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ABSTRACT: Porous molecular materials combine benefits such as Radially-oriented Tr-systems
convenient processability and the possibility for atom-precise structural \év;t:it;hsape-persnstent
fine-tuning which makes them remarkable candidates for specialty

applications in the areas of gas separation, catalysis, and sensing. In
order to realize the full potential of these materials and guide future
molecular design, knowledge of the transition from molecular properties
into materials behavior is essential. In this work, the class of compounds
termed cycloparaphenylenes (CPPs)—shape-persistent macrocycles with
built-in cavities and radially oriented #-systems—was selected as a
conceptually simple class of intrinsically porous nanocarbons to serve as a
platform for studying the transition from analyte sorption properties of
small aggregates to those of bulk materials. In our detailed investigation,
two series of CPPs were probed: previously reported hoop-shaped
[n]CPPs and a novel family of all-phenylene figure-8 shaped (lemniscal)
bismacrocycles, termed spiro[n,n] CPPs. A series of nanocarbons with different macrocycle sizes and heteroatom content have been
prepared by atom-precise organic synthetic methods, and their structural, photophysical, and electronic attributes were disclosed.
Detailed experimental studies (X-ray crystallography, gas sorption, and quartz-crystal microbalance measurements) and quantum
chemical calculations provided ample evidence for the importance of the solid-state arrangement on the porosity and analyte uptake
ability of intrinsically porous molecular nanocarbons. We demonstrate that this molecular design principle, i.e., incorporation of
sterically demanding spiro junctions into the backbone of nanohoops, enables the manipulation of solid-state morphology without
significantly changing the nature and size of the macrocyclic cavities. As a result, the novel spiro[n,n]CPPs showed a remarkable
performance as high affinity material for vapor analyte sensing.

1. INTRODUCTION tally disparate categories of porosity can be distinguished: (i)

Porous carbonaceous materials are key components for the extrinsic porosity wherein interstitial void space is generated

development of next-generation technologies in the fields of between suitably designed compounds and (ii) prefabricated

separation technologies,l_3 heterogeneous catalysis,4_6 and cavities built into the isolated molecular building blocks, i.e.,
7—10 . . . .

energy storage. To achieve specific device applications, a intrinsic porosity.”” Realizing permanent and accessible pores in

current objective of intense research is to obtain a better
understanding of the parameters that dictate the interactions of
porous matter with its environment—most often small
molecular analytes, ions, liquids, or gases.“_

improve performances, pore/size distribution, surface
14-16

the solid state is a challenging task since not only the molecular
scaffolds need to be rigid enough to avoid structural collapse
upon solvent removal but also the compound must assemble in a

" In order to o ) i ]
way that the built-in cavity remains accessible.

areas, as well as the physicochemical microenvironment =
of the pores”'”"® need to be considered and ultimately adjusted Received: February 4, 2020 VJ A(CIS
in an atomically precise fashion. In this context, porous materials Published: April 11, 2020 1\
composed of discrete molecular nanocarbons represent ideal k b
candidates to systematically study fundamental structure/ fgg‘i%
property relationships as the pore information can be directly
encoded into the molecular framework.'”~*" Two fundamen-
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For hoop-shaped macrocyclic structures—the most simple
intrinsically porous objects—pore accessibility represents a key
challenge. Depending on the crystallization conditions, various
types of packing can be achieved including layer-, channel-, and
herringbone-type arrangements.”> The type of solid-state
packing is decisive for the porous nature of the obtained
molecular materials; in herringbone-type assemblies, for
instance, the available pore space has been reported to be
significantly reduced due to self-filling cavities.”> A paradigmatic
example in this respect are cycloparaphenylenes (CPPs)>*™>°
which predominantly adopt a herringbone-type arrangement,
but also the classes of cyclodextrins (CD),”’ ™ cucurbiturils
(CB),”"** and Anderson’s porphyrin nanorings® have been
reported to display this packing motif (Figure 1).

