed to investigate weak London dispersion forces of
CH–p interactions in organic solvents. These balances restrict
rotation around the central C(phenyl)–N(imide) bond, adopting
distinct folded and unfolded conformers that enable quanti-
cation of interaction energies through 19F NMR-measured
equilibria in eight solvents with varying ced. The dispersion
interactions were rst observed by the preference of the folded
crystal conformer for balances 1(Nap), 1(Phen), 1(Anth),
1(2Nap), 1(4Py), and 2(4Py). Then, the DG values in the solution
phase showed that the strength of the interaction positively
correlated with the number of rst row rings in the aromatic
surfaces for both balances 1 and 2, which can form direct
contact with the CH-groups. Comparisons between sp3 (CH2–

CH2) and sp2 (CH]CH) units reveal similar trends, with sp2

groups exhibiting stronger interactions in chloroform but
similar interactions in DMSO. This is consistent with the sp2

CH–p interactions having stronger electrostatic components
but similar dispersion components as sp3 CH–p interactions.
The use of small two-carbon CH donors minimized solvophobic
effects, enabling isolation of the dispersion component of the
interaction. The DGexp measured in eight organic solvents
correlated strongly with computed gas phase interaction ener-
gies and revealed a consistent 75 to 80 percent attenuation of
dispersion strength. These values closely matched those re-
ported by Chen15 in nonpolar solvents and extended them to
polar solvents such as DMSO and methanol, which were inac-
cessible in previous systems due to hydrogen bond disruption.
The narrow range of attenuation across all solvents demon-
strates that dispersion attenuation is relatively insensitive to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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solvent polarity and highlights the reliability of the balance
system in isolating weak noncovalent interactions. Despite this
dramatic attenuation, dispersion interactions remain a signi-
cant stabilizing force in organic solvents. These ndings
underscore the critical role of dispersion forces in molecular
stability and highlight their potential as a guiding principle for
designing and optimizing chemical processes.
Experimental
Synthesis of balances 1 and 2

Fig. 3 depicts the general synthetic approach for the synthesis of
molecular balances 1 and 2 in this study. The general reaction
procedures are as follows.

The 2-aryl-5-uoroanilines were synthesized using Suzuki
coupling conditions.34 A dry pressure tube ushed with nitrogen
and equipped with a magnetic stirrer bar was charged with
arylboronic acid (1.5 equiv.), K2CO3 (4.0 equiv), and Pd(PPh3)4
(10 mol%). A 0.25 M solution of 2-bromo-5-uoroaniline in
DME/H2O (1 : 1) was added, and the resulting mixture was
heated to 80 °C for 12 hours. The reaction mixture was then
poured into water and extracted with CH2Cl2 (3–5 times), dried
over anhydrous Na2SO4, and concentrated under reduced
pressure. The residue was puried by column chromatography
on silica gel to give the corresponding 2-aminoaryl product.
Synthesis of balances 1

The reactants, cis-5-norbornene-endo-2,3-dicarboxylic anhy-
dride (1 mmol) and 2-aryl-5-uoroanilines (1 mmol), and 3 mL
AcOH were added to a pressure tube. The tube was sealed and
heated to 110 °C for 24 hours. Aer cooling to room tempera-
ture, the reaction mixture was poured into 50 mL of water and
extracted three times with 30 mL portions of ethyl acetate. The
combined organic layers were separated and the solvent
removed under reduced pressure. The pure product was ob-
tained by recrystallization from EtOAc/hexane as a yellow solid.
Synthesis of balances 2

Balance 1 (0.30 mmol) was dissolved in 10 mL of THF, and
palladium on carbon catalyst (0.03 mmol) was added to the
solution. The solution was reacted with hydrogen gas (40 psi)
for 4 h in a Parr shaker, aer which the palladium on the carbon
catalyst was removed by ltering through Celite, and the THF
was removed under reduced pressure. Aer recrystallization
from EtOAc and hexane, balance 2 were obtained.
Measurement of the folding free energies

The folded/unfolded ratios were measured by integration of the
19F NMR spectra at 25 °C. The peak areas of the singlets corre-
sponding to the folded/unfolded ratios were measured by line
tting analysis. The folding free energies were calculated from the
equation DGexp = −RT ln([folded]/[unfolded]). The error in DGexp

was estimated to be ±0.02 kcal mol−1 based on a conservative
estimate of the NMR measured folded/unfolded ratio of 3%.39
© 2025 The Author(s). Published by the Royal Society of Chemistry
Computational details

The optimized folded and unfolded structures for balances 1
and 2 were calculated (M06-L/def2-QZVP//B97-D3/aug-cc-PVDZ)
in Spartan24. Convergence criteria were 10−4 hartree/bohr for
the maximum Cartesian gradient and 10−4 angstrom for the
maximum atomic displacement. Geometry optimizations were
performed using the B97-D3method, which was consistent with
the approach used by Chen,15 while the M06-L functional was
employed to compute the folding energies (DE and DG) of all
molecular balances. The solvent-accessible surface areas (SASA)
of the folded and unfolded conformers of the balances were
calculated using density functional theory (DFT) at the B97-D3/
aug-cc-PVDZ level of theory with a 1 Å probe in Spartan 24.
DSASA (Å2) was measured by subtracting the folded conformer
SASA from the unfolded conformer SASA.
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