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Abstract

A systematic study of arene-perfluoroarene interactions in solution is presented. Using a
combination of NMR titration experiments, X-ray crystallography, and computational analysis, we
analyze the effects of fluorination, substituents, ring size, and solvation on the arene-
perfluoroarene interaction. We find that fluorination, extension of the s systems, and enhancement
of solvent polarity greatly stabilize the stacking energy up to 3 orders of magnitude (K3 = <1 to
6000 M~1), with the highest Kj achieved for the interaction of water-soluble variants of
perfluoronaphthalene and anthracene in buffered D,O (pD = 12). Combining computational and
experimental results, we conclude that this impressive binding energy is a result of enthalpically
favorable electrostatic and dispersion interactions as well as the entropically driven hydrophobic
effect. The enhanced understanding of arene-perfluoroarene interactions in aqueous solution sets
the stage for the implementation of this abiotic intermolecular interaction in biology and medicine.
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arene-perfluoroarene interactions

. Ka=<1-6000 M1
computation over 9 solvents NMR titration

INTRODUCTION

Noncovalent interactions are abundant in both chemical and biological systems and are
crucial to molecular recognition, self-assembly, catalysis, and transport.1~# When isolated as
individual events, noncovalent interactions are quite weak (AH = -0.5 — -3 kcal mol™1);°
however, when combined together they result in strong materials, such as Kevlar, or high
affinity complexes, such as biotin-(strept)avidin.6 The ability to engineer noncovalent
interactions has led to dynamic materials, sensors, and catalysts, as well as potent
therapeutics.1.7:8

Among noncovalent interactions, arene-arene interactions, or so-called 7—r interactions, are
ubiquitous in many molecular organization and recognition processes.? Benzene, the
simplest arene, is a nonpolar compound with a significant quadrupole moment. Benzene-
benzene interactions have two isoenergetic ground state geometries: T-shaped and slip-
stacked (Figure 1a).10 The T-shaped geometry arises from favorable electrostatic interactions
between the benzene quadrupoles, while the slip-stacked orientation is dominated by
favorable dispersion interactions.1! Dispersion interactions, atom—atom interactions
proportional to distance and polarizability, are increasingly accepted as playing a key role in
stabilizing arene-arene interactions.12-16 Both dispersion and electrostatic interactions
contribute to enthalpic stabilization of —r interactions. When placed in aqueous media, the
hydrophobicity of arenes leads to additional stabilization from the hydrophobic effect
(Figure S1).

An intriguing and less explored 7z—r interaction is that between arenes and perfluoroarenes
(Figure 1b). The arene-perfluoroarene interaction was first discovered in 1960 when Patrick
and Prosser observed that an equimolar mixture of benzene and hexafluorobenzene formed
crystals which melt at a higher temperature than crystals from each of the pure components.
17 Aromatic and perfluoroaromatic compounds have opposite quadrupoles, due to the large
differences in electronegativity of hydrogen and fluorine atoms (Figure S2). Complementary
quadrupoles would favor the sandwich conformation (Figure 1c, left); however, dispersion
interactions between polarizable elements, C and H, favor the slip stacked conformation
(Figure 1c, middle). Balancing the electrostatic complementarity and dispersion interactions
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leads to an overall enthalpically favorable slip stacking interaction as seen in Figure 1b.
11,14,18,19

Since the initial report of the benzene-hexafluorobenzene cocrystal,” applications of arene-
perfluoroarene interactions were explored in the solid-state with utility in polymerization20
and crystal engineering.21-25 More recently, arene-perfluoroarene interactions have been
applied in solution for stabilizing biomolecule-protein interactions and facilitating selective
bioconjugation reactions.26-33 The abiotic nature of perfluoroarenes renders arene-
perfluoroarene interactions a promising bioorthogonal noncovalent interaction.3* Despite
this potential, there has not been a systematic study of the aqueous strengths of arene-
perfluoroarene interactions experimentally or computationally.

Previously, theoretical studies have predicted a gas phase binding energy for the prototypical
benzene-perfluorobenzene interaction (AZg,s = =5.4 keal mol~1) that is at least twice as
large as the benzene-benzene dimer (Afy,s = —2.5 keal mol™1).1 Several experimental
studies verified the binding strengths of the simple arene-perfluoroarene interaction using
phenyl and perfluorophenyl moieties in organic solvents (AG ~ —1.2 to —1.6 kcal mol=1)35.36
and water (AG ~ -1 to -5 kcal mol™1),27:28.30 where the maximum value is obtained. This
collection of data suggests that even the simplest arene-perfluoroarene interaction benefits
from the hydrophobic effect (Figure 1c, right). Additionally, these data showcase the
potential for arene-perfluoroarene interactions to substitute traditional 7z—s interactions as
molecular synthons. However, many of the previous studies report only on the binding
strengths of simple benzene-perfluorobenzene??:28:30.32.35 and/or use large and complex
architectures, making it difficult to decouple the arene-perfluoroarene interaction from other
noncovalent interactions occurring within the system.

To obtain a complete understanding of arene-perfluoroarene interactions in solution, we
have performed a systematic study of arene-perfluoroarene interactions that includes
polycyclic aromatics. We report experimental and computational studies to understand the
nature, energetics, and topological characteristics of arene-perfluoroarene interactions
(Figure 1c). NMR and X-ray crystallography resulted in binding affinities and optimal
geometries of arene-perfluoroarene interactions. Additionally, we employed DFT
calculations and energy decomposition analysis to further elucidate the energetic
components of arene-perfluoroarene interactions. Using both experimental and
computational approaches, we explore the effects of fluorination, substituent, ring size, and
solvation on arene-perfluoroarene interactions in organic and aqueous media. The stacking
energies are highly dependent on ring size and solvent environment, with K;’s spanning 4
orders of magnitude.

Compound Design and Synthesis.

Accurate experimental and computational measurements of individual noncovalent
interactions present many challenges. Supramolecular systems and molecular balances37-40
are often used to study weak noncovalent interactions; however, these systems are
synthetically complex with limited substrate scope and utilize prepositioned binding
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geometries. These limitations prevent accurately capturing all thermodynamic parameters of
a binding event, particularly the entropic cost of binding. Small molecule systems allow
association constants to be measured without constraints; however, this benefit comes at the
price of overall low binding free energy due to the inclusion of the large entropic penalty of
bimolecular association. When these values are too low (mainly K; < 1), the measurements
can be inconclusive due to difficulties in reaching saturation and opportunities for multiple
binding modes and geometries.