Figure 1. Illustration of the herringbone packin§ of selected nanorings:
porphyrin nanoring (substituents omitted, a),”* g-CD (b),>* CB[7]
(c),” and [9]CPP (d).*

Being composed entirely of aromatic phenylene rings, we
speculated that the fascinating class of CPPs**~*’—shape-
persistent macrocyclic nanocarbons—provides a unique oppor-
tunity to manipulate solid-state arrangements by molecular
design while maintaining the molecular properties, ie., the
radially oriented z-systems and macrocyclic cavity sizes. By
changing the connectivity of the phenylene units in hoop-shaped
[n]CPPs, a new family of all-phenylene lemniscal nanocarbons,
spiro[n—n]CPPs,”®*” was prepared in which two macrocycles
are fused in a central spiro-motif. With these novel macrocycles
in hand, we were able to explore the impact on sorption and
analyte uptake performance of preparing CPP compounds as
either small aggregates versus bulk solids through a suite of X-ray
crystallography, gas sorption, and quartz-crystal microbalance
(QCM)-based analyte sensing measurements. The experimental
results were supported by quantum chemical density functional
theory (DFT) calculations that unveiled the energy and porosity
landscape associated with these new affinity materials. Our
analysis indicates that the impact of molecular shapes and sizes
on supramolecular and bulk functional behavior may be at times
counterintuitive, rich, and complex, therefore deserving careful
case-by-case analysis to deepen our understanding of the
intermolecular chemistry that produces porous molecular
matter.
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2. RESULTS AND DISCUSSION

2.1. Molecular Geometry Predictions. To get an
impression of the molecular dimensions and internal cavity
sizes of lemniscal macrocycles 1—3, initially, their geometry-
optimized structures were calculated using dispersion-corrected
Kohn—Sham DFT calculations (TPSS-D3(BJ)**~**/def2-
TZVP,** gas-phase) (Figure 2, top). All compounds adopt the

[8]CPP

Figure 2. Structural analysis of 1—3 and related [n]CPPs (n = 6, 8, 10,
TPSS-D3/def2-TZVP, gas phase): molecular dimensions (black),
mean boat angle of individual phenyl rings (blue), and phenylene
torsion angles (yellow). Only P-enantiomers are shown for 1-3.

expected figure-8 shape in which the spiro-motif is enforcing a
contiguous D,-symmetric geometry. While stereochemical
aspects are beyond the scope of this study, it is worth noting
the configurationally stable chirality of compounds 1-3 in
which inversion is prohibited by the rigid sp>-hybridized carbon
of the central stereogenic spiro motif. The rigidity of the spiro
center is reflected in the virtually ideal rectangular dihedral angle
between two 9,9’-fluorene halves for compounds 1—3 (86.7°—
87.9°) as compared to Stepien’s recently published lemniscate
(70.9°),* featuring a 9,9'-bicarbazole unit as the central motif
which allows for N—N single-bond rotation. For [n]CPDPs,
macrocycle size is the key factor that governs the inherent strain
and conseguently the structural parameter along the phenylene
backbone.” Unsurprisingly, lemniscal structures behave sim-
ilarly in that the strain enthalpy (estimated by homodesmotic
reactions, see the Supporting Information, Scheme S$1)*
increases from 2.6 kcal/mol per phenyl ring (total 61.8 kcal/
mol) for 3 over 3.7 kcal/mol (total 73.1 kcal/mol) for 2, to 5.8
keal/mol (total 92.2 kcal/mol) for 1, ie., with decreasing
macrocycle size. This strain is not equally distributed over the
phenylene backbone. As a consequence, the phenyl ring boat
angles steadily increase (i) with segment curvature, i.e., from the
spiro center (1.2°—1.8°) to the outer nanoloop turning points

https://dx.doi.org/10.1021/jacs.0c01117
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(8.0°-12.1°), and (ii) with decreasing macrocycle size from 3
(1.2°—8.0°) to 1 (1.8°—12.1°). Similarly, the mean phenylene
torsion angles are generally found to increase with macrocycle
size from 1 (27.4°), to 2 (30.2°), and 3 (30.8°). The main part of
the cavity of lemniscates 1—3 is formed by the outer phenylene
backbone and largely resembles that of [6]-, [8]-, and [10]CPP
in size and nature, respectively (Figure 2, bottom).*® In addition,
the lemniscate series provide a V-shaped void space in the
vicinity of the spiro center (blue triangle) as compared to
[n]CPPs.

2.2. Synthesis. We commnced our synthetic efforts toward
hydrocarbon lemniscate 1 using “C”-shaped building block 5 as
a coupling partner in the double macrocyclization with
commercially available 2,2’,7,7'-tetrabromo-9,9’-spirobifluor-
ene (Scheme 1). Similar to the recently published 9,9'-

Scheme 1. Modular Synthesis of Target Compounds 1—4

PPh3 Pd G3

Bpin
PN K3PO4 (aqy
80°C

1,2-dioxane

A=CH n=1 9 (55%)
2 10 (30%)
3 11 (35%)

A=N n=1 12 (41%)

1. TBAF, 25°C
2. HySnCly, 25 °C

A=CH n=1 1 (45%)
2 2 (39%)
3 3 (37%)
n=1 4 (32%)
over 2 steps

A=N

bicarbazole derivative,*® the ideal size and shape fit of coupling
partners were reflected in a remarkable 55% yield for the
formation of compound 9 considering the generation of two
macrocycles in a single step. Macrocycle 9 was quantitatively
deprotected and subsequently subjected to the H,SnCl,-
mediated reductive aromatization conditions reported by
Yamago®’ to give the all-hydrocarbon target compound 1.
Similarly, we were able to access larger macrocycles 10 and 11 by
extending compound $ at the phenyl termini via a Suzuki
coupling/borylation sequence to prepare 8-ring 6 and 10-ring
coupling partner 7. After deprotection and reductive aromatiza-
tion, larger lemniscates 2 and 3 were obtained in moderate
yields. To explore the possibility to tune the molecular and
materials properties by subtle modifications of the scaffold, we
prepared nitrogen-containing bis(bipyridyl) derivative 4 in a like
manner by employing bipyridyl coupling partner 8 (for detailed
synthetic procedures, see the Supporting Information). All
figure-8 nanohoops 1—4 were obtained as fine powders that can
be stored at ambient conditions for months without
spectroscopically traceable decomposition. The structures of
compounds 1—4 were determined using NMR spectroscopy,
mass spectrometry, and, in the case of compounds 1, 2, and 4, by
single-crystal X-ray diffraction.

8765

2.3. Photophysical and Electronic Characterization. In
the following, a brief discussion of the optoelectronic properties
of 1—4 is provided. For more details, we refer the reader to the
Supporting Information. A thorough study of the chiroptical
properties of a 9,9'-bicarbazole lemniscate was recently
published.’® The electronic absorption and emission spectra
of compounds 1—4 were recorded in CH,Cl, at room
temperature (Figure 3a, see also Table 1). Hydrocarbons 1-3
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Figure 3. Electronic absorption and emission spectra in CH,Cl, at rt
along with the oscillator strengths (only shown for 1, blue bars)
obtained by TD-DFT calculations (TD-B3LYP/def2TZVP, a);
exemplary Kohn—Sham FMOs of 1 (0.01 au isosurfaces, b); and
differential pulse voltammogram of 1—4 (in THF + 0.1 NBu,PF, vs
Fc/Ect, ¢).

Table 1. Photophysical and Electrochemical Data of the Title
Compounds (for Details on the Measurements Conditions
see the Supporting Information)

Amae/nm, €/10° M~em™  A,/nm  ®/au  E,/V  E./V
1 359 (1.76) 493 0.37 0.63 —2.34
2 355 (2.55) 468 0.64 0.71 —2.48
3 353 (2.85) 454 0.86 0.77 -2.51
4 363 (2.03) n/a“ n/a“ 0.76 -2.30

“Compound 4 is not emissive in solution.