Considering these limitations, we probed the thermodynamics of arene-perfluoroarene
interactions in solution, using small molecules such that we can fully account for solvation
and entropy considerations. We synthesized a series of arenes and perfluoroarenes with
differing ring sizes and solubilizing groups (Figure 2a,b and Figure S3). We built upon
Iverson and co-workers’ electron rich tetraethylene glycol-modified naphthalene 2a as a
successful example of an arene appropriate for determination of binding affinities in aqueous
and organic media via NMR.#1 We prepared similarly substituted benzene and anthracene
compounds (1a and 3a, respectively). The arenes, 1a, 2a, and 3a, were well solubilized in
organic and/or aqueous solvents, and we confirmed that the arenes do not self-aggregate by
concentration dependent IH NMR spectra in D,O (Figure S4). Commercially available
perfluoroarenes 4 and 5a were used as organic-soluble fluoroarenes. Perfluoronaphthalene
variant 5b, containing a methylammonium group, was synthesized and employed as an
aqueous-soluble fluoroarene. Attaching ethylene glycol moieties through a benzamide
functional group on the fluoroarene did not exhibit sufficient water solubility (Figure S3
compound S4 and S5), and therefore could not be used in the titration study. Compounds 1—
5 were combined to give six arene-perfluoroarene complexes (Figure 2b) that facilitated the
systematic study of the thermodynamics of arene-perfluoroarene interactions.

NMR Titration.

To determine the binding affinities of arene-perfluoroarene interactions, we performed NMR
titrations analogous to host—guest binding studies. Arenes were considered “hosts” and kept
at a constant, low concentration (0.8 mM) to avoid self-aggregation. Perfluoroarenes were
deemed “guests” and their concentration was varied (0-1000 mM). The lack of protons on
the perfluoroarenes enabled the chemical shift changes of the aromatic protons on the arenes
to be readily analyzed. Each titration experiment involved 10-14 measurements with
increasing perfluoroarene concentration until either the solubility limit of the guest or
saturation was reached (see Sl for further details).

A sample titration experiment between perfluoronaphthalene 5a and naphthalene 2a in
deuterated methanol is shown in Figure 3a. Significant concentration dependent chemical
shift changes were observed only in the aromatic regions, indicative of r—r stacking (Figure
S5). All aromatic protons were upfield shifted due to anisotropy of the ring current.#2-44 The
largest upfield shifts were observed for the inner aromatic proton H,, suggesting a strong
overlap of the aromatic faces.

Binding stoichiometry was determined by comparing the fitting quality and binding
isotherm shapes. Despite the high concentration of perfluoroarene employed in the majority
of experiments, our data best matched a 1:1 binding geometry.4>46 The binding affinities
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were determined by inputting the shifts of the aromatic protons into egs S1, S2, and S3 (see
SI) and evaluating their binding isotherms in Igor Pro. In order to unbiasedly determine each
K; value within the experimental limitations, an average of all the aromatic protons was used
(Figure 3b) except in the cases when the host protons in the aromatic region overlapped with
guest signals and/or had a change of <0.005 ppm. For low binding complexes, we were not
able to reach reasonable saturation within the guest solubility limit and the final projected
saturation ppm values can be found in the Supporting Information (pages S12-S26).

All data collected can be found in Table 1, with raw NMR data provided as Supporting
Information (page S12-S26). Unfortunately, commercial octafluoronaphthalene 5a
contained trace amounts of hydrogenated fluoronaphthalene isomers which were evident at
high concentrations (>250 mM) (Figure S6). All attempts at purification were unsuccessful.
To ensure that the impurities did not bias the arene-perfluoroarene Kj; determinations, we
performed an analogous titration for complex 5a-3a using 5a with higher impurity content
and found no statistically significant difference in Kj values (Figure S7).

Crystallography.

To further elucidate the binding geometries between the arenes and perfluoroarenes
employed in this study, we obtained cocrystals (Figure 4). Methyl ether variants of the
arenes (1b, 2b, and 3b) were prepared or purchased (Figure S3) and combined with
perfluorobenzene or perfluoronaphthalene. Crystals were obtained by slow evaporation of
mixtures of organic solvents at 0 °C. Compounds 1b, 2b, and 3b were utilized in these
studies as they were solids at room temperature. We obtained crystal structures for all
complexes except 1b-perfluorobenzene, which was not stable at room temperature. In the
five structures obtained, the plane-to-plane distances between aromatic rings are 3.37 to 3.50
A, which are indicative of a strong 7—r interaction.

Computational Analysis.

Using the experimentally determined geometries from the crystallography, we then
performed computational energy decomposition analysis (second generation ALMO-
EDA)* to further unravel the nature of arene-perfluoroarene energetics. The crystal
structures represent one of likely many accessible geometries for the weakly bound
complexes in solution, but nonetheless, help elucidate the electronic driving forces for the
arene-perfluoroarene association. The total interaction energy was decomposed into five
components: electrostatic, dispersion, Pauli repulsion, polarization, and charge transfer. We
employ these computational results alongside experimental data to gain insight on the effects
of fluorination, ring size, and solvation in modulating the strength of arene-perfluoroarene
interactions.

DISCUSSION

Fluorination Effects.

First, we experimentally quantified the difference between perfluoroarene-arene and arene-
arene binding affinities. We compared binding affinities with perdeutero- and perfluoro-
aromatics with anthracene 3a in CD30D. We employed 3a as the arene due to the fact that it
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provided the largest Kj values of the arene partners tested. Despite the K values for the
interactions of 3a with both perfluoroaromatics 4 and 5a in CD30D being favorable (Kj; =
1.2 M7l and 4.7 M1, respectively), measurements with deuterated benzene and deuterated
naphthalene both yielded K'< 1 M1 a (Figure 5a). From these results, we can conclude that
the perfluoroarene-arene interaction is stronger than the arene-arene interaction, with at least
a 4-fold increase for naphthyl-anthryl interactions. These results provide direct evidence that
arene-perfluoroarene interactions are stronger than arene-arene interactions, as suggested by
previous computational and experimental results.20:41

We obtained further evidence of the enhanced binding affinity of arenes to perfluoroarenes
by comparing naphthyl-naphthyl interactions (K; < 1 M~1) to naphthyl-perfluoronaphthyl
interactions (Kj = 3.5 M~1), where at least a 3-fold difference was observed (Figure 5a).
Notably, we also attempted to measure perfluoronaphthalene-perfluoronaphthalene
interactions and did not find any detectable association in CD30OD. This could be due to the
limited polarizability of C—F bonds causing reduced dispersion interactions, and high
electronegativity of fluorine atoms leading to Coulombic repulsion between Fs in the two
molecules. The overall binding strengths of different arenes that have similar surface areas
increase in the following order: perfluoroarene-perfluoroarene < arene-arene < arene-
perfluoroarene.