share a common absorption band in the near-UV/vis region
(Amax = 353—358 nm), which is red-shifted compared to the
[n]CPP series (4,,,, = 335—340 nm). The extinction coefficients
reach up to 2.85 + 0.05 X 10° M~"cm™ for 3, which is
approximately twice the extinction coeflicient of similarly sized
[n]CPP (n = 12, € = 1.2—1.4 X 10° M~"-ecm™).** Our time-
dependent (TD) DFT calculations for 1—3 indicate that the
absorption bands are composed of HOMO—-2 — LUMO and,
more pronounced, HOMO — LUMO+2 transitions (S;, f =
3.24—5.65; for 4: f = 2.12), respectively (Figure 3b, Supporting
Information Tables $9—S12). HOMO — LUMO (S1, f =
0.012—0.047; for 4: f = 0.131) as well as HOMO—1 - LUMO
and HOMO — LUMO+1 (S,, f=0.016—0.051; for 4: f=0.077)
excitations for 1—4 are only weakly allowed, which is reflected in
the observed weak absorption band shoulders in the visible
region, respectively. The TD-DFT results also reproduce the

https://dx.doi.org/10.1021/jacs.0c01117
J. Am. Chem. Soc. 2020, 142, 8763—8775
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observed slight red-shift of the absorption maximum with 600

decreasing macrocycle size, i.e., from 3 to 1, which results from a 5 Surface Area / m*.g”!

relative destabilization of the HOMO (Figure 3b) over the g 001 —1 33.9

LUMO+2 energy level, in which the electron density is shifted o 400 T g 7??2 b

toward the central spiro motif (see the Supporting Information, 3 1 —— [9]CPP 265.0 J

Figure $52). The observed red-shifting fluorescence and rapid 'g 300 [12]CPP non-porous

decrease in quantum efliciency with smaller macrocycle sizes are g —o— F,[12]CPP non-porous ¢

characteristic features for CPP-derived macrocycles; a funda- < 200+ m0—0—0—0—0mO—OTOTOTEE T

mental explanation of these strain- and symmetry-related -] T

phenomena has been provided by Tretiak.*” In the experiment, § 100 -r

the fluorescence of compound 4 is completely quenched in (€] Sasa )

solution (see Figure 3a) in contradiction to previous 0 % R P=R=0=0=R=0=R=R=0=0=0=0y
0.0 0.2 04 0.6 0.8 1.0

observations which reported that embedded nitrogen atoms
have little impact on the electronic structure of CPP-based
nanohoops.”” A detailed investigation of the apparently different
excited-state relaxation mechanisms of compounds 1 and 4,
however, exceeds the scope of this study. The electrochemical
characteristics of the target compounds were studied by cyclic
voltammetry (see the Supporting Information, Figure S51) and
differential pulse voltammetry in 0.1 M NBu,PF in THF
solution and the measured redox potentials referenced vs
ferrocene/ferrocenium® (Fc/Fc*, Figure 3c, Table 1). All
compounds exhibit quasi-reversible reduction and oxidation
events. We observe a widening of the electrochemical gap with
macrocycle size (1: 2.97 eV, 2: 3.19 eV, 3: 3.28 eV), which is
caused by a simultaneous shift of the first oxidation/reduction to
more positive/negative potentials, respectively. This increase in
the electrochemical band gap is well documented for [n]CPPs S
for instance, in their oxidation potentials, compounds 1-3
resemble those of [8]- (0.59 eV), [9]- (0.70 eV), and [10]CPP
(0.74 eV),”” and the simultaneous shift to more negative
reduction potentials with increasing macrocycle size has been
documented experimentally for [5]- (=2.27 V)" and [7]CPP
(=274 eV)** as well as theoretically.’® Comparison of
bis(bipyridyl)-substituted 4 with its closely related all-phenylene
relative 1 reveals slightly more positive reduction (AE,.q = 0.04
eV) and oxidation potentials (AE,, = 0.13 eV), indicating an
opportunity to tune the frontier molecular orbital (FMO)
energies by subtle structural modifications such as heteroatom
incorporation.