To gain a more detailed understanding of the enthalpic effect of fluorination, we employed
computational analysis. We took the crystal structure of the naphthyl-naphthyl complex 2a-
5a and computationally performed systematic replacement of fluorine atoms with hydrogen
atoms, without altering the geometry (Figure 5b). We employed second generation ALMO-
EDA coupled with B97M-V and revPBE functionals, as this method previously has been
shown to accurately calculate the interaction energy components of 7—r stacking
interactions (Figure 5¢).4” ALMO energy decomposition indicates that the interaction
between 2b and 5a is overall —13.8 kcal mol~! and mainly consists of electrostatic (ALpjec =
-18.3 kcal mol~1) and dispersion interactions (AEgisp = —18.3 keal mol™1), which are partly
offset by Pauli repulsion (ABpyyi = 24.8 kcal mol~1). When all the F atoms in complex
2b-5a were replaced with H atoms to yield a 2b-C1gHg complex, a large decrease in total
interaction energy of 7.6 kcal mol~ (55%) is observed. The ALMO energy decomposition
analysis further reveals that Pauli repulsion remains relatively constant, but there are
decreases in stabilizing dispersion (AAEgsp = 1.6 keal mol~1) and electrostatic interactions
(DA Egec = 4.5 keal mol™1). This result suggests that the reversal of quadrupole direction is a
major factor in stabilizing the arene-perfluoroarene complexes.

Substituent Effects.

The arenes employed in our studies have solubilizing groups, R, attached to the aromatic
system. Substituent effects in 7— interactions have long been discussed in the literature*®
and there are currently two main prevailing views: the Hunter-Sanders model“® and the
Houk-Wheeler model.12 The Hunter—Sanders model, or polar-z model, was first proposed
in the early 1990s and suggests that substituents modify the r-electron density, and thereby
either enhance or reduce the electrostatic and dispersion interactions with the other arene.4®
The Houk—Wheeler model, the direct interaction model, was proposed in the late 2000s and
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suggests that substituents interact directly with the other arene, through electrostatic and
dispersion interactions. In the Houk—Wheeler model, the direct substituent interactions are
more significant than changes in the 7— interactions of the interacting benzenes.12
Supported by experimental and computational evidence, the Houk—Wheeler model is now

often invoked to understand the energetics of substituent effects in arene-arene interactions.
13,50-53

In this section, we applied further computational EDA to understand the electronic nature of
substituent effects on arene-perfluoroarene interactions. We again performed systematic
replacement of atoms in the crystal structure of 2a-5a (Figure 6a). When the two methoxy
groups are substituted with H (complex CqoHg-5a), the total computed interaction energy
decreases by 3.6 kcal mol™1 (26%, Figure 6b). The EDA analysis shows that the removal of
the methoxy groups leads to similar degrees of reduction in electrostatic and dispersion
energy components. Nonetheless, complex C1gHg-5a still retains a strong interaction (-10.2
kcal mol™1), suggesting that the majority of stabilization is from the simple arene-
perfluoroarene binding.

We also performed the reverse subtraction on 2b-5a where the naphthyl ring of 2b was
removed and the substituents were capped with H atoms to yield two methanol substituents
interacting with perfluoronaphthylene (complex (MeOH),-5a in Figure 6a). The interaction
between the substituents and octafluoronaphthalene is —4.1 kcal mol~1, which is similar to
the difference between 2b-5a and C1oHg-5a (-13.8 to —10.2 = —3.6 kcal mol™1). These
calculations indicate that the overall interaction energy of 2b-5a (-13.8 kcal mol 1) results
from substituent-7z (-4.1 kcal mol™1) and the simple arene-perfluoroarene C19Dg-5a (-10.2
kcal mol~1) interactions. This finding agrees with Houk and Wheeler’s observation that the
substituents on the aromatic ring participate in direct interaction with the 7 system.12

In order to further understand the unique planar orientation of 2b-5a, we found previously
reported complexes between other dimethoxy-naphthalene isomers and
octafluoronaphthalene, which displayed different planar orientations, and performed similar
computational analyses (Figure S8).4 Upon substituting the two methoxy groups with H for
each complex, the resulting simple arene-perfluoroarene complexes display identical
interaction energies (-10.0 and —10.2 kcal mol™1). This result suggests that in order to
maximize substituent- rz interactions, the substituents may induce arene and perfluoroarene
rotation around the axis orthogonal to their planes, as long as the slip-stacked orientation can
be preserved. In fact, in solution, weakly bound complexes have a shallow potential energy
well and populate a number of different arrangements. Overall, the crystal structure data
analyzed here indicate that arene-perfluoroarene complexes are most likely to adopt slip-
stacking where aromatic rings may rotate in the plane of stacking. Our analysis suggests that
substituents linearly augment the binding and alter the mutual orientation of the two =
systems, while the interaction between arene and perfluoroarene is likely the major
contributor to the overall stacking interaction.

Ring Size Effects.

Next, we analyzed the impact of ring sizes in arene-perfluoroarene interactions by
comparing six complexes with differing ring sizes: 1a-4, 2a-4, 3a-4, 1a-5a, 2a- 5a, and 3a-5a
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(Figure 7a). We found that increasing the surface area of either the aryl or perfluoroaryl unit
increases the binding affinities of the arene-perfluoroarene complexes. As the surface area of
contact between the dimers becomes larger than 4 rings, the K in CD30D surpasses 1.0

kcal mol~1 and the Gibb’s free energy becomes negative. This suggests that the enthalpy of a
relatively simple arene-perfluoroarene interaction can overcome the entropic cost of
dimerization. This experiment was repeated in MeCN-@; and the same qualitative trend is
achieved (Figure S9).5°

As the size of arenes and perfluoroarenes are increased, the hydrophobicity, polarizability,
and quadrupole moment are increased. When analyzing each of these effects on K;, we must
consider their enthalpic and entropic contributions. A molecule’s hydrophobicity contributes
to the hydrophobic effect in solution, which is mainly entropic at room temperature. In
contrast, its polarizability and quadrupole moment impact the dispersion and electrostatic
components, respectively, which both contribute to the enthalpy of binding. While we did
not directly measure AHand AS, we utilized computational (this section) and experimental
data (solvent effects section) to obtain insights into both thermodynamic parameters.