2.4. Bulk Sorption and Crystal Structures. Next, we
investigated how structural and electronic differences between
these molecules lead to molecular packing arrangements that
determine the bulk structures. First, the presence and shape of
micropores were probed by acquiring N, uptake isotherms for
compounds 1—3 (Figure 4). Compound 2 shows appreciable N,
uptake at 77 K. High quantities of N, were absorbed at low
relative pressures, indicating that 2, assembled in bulk form,
exhibits microporosity (Figure S37). Brunauer—Emmett—
Teller (BET) analysis was performed on these data to give a
specific surface area of 703 m*-g™". The high gas uptake of this
sample is consistent with its low crystallographic density and
high accessible unit cell volume, as well as how the powder
maintains crystallinity in extreme evacuation conditions. The N,
isotherms of compounds 1 and 3 show rather low N, uptake and
surface areas of 33.9 m*g ™" and 11.8 m*g™", respectively. This
may be due to a lack of long-range order as seen by PXRD since
pore access relies on crystal packing. The product 3 is
amorphous, lacking long-range order even before the evacuation
(see the Supporting Information, Figure S41). Although the
increasing accessible unit cell volume from [9]CPP to [12]CPP
observed by crystallography indicates that materials with large
macrocycle size have more accessible pore space (vide infra),
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Relative Pressure / P/P,

Figure 4. N, uptake isotherms collected at 77 K and calculated surface
areas (for details on the sample preparation see the Supporting
Information).

their gas uptake does not follow this trend. It is important to note
that the bulk material will exhibit differing long-range order
compared to its single-crystal analogue. Before and after
evacuation, [9]CPP exhibits well-defined diffraction peaks,
while [12]CPP loses much of its long-range order. N, uptake
measurements on [9]CPP yield a BET surface area of 265 m™*
g~', while the BET surface area of both [12]CPP and F,-
[12]CPP is negligible. A previous study on [12]CPP could show
that notable N, uptake was only observed at increased
temperatures of approximately 195 K, indicating thermal
vibrations and molecular motions to be crucial in cases where
hoop-shaped molecules in the bulk solid pack to block one
another’s intrinsic pores.” In this context, the lemniscate family
may have an advantage in the more randomly oriented powder
material, as the built-in cavities and much of the interstitial space
in the unit cell volume are left accessible. In contrast, the [#n]CPP
family preferably arranges in tightly packed hexagonal nano-
channels that could be easily “sealed” by a single self-closing
cavity. A similar effect was reported for the series of hoop-shaped
cucurbit[n]urils, where self-closing of the built-in cavities was
found to influence the propensity for guest uptake and release.’

‘We were able to obtain single crystals for compounds 1, 2, and
4 suitable for X-ray crystallographic analysis (Figure Sa, for more
details see the Supporting Information).>” Single crystals were
grown by slow liquid diffusion of pentane into a solution of 1 (in
CHCl,, 25 °C), 2 (in CH,Cl, 25 °C), and 4 (in THF, 7 °C) for
several days, respectively. Our data not only unambiguously
prove the molecular structure of 1, 2, and 4 and corroborate our
computational geometry prediction but also put us in a position
to study the solid-state packing of these unique macrocyclic
architectures. Most strikingly, the dense herringbone-type
arrangement characteristic for [n]JCPPs is not observed for
hydrocarbon lemniscates 1 and 2, and instead a less ordered and
more loosely packed supramolecular arrangement is adopted.
This situation is best reflected in a decrease of the average
number of short contacts per phenyl ring—dictated by weak to
moderate CH—x and z—7 interactions—in the order [9]CPP
(3.8) > [12]CPP (3.2) > 1 ~ 2 (2.3, Figure Sb). In other words,
[n]CPPs are held in place more tightly within the crystal lattice
compared to the lemniscate series. In addition, the incorpo-
ration of the spiro motif in the lemniscates minimizes the
molecular surface consumed for intermolecular contacts, leaving
interstitial space as well as the built-in cavities more accessible.
This picture is quite in contrast to the parent [n]CPPs, which
typically self-assemble into staggered, herringbone-like packing

https://dx.doi.org/10.1021/jacs.0c01117
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Figure S. Unit cell of 1, 2, and 4 determined by X-ray crystallography
(50% probability level, solvent molecules and hydrogens are omitted,
(M) enantiomers colored in blue for clarity, a).”* Short contacts for
[9]CPP (3.8 per phenyl ring) and lemniscate 2 (2.3 per phenyl ring, b).