We first employed ALMO-EDA computational analysis* to analyze the enthalpic effects.
As seen in Figure 7b, energy values for polarization and charge transfer are calculated to be
consistently low for all complexes, indicating that the interaction mainly comes from
electrostatic, dispersion, and Pauli repulsion interactions. A plot of the calculated gas phase
AFEgjec or AEgisp values vs the experimental AGyecn-g3 displays a strong linear correlation
with a larger slope for the electrostatic component (Figure 7c). We used experimental Kj
values in MeCN-d5, as these are closer to gas phase binding energies than those measured in
CD30D. This result suggests that, while electrostatic energy dominates for smaller
complexes, dispersion energy dominates for larger complexes. This is probably due to larger
complexes having more atom-to-atom contacts, causing enhanced dispersion interactions. In
contrast, quadrupole moments of larger arenes are not significantly increased (-29.5 C m?
for benzene, —44.4 C m? for naphthalene, and —61.6 C m? for anthracene),?® therefore
decreasing the relative contribution from electrostatic energy. In fact, although these
electrostatic and dispersion components are comparable, the differences are quite small.
Overall, the trend in ring sizes suggests larger arenes and/or perfluoroarenes should be
employed, if possible, to achieve maximum binding affinity.

Solvent Effects.

Finally, we evaluated the contribution of solvation in both organic and aqueous solvents.
Through these studies we were able to evaluate the impact of the hydrophobic effect on the
binding affinities of arene-perfluoroarene interactions. Initially, we measured the K; of
model complexes 3a-4 and 3a-5a in a series of readily available deuterated polar organic
solvents in which perfluorobenzene 4 and perfluoronaphthalene 5a are soluble. Figure 8
shows that binding affinities for both complexes increase as solvents change from polar
aprotic (CDCl3, CD3CN, DMSO-g) to polar protic (CD30D and 3:1 CD30D:D,0).

To continue the series of measurements into aqueous mixtures, we used complex 3a-5b as a
model system where a perfluoronaphthalene containing an ammonium functionality was
employed (compound 5b). Binding affinity measurements with both perfluoronaphthalene
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5a and water-soluble perfluoronaphthalene 5b in 3:1 CD30D:D,0, showed that the addition
of the water-solubilizing group did not significantly change the binding affinities (K; = 21.8
M~1 entry 18 and K; = 18.9 M1, entry 19, Table 1). Importantly, these results suggest that
the chemical perturbations necessary to achieve water solubility do not introduce significant
new intermolecular interactions, particularly a cation- interaction between the ammonium
and the electron-rich aromatic ring. As the percentage of D,O in CD30D is increased from
25% to 100%, there is a 2.6-fold increase in binding affinity. This overall positive trend in
K from polar aprotic to aqueous media can be attributed to the solvophobicity of minimally
polarizable perfluoroarenes, i.e., the hydrophobic effect.41:57

Finally, we aimed to quantify how the arene-perfluoroarene interaction is influenced by
salts. Pentelute and co-workers discovered that salt accelerates the Kinetics of cysteine
bioconjugation with the r-clamp, which leverages the arene-perfluoroarene interaction.>® In
our study, addition of a neutral salt (KCI) enhances K; by 2.4-fold, whereas, more strikingly,
addition of the same amount of basic salts (KoHPO,4 and K3PQOy, buffered at pD = 12)
enhanced the K by more than 12-fold. In basic conditions, 5b is neutral, and the
hydrophaobicity of the neutral amine is greater than that of the charged ammonium, leading
to stronger interactions with 3a. This result suggests that the arene-perfluoroarene
interaction is favored not only by dispersion and electrostatic energy components (enthalpic)
but also to a large extent by the hydrophobic effect (entropic) in aqueous environment.
Likewise, the arene-perfluoroarene interaction is largely tunable with solvent environment
and can be greatly enhanced in aqueous and/or salt environments3’ to reach magnitudes
similar to those observed for other host—guest complexes.®

CONCLUSIONS

We have performed a systematic and quantitative study of arene-perfluoroarene interactions
in solution using a combination of titration, X-ray crystallography, and computational
analysis. We quantified arene-perfluoroarene interactions in different media and studied
several physical organic phenomena including the effects of fluorination, substituents, ring
size, and solvation. We find that fluorination enhances the r—r stacking energy up to 4-fold,
by a combination of electrostatic and dispersion energies. Increasing the solvent polarity as
well as ionic strength can greatly stabilize the —r stacking energy up to 4 orders of
magnitude. The highest &, of 6000 M~1 was achieved in buffered water (pD = 12), where
the large magnitude of this association is attributed to a significant hydrophobic effect.
Overall, the collection of experimental and computational data suggests that arene-
perfluoroarene interactions are stabilized by both favorable enthalpy (from electrostatic and
dispersion interactions) as well as entropy (from the hydrophobic effect) in aqueous
solution. These characteristics make the arene-perfluoroarene interaction a promising
noncovalent interaction for biological applications.

EXPERIMENTAL SECTION

Materials.

All solvents and reagents were available from commercial sources (Acros Organics,
SageChem, Alfa Aesar, Fisher Scientific, Sigma-Aldrich, or TCI) and used without further
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purification. Anhydrous and deoxygenated solvents were dispensed from a Grubb’s-type
Phoenix Solvent Drying System constructed by J.C. Meyer. Flash chromatography was
performed using silica gel with 60 A pores and 40-63 £m mesh particle size (Sorbtech
Technologies).

Instrumentation.

IH, 19F, and 13C NMR were taken on Bruker Advance AV-400, AV-500, and DRX-500 and
processed with MestReNova or TopSpin software. Chemical shifts are expressed in parts per
million (ppm, &) in reference to residual solvent (CHCl3 at §=7.26 ppm or CH30H at 6=
3.30 ppm) for compound characterization or to respective solvent signals for titration
experiments. Splitting patterns are recorded as singlet (s), doublet (d), triplet (t), quartet (q),
pentet (p), multiplet (m), and broad (br). High resolution mass spectra were obtained on
Thermo Scientific Q Exactive Plus Hybrid Quadrupole Orbitrap with electrospray ionization
(ESI) with Dionex UltiMate 3000 RSLCnano System or Agilent 7250 Q-TOF GC/MS with
low energy electroionization (EI).

Binding Affinity Determination.

Binding affinities were determined via inputting the shifts of the aromatic protons into eq
S1, S2, and S3 (page S2) and evaluating their binding isotherms in IgorPro. Binding
stoichiometry was carefully determined by comparing the fitting quality and binding
isotherm shape. To unbiasedly determine a Kj value, an average of all the aromatic protons
was used except in the cases when the host protons in the aromatic region overlapped with
guest signals and/or had a small change of <0.005 ppm (eq S4 and S5 in page S2). Error
ranges are determined within 95% confidence interval (eq S6 in page S2).

Computation.

The geometries of the arene-perfluoroarene complexes were extracted from their
corresponding crystal structures. In the study of substituent effects, methoxy substituents,
fluorine atoms, and the arene were replaced with H atom at 1.09 A to yield complex
Cq1oHg5a, 2b-C1gHg, and (MeOH),-5a, respectively. Energy decomposition analysis (EDA)
for each dimer was performed using second generation (ALMO)-EDA*’ using B97M-V/>9
and revPBE360 functionals. Additional electronic interaction energies, &y, Were calculated
using single-point energy calculations at the M06-2.X/6-311+G(d,p)®! level of theory. All
quantum chemical calculations were performed using Gaussian 0952 or Q-Chem.53 Al
graphics on optimized structures were generated with CY Lview.54

Synthesis of Functionalized TEG Linker.

Toluene-4-sulfonic acid 2-{2-[2-(2-hydroxy-ethoxy)ethoxy]ethoxy}ethyl ester,
S1.—Tetra(ethylene glycol) (150 mL, 779 mol, 10.4 equiv) and THF (30.0 mL) was added
to a 500 mL round-bottom flask. Sodium hydroxide (4.80 g, 120 mmol, 1.60 equiv) was
dissolved in DI water (30.0 mL) and then added to the reaction flask. The mixture was
cooled to 0 °C and p-toluensulfonyl chloride (14.3 g, 74.9 mmol, 1.00 equiv) in THF (90
mL) was added slowly over 1 h. The mixture was stirred an additional 2.5 h at 0 °C. Then
the mixture was poured into DI water (450 mL), and the layers were separated. The aqueous
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phase was extracted with CH,Cl, (4 x 150 mL). The combined organic layer was washed
with DI water (3 x 150 mL), dried with MgSQy,, and concentrated under reduced pressure.
The final compound was yellow oil and used without further purification (24.7 g, 71.2
mmol, 95%). 1H NMR (500 MHz, Chloroform-a) §7.74 (d, J= 8.6 Hz, 2H), 7.30 (d, /= 8.4
Hz, 2H), 4.11 (t, J= 6.8 Hz, 2H), 3.69-3.49 (comp, 14H), 2.76-2.70 (br s, 1H), 2.39 (s, 3H).
13C{H} NMR (126 MHz, Chloroform-d) &§144.8, 132.9, 129.8, 127.9, 72.5, 70.7, 70.6,
70.4,70.3, 69.3, 68.6, 21.6. HRMS (ESI) m/z[M + Na]* calcd for C15H»,07SNa 371.1140,
found 371.1127. TH NMR matches the literature.4!

Synthesis of TEGylated Arenes.

2,2"-(((((((1,4-Phenylenebis-(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-
diyl))bis(oxy))bis-(ethane-2,1-diyl))bis(oxy))bis(ethan-1-ol), 1a.—A 2-neck round-
bottom flask was fitted with a reflux condenser, flame-dried in vacuo, and charged with Ny
gas. S1 (4.00 g, 11.5 mmol, 1.80 equiv) dissolved in anhydrous MeCN (190 mL) was added
to the flask. Then hydroquinone (703 mg, 6.4 mmol, 1.00 equiv), potassium carbonate (3.53
g, 25.5 mmol, 3.98 equiv), and lithium bromide (554 mg, 6.4 mmol, 1.00 equiv) were added
to the flask. The reaction mixture was allowed to stir at reflux (oil bath) under N,
atmosphere for 22 h. After cooling, the reaction mixture was filtered and the filter paper was
washed with DI H,0 (200 mL). The combined reaction mixture was extracted with DCM (3
x 100 mL), dried with MgSOy, and concentrated under reduced pressure. The crude product
was purified via silica gel chromatography, eluting with MeOH/DCM (gradient elution
DCM to 5% MeOH/DCM) to afford product 1a as a faint brown/yellow oil (1.14 g, 2.8
mmol, 43%). 1H NMR (500 MHz, Chloroform-d) §6.83 (s, 4H), 4.11-4.04 (m, 4H), 3.85—
3.79 (m, 4H), 3.75-3.64 (m, 20H), 3.67-3.57 (m, 4H), 2.51-2.43 (s, 2H). 13C{H} NMR
(126 MHz, Chloroform-a) 6 153.1, 115.6, 72.5, 70.8, 70.7, 70.6, 70.3, 69.9, 68.0, 61.8.
HRMS (ESI) m/z[M + Na]™ calcd for Cy,H3g019Na 485.2362, found 485.2343.

2,2"-(((((((Naphthalene-1,5-diylbis(oxy))bis(ethane-2,1-diyl))bis-
(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis-(ethan-1-
ol), 2a.—A 2-neck round-bottom flask was fitted with a reflux condenser, flame-dried in
vacuo, and charged with N, gas. S1 (2.96 g, 8.50 mmol, 1.81 equiv) was added to the flask
using anhydrous MeCN (140 mL). Then 1,5-dihyroxynaphthalene (755 mg, 4.70 mmol, 1.00
equiv), potassium carbonate (2.61 g, 18.9 mmol, 4.02 equiv), and lithium bromide (735 mg,
8.50 mmol, 1.81 equiv) were added to the flask. The reaction mixture was allowed to stir at
reflux (oil bath) under N, atmosphere for 22 h. After cooling, the reaction mixture was
filtered and the filter paper was washed with DI H,O (170 mL). The combined reaction
mixture was extracted with DCM (3 x 70 mL), washed with 3:1 brine:10% NaOH (3 x 70.0
mL), dried with MgSOy, and concentrated under reduced pressure. The crude product was
purified via silica gel chromatography, eluting with MeOH/DCM (gradient elution DCM to
5% MeOH/DCM) to afford product 2a as a faint dark purple oil (1.50 g, 3.24 mmol, 69%).
1H NMR (500 MHz, Chloroform-a) 67.85 (d, J= 8.5 Hz, 2H), 7.34 (dd, /= 8.4, 7.6 Hz,
2H), 6.84 (d, J= 7.7 Hz, 2H), 4.32-4.26 (m, 4H), 3.99 (dd, /= 5.6, 4.2 Hz, 4H), 3.83-3.77
(m, 4H), 3.73-3.62 (comp, 16H), 3.60-3.55 (m, 4H), 2.49 (td, /= 6.3, 2.8 Hz, 2H). 13C{H}
NMR (126 MHz, Chloroform-a) 6 154.3, 126.8, 125.1, 114.6, 105.7, 72.5, 71.0, 70.7, 70.3,
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69.8, 67.9, 61.8. HRMS (ESI) m/z[M + Na]* calcd for CogH40010Na 535.2519, found
535.2501. IH NMR matches the literature.#1

2,2"-(((((((Anthracene-9,10-diylbis(oxy))bis(ethane-2,1-diyl))bis-
(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis-(ethan-1-
ol), 3a.—A 500 mL 3-neck round-bottom flask was flame-dried in vacuo and charged with
N> gas. 9,10-anthraquinone (937 mg, 4.50 mmol, 1.00 equiv), tetrabutyl ammonium chloride
(101 mg, 0.32 mmol, 0.07 equiv), and sodium dithionite (9.40 g, 54.0 mmol, 12.0 equiv)
were added to the flask using THF (180 mL) and DI H,O (60 mL). Then the flask was
freeze—pump-thawed 3 times to remove any dissolved gas. The reaction mixture was stirred
for 15 min at room temperature. Then, excess potassium carbonate (10.6 g, 189 mmol, 42.0
equiv) dissolved in DI H,O (10.0 mL) was added to the reaction flask and stirred for 15 min.
Then, S1 (15.7 g, 45.0 mmol, 10.0 equiv) dissolved in THF (10.0 mL) was added to the
reaction flask. The mixture was heated to 50 °C (oil bath) and stirred under N, atmosphere
for 24h. After cooling, THF was removed. The remaining aqueous mixture was extracted
with DCM (3 x 200 mL), dried with MgSOy,, and concentrated under reduced pressure. The
crude product was purified via silica gel chromatography twice, each time eluting with
MeOH/DCM (gradient elution DCM to 5% MeOH/DCM) to afford product 3a as a faint
yellow/green oil (1.49 g, 2.66 mmol, 59%). 1H NMR (500 MHz, Chloroform-a) & 8.41-8.34
(m, 4H), 7.50-7.44 (m, 4H), 4.39-4.32 (m, 4H), 4.02-3.97 (m, 4H), 3.87-3.59 (M, 24H),
2.44 (s, 2H). 13C{H} NMR (126 MHz, Chloroform-ad) §147.1, 125.3, 125.1, 122.7, 74.8,
72.5,71.0, 70.8, 70.8, 70.7, 70.4, 61.8. HR-LC/MS (EI) m/z[M + Na]* calcd for
C3oH42010Na 585.2677, found 585.2723.

Synthesis of Methylated Arene.

9,10-Dimethoxyanthracene, 3b.—A 500 mL 3-neck round-bottom was flask flame-
dried in vacuo and charged with N, gas. 9,10-Anthraquinone (1.46 g, 7.00 mmol, 1.00
equiv), tetrabutyl ammonium chloride (158 mg, 0.49 mmol, 0.07 equiv), and sodium
dithionite (14.6 g, 84.0 mmol, 12.0 equiv) were added to the flask using THF (200 mL) and
DI H,O (50 mL). Then the flask was freeze—pump-thawed 3 times to remove any dissolved
gas. Reaction mixture was stirred for 15 min at room temperature. Then, excess potassium
carbonate (16.5 g, 294 mmol, 42.0 equiv) dissolved in DI H,O (20.0 mL) was added to the
reaction flask and stirred for 15 min. Then, methyl iodide (4.36 mL, 20.0 mmol, 2.86 equiv)
and extra THF (30.0 mL) were added to the reaction flask. The mixture was heated to 50 °C
(oil bath) and stirred under N, atmosphere for 24 h. After cooling, THF was removed. The
remaining aqueous mixture was extracted with DCM (3 x 200 mL), dried with MgSOy, and
concentrated under reduced pressure. The crude product was purified via silica gel
chromatograph, eluting with MeOH/DCM (gradient elution DCM to 5% MeOH/DCM) to
afford product 3b as yellow crystals (1.36 g, 3.99 mmol, 57%). 1H NMR (500 MHz,
Chloroform-a) 68.34-8.26 (m, 4H), 7.53-7.46 (m, 4H), 4.12 (s, 6H). 13C{H} NMR (126
MHz, Chloroform-d) & 148.4, 125.3, 124.9, 122.6, 63.2. HR-GC/MS (El) mi/z [M]* calcd for
C16H140, 238.0994, found 238.0990.
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Synthesis of H,O-Soluble Perfluoroarene.

1,2,3,4,5,6,8-Heptafluoro-7-(nitromethyl)naphthalene, S2.—A 50 mL 2-neck
round-bottom flask was flame-dried in vacuo and charged with N5 gas. Nitromethane (4.90
mL, 110 mmol, 12.0 equiv) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (2.90 mL, 19.3 mmol,
2.10 equiv) were added to the flask. Then the mixture was cooled to 0 °C and stirred for 20
min. Octafluoronaphthlene was added in 3 aliquots (total 2.50 g, 9.17 mmol, 1.00 equiv)
over 20 min. Then the reaction mixture was stirred 0 °C for another 3 h. The reaction was
quenched with 1 M HCI solution saturated with NaCl (30.0 mL, ~2.3 equiv), extracted with
EtOAC (3 x 100 mL), dried with MgSQOy, and concentrated under reduced pressure. The
crude product was purified via silica gel chromatography, eluting with EtOAc/hexanes
(gradient elution hexanes to 10% EtOAc/hexanes) to afford product S2 as a faint yellow
solid (1.45 g, 4.59 mmol, 50%). 1H NMR (500 MHz, Chloroform-a) §5.75 (s, 2H). 13C{H}
NMR (126 MHz, Chloroform-a) 6151.9 (d, J= 263.5 Hz, 1C), 145.6 (dd, /= 254.1, 14.0
Hz, 1C), 143.0-137.8 (m, 4C), 113.0-107.6 (m, 1C), 107.2 (s, 1C), 65.9 (s, 2C). 1°F NMR
(376 MHz, Chloroform-a) 6-118.04 to —118.81 (m, 1F), —138.22 (ddt, /= 16.5, 8.0, 4.1
Hz, 1F), -142.47 (dtt, /= 67.8, 16.6, 4.6 Hz, 1F), —144.7 to -145.0 (m, 1F), -147.0 to
-147.4 (m, 1F), -150.1 (dddd, /= 22.2, 17.1, 8.6, 4.3 Hz, 1F), -153.7 (dddd, J= 25.7, 18.0,
7.5, 3.8 Hz, 1F). HR-GC/MS (El) m/z [M]* calcd for C11H,F7NO, 312.9974, found
312.9969. 'H NMR and 1°F-NMR match the literature.5°

tert-Butyl ((perfluoronaphthalen-2-yl)methyl)carbamate, S3.—A 100 mL 2-neck
round-bottom flask was fitted with a reflux condenser and a vent needle. To the flask, Fe
powder (892 mg, 16.0 mmol, 5.00 equiv), S2 (1.00 g, 3.20 mmol, 1.00 equiv), and AcOH
(17.0 mL). The reaction mixture was heated to 50 °C (oil bath) and stirred for 24 h. After
cooling, AcOH was removed under vacuum. Then triethylamine (4.40 mL, 32.0 mmol, 10.0
equiv), Di-tert-butyl decarbonate (1.83 mL, 8.00 mmol, 2.50 equiv), and anhydrous DCM
(25.0 mL) were added. The reaction mixture was stirred at room temperature for 24 h. Then
solvent was removed under vacuum and the crude product was purified via silica gel
chromatography, eluting with EtOAc/hexanes (gradient elution hexanes to 20% EtOAc/
hexanes) to afford product S3 as a faint brown solid (730 mg, 1.92 mmol, 60%). 1H NMR
(500 MHz, Chloroform-d) 65.04 (s, 1H), 4.58 (s, 2H), 1.42 (s, 9H). 13C{H} NMR (126
MHz, Chloroform-d) 6§ 155.2 (s, 1C), 150.6 (d, /= 258.3 Hz, 1C), 146.4 (d, J= 252.6 Hz,
1C), 142.5-137.5 (m, 4C), 116.4-111.0 (m, 1C) 107.9 (s, 1C), 32.9 (s, 2C), 28.3 (s, 9C). 1°F
NMR (376 MHz, Chloroform-a) 6 -121.43 (s, 1F), —-138.63 (s, 1F), —143.72 (s, 1F),
-146.09 (s, 1F), —148.77 (s, 1F), -=153.23 (s, 1F), —155.52 (s, 1F). HR-GC/MS (El) ml/z[M
— tert-butyl(C4Hg)]* calcd for Cq,H4F7NO, 327.0130, found 327.0128.

(Perfluoronaphthalen-2-yl)methanaminium 2,2,2-trifluoroace-tate, 5b.—S3 (361
mg, 0.94 mmol, 1.00 equiv), trifluoroacetic acid (7.20 mL, 94 mmol, 100 equiv), and DCM
(36.0 mL) were added to a 100 mL round-bottom flask. The reaction mixture was stirred at
room temperature for 20 h. Then solvent was evaporated in vacuo to yield the final product
as a light brown powder (290 mg, 0.72 mmol, 77%). The final product was used without
further purification. 1H NMR (500 MHz, Methanol-dj) & 4.44 (s, 2H). 13C{H} NMR (126
MHz, Methanol-a) 6 161.7 (s, 1C), 151.6 (d, /= 260.2 Hz, 1C), 145.8 (d, /= 256.0 Hz,
1C), 142.9-137.6 (m, 4C), 112.1 (s, 1C), 110.5 (t, /= 19.3 Hz, 1C), 107.8 (t, /= 13.7 Hz,
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1C), 30.5 (m, 1C). 1%F NMR (376 MHz, Methanol-dj) 6 -77.04 (3F), —120.63 (1F), —140.63
(1F), -146.11 (1F), —148.49 (1F), -150.81 (1F), —154.99 (1F), -158.01 (1F). HRMS (ESI)
mlz[M — TFA]* calcd for C11HsF7N 284.0310, found 284.0296.

Synthesis of H,O-Insoluble Perfluoroarenes.

2,3,4,5,6-Pentafluoro-N-(2-hydroxyethyl)benzamide, S4.—A 20.0 mL scintillation
vial was oven-dried overnight. Pentafluorobenzoic acid (200 mg, 0.94 mmol, 1.00 equiv),
and thionyl chloride (790 £L, 10.9 mmol, 11.6 equiv) were added to the vial. The reaction
mixture stirred at reflux for 22 h. After cooling, excess thionyl chloride was removed in
vacuo quickly. Ethanol amine (44.3 mg, 0.73 mmol, 0.777 equiv), triethyl amine (131 /L,
0.73 mmol 0.777 equiv), and anhydrous DCM (5 mL) were added to the scintillation vial
containing the acid chloride intermediate. The reaction mixture was stirred at room
temperature for 12 h. To the reaction mixture was added DI H,O (10.0 mL), then extracted
in DCM (3 x 15.0 mL), dried with MgSQOy4, and concentrated under reduced pressure. The
crude product was purified via silica gel chromatography, eluting with MeOH/DCM
(gradient elution DCM to 5% MeOH/DCM) to afford final product S4 as white powder (146
mg, 0.56 mmol, 60%). 1H NMR (500 MHz, Chloroform-a) §6.37 (s, 1H), 3.86 (q, /= 5.0
Hz, 2H), 3.65 (q, J= 5.3 Hz, 2H), 1.81 (s, 1H). 13C{H} NMR (126 MHz, Methanol-dj;) &
158.4 (1C), 144.9-140.6 (m, 2C), 138.8-136.2 (m, 1C), 112.3 (d, /=20.2 Hz, 1C), 59.8
(1C), 42.2 (1C). 19F NMR (376 MHz, Chloroform-a) 6 -140.19 to —140.34 (m, 2F),
-150.22 to —150.41 (m, 1F), —159.72 to —159.92 (m, 2F). HRMS (ESI) /m/z [M — H,0]*
calcd for CgH4FsNO 237.0213, found 237.0206.

2,3,5,6-Tetrafluoro-N1,N4-bis(2-(2-(2-(2-hydroxyethoxy)ethoxy)-
ethoxy)ethyl)terephthalamide, S5.—A 100 mL 2-neck round-bottom flask was flame-
dried in vacuo and charged with N, gas. Tetrafluoroterephthalic acid (200 mg, 0.840 mmol,
1.00 equiv), EDC-HCI (564 mg, 2.94 mmol, 3.50 equiv), HOBt hydrate (397 mg, 2.94
mmol, 3.50 equiv), and anhydrous DCM (20.0 mL) were added to the flask. The reaction
mixture was stirred at room temperature under N atmosphere for 1 h. Then 2-(2-(2-(2-
aminoethoxy)ethoxy)-ethoxy)ethan-1-ol (974 mg, 5.04 mmol, 6.00 equiv) and triethylamine
(1.20 mL, 8.40 mmol, 10.0 equiv) were added to the flask using dry DCM (14.0 mL). The
reaction mixture was stirred at room temperature under N5 atmosphere for additional 20 h.
Then the reaction mixture was concentrated in vacuo and the crude product was purified via
silica gel chromatography eluting with MeOH/DCM (gradient elution DCM to 4% MeOH/
DCM) to afford product S5 as a faint yellow oil (248 g, 0.420 mmol, 50%). 1H NMR (500
MHz, Chloroform-d) &8.46-8.41 (s, 1H), 3.96-3.40 (m, 16H). 13C{H} NMR (126 MHz,
Chloroform-d) 6§158.2, 143.1 (d, J= 252.2 Hz), 117.9, 72.4, 70.6, 70.3, 70.2, 69.9, 69.6,
61.1, 39.9. 19F NMR (376 MHz, Chloroform-a) 6 -140.98 (s, 4F). HRMS (ESI) mlz calcd
for [M + H]* Cy4H37F4N,01 589.2384, found 589.2379.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Ground state geometries of arene-arene interaction. (b) Ground state geometry of

benzene-perfluorobenzene interaction. (c) Key stabilizing factors for arene-perfluoroarene
interactions in solution. (d) Overview of studies reported herein, focusing on properties that
affect arene-perfluoroarene interactions in solution using titration, crystallography, and
computation.
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Figure 2.
Arenes (a) and perfluoroarenes (b) for measuring binding affinities in organic and aqueous

solution. Arenes 1a, 2a, and 3a were prepared for titration experiments. Arenes 1b, 2b, and
3b were prepared for crystallography. Simple perfluorobenzene (4) and
perfluoronaphthalene (5a) were used in titration experiments in organic solvents.
Functionalized perfluoronapthalene 5b was used in titration experiments in aqueous
solvents. (c) Six arene-perfluoroarene complexes of varying sizes employed to study the ring
size, fluorination, substituent, and solvation effects in arene-perfluoroarene interactions.
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(a) Representative binding affinity determination experiment using compounds 2a and 5a.

(b) IH NMR titration of complex 2a-5a in CD30D. Chemical shifts shown are the aromatic
region of arene 2a. *Octafluoronapthalene impurities. (c) Representative binding isotherm.
Arene aromatic signals were monitored and fitted using a 1:1 binding equilibrium equation

in lgorPro.
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Figure 4.
Crystal structures of arene-perfluoroarene complexes. Ellipsoids are shown at 75%

probability level and the principal ellipses are shown with black lines. Cocrystals are
obtained by slow evaporation of 1,2-dichloroethane and hexane (for 2b-4 and 3b-4), 1,2-
dichloroethane and diethyl ether (for 1b-5a and 3b-5a), and 1,2-dichloroethane and toluene
(2b-5a) from 1:1 mixtures of arenes and perfluoroarenes at overall 0.2 M concentrations.
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Figure 5.
Experimental and computational results of fluorination effects. (a) Experimental comparison

of arene-arene (K; (X = D)) and arene-perfluoroarene (Kj; (X = F)) interaction in CD30D.
Dotted line indicates when K; = 1 M1 and the gray area indicates NMR detection limit (K
<1 M), Blue = guest is perfluoroarene. Orange = guest is perdeuteroarene. (b)
Methodology of computational analysis of the fluorination effect using truncated 2b-5a. (c)
Energy decomposition analysis (second generation ALMO-EDA) on the cocrystal structure,
2b-5a, and truncated computed structure, 2b-C1gHg. Total interaction energies and energy
breakdowns are calculated using B97M-V and revPBE functionals with the def2-svpd basis
set. Energies in kcal mol™L. A& e = electrostatic. AEgyisp = dispersion. AEp, = Pauli
repulsion. A&y = polarization. AEct = charge transfer. A&y = total interaction energy.
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Figure 6.

Computational study of substituent effects. (a) Scheme of computational analysis on the
substituent effects using truncated 2b-5a. (b) Energy decomposition analysis (second
generation ALMO-EDA) on the cocrystal structure, 2b-5a, and truncated computed
structures, C1gHg-5a and (MeOH),-5a. Total interaction energies and energy breakdowns
are calculated using B97M-V and revPBE functionals with def2-svpd basis set. Energies in
kcal mol=1. AEy . = electrostatic. AEgigp = dispersion. AEp,;i = Pauli repulsion. AEyq =
polarization. AEcT = charge transfer. A& = total interaction energy.
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Figure 7.

Experimental and computational study of ring size effects. (a) Experimental K

Experimental AGwecn-a3 (kcal mol-1)
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measurements of 6 differently sized arene-perfluoroarene complexes in CD30D. Kj’s are
plotted against the number of combined arene and perfluoroarene rings within the arene-

perfluoroarene interactions. Dotted line indicates when K; = 1 M~1 and the gray area

indicates NMR detection limit (K; < 1 M™1). Orange = Kj values for arene-4 in CD30D.

Blue = Kj values for arene- 5a in CD30D. (b) Energy decomposition analysis (second

generation ALMO-EDA) on the cocrystal structures, 2b-4, 3b-4, 1b-5a, 2b-5a, and 3b-5a. (c)

Linear free energy relationship (LFER) between calculated AZgjsp Or Afegject and

experimental AGyecN-a3-
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Experimental study of solvation effects. Graph of K; with increasing solvent polarity and

salt effect. Total salt concentrations were kept at 20 mM.
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Summary of Binding Affinity (K;) Data Obtained from NMR Titrations of Arene-Perfluoroarene, Arene-
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Arene, and Perfluoroarene-Perfluoroarene Dimers
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DMSO-aj
CD;0D
3:1 CD;0D:D,0
3:1 CD;0D:D,0
1:1 CD;0D:D,0
D,0

D,0 + KCl

D,0 + K,HPO,/K3PO,

CD;0D
CD;0D
CD,0D

Ka (M)
<1
<1
<1
<1
<1
<1
1.1+01
12+0.2
14+0.1
<1
<1
1.9+0.9
35401
13+0.1
22+01
2.8+0.2
4701
21.8+0.3
18.9+0.5
30.0£0.5
49+1

120 + 50b

6000 + 1000b

<1
<1

<1

a Lo . . . ] .
All K3’s were obtained in duplicate. Error ranges are determined within 95% confidence interval (see Sl).

bOnIy Ha (most downfield shifted aromatic proton) was used, as other aromatic protons gave an overall small shift change (<0.005 ppm).
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