motifs which minimizes intrinsic cavity and interstitial void
space.””** Replacement of phenyl carbons by nitrogens in
compound 4 enforces a supramolecular packing reminiscent of
an interdigitating slipped stack arrangement of the macrocyclic
loops of alternating enantiomers (Figure $S36). Apart from weak
CH---x interactions, two dominant intermolecular interactions
are found in the crystal structure: (i) 7—x stacking between a
phenyl and a pyridyl ring and (i) supramolecular CH---N
interactions (3.60—3.88 A) of the pyridyl nitrogen lone pairs
with adjacent phenyl rings.

The pore structure and crystallographic parameters of the
newly synthesized materials were compared to the parent series
of [n]CPPs (n = 6,°* 9,°° and 12,°° Figure 6). Additionally,
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[9]CPP [12]CPP
(1.01 g/lcm?3,2.3%) (0.88 g/cm?,8.1%)

[6]CPP

F,[12]CPP
(1.01 glcm®,1.3%) (0.79 glcm®, 18.5%)

(0.88 g/cm?®, 3.0%)

Figure 6. Solvent-accessible volume (spherical probe radius 1.8 4,2 X 2
X 2 unit cell shown) and its ratio of the total unit cell volume for
desolvated crystal structures.

partially fluorinated F,[12]CPP was included in this study
because it was recently shown to form robust supramolecular
nanochannels in the solid state and therefore provides an ideal
model case to explore the effect of solid-state packing.’® Analysis
of accessible pore volume with a probe size of 1.8 A (N,
molecule) reveals that the herringbone-type packing of [n]CPPs
is partially filling the void space of the macrocycle cavities. With
increasing macrocycle size, i.e., from [6]CPP, to [9]CPP, and
[12]CPP, the porosity of the crystal structures increases as
indicated by (i) a decrease of the crystallographic density of the
desolvated structure from 1.09, to 1.01, and 0.88 g/cm? and (ii)
concomitant increase in the accessible unit cell volume from 0.4,
to 2.3, and 8.1%, respectively. More drastically, the porosity of
F,[12]CPP (0.79 g/cm? 18.5%) is enhanced owing to the
formation of interconnected supramolecular nanochannels.
Similar considerations for lemniscates 1 and 2 reveal a more
disordered packing (1: 0.88 g/cm? 2: 1.01 g/cm?®) with
significant contributions from noninterconnected interstitial
space. The macrocyclic cavities of 2 are partially filled by
adjacent molecules of 2 which lead to a more efficient packing
with smaller accessible pore volumes of 1.3% as compared to the
rather loosely packed 1 (3.0%). Hence, the intuitive correlation
of macrocycle size and porosity is not observed. Instead, these
results indicate that molecular geometries that prevent the
typical herringbone-type packing of [n]CPPs open the
possibility of complex packing effects that lead to a diverse
array of bulk phases.

2.5. Small Aggregate Analyte Adsorption. Whereas
predicting the bulk intermolecular packing between these
compounds proved quite complex, we hypothesized that
host—guest interactions between analytes and small aggregates
of CPPs would be more predictive. To probe the binding affinity
of the newly synthesized materials toward vapor analytes, an
extensive high fundamental frequency QCM study has been
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Figure 7. QCM airborne analyte sensing study of the title compounds as affinity materials relative to a passivated surface (denoted as “no affinity
material”): Relative affinities of [n]CPPs (n = 6,9, 12) and F,[12]CPP with error bars. p-Quinquephenyl was measured as a nonmacrocyclic reference
to demonstrate the effect of macrocyclization (a). Comparison of the affinities of [9]CPP with lemniscates 1—3 to BTX compounds (b) and other
polar and nonaromatic analytes (c). Cut out of the X-ray crystal structures of [9]CPP and 2 to exemplarily illustrate the accessibility of the nanoloop
cavities and the denser packing of [9]CPP ((101) facet shown, d). For absolute data, see the Supporting Information.

performed.57 In contrast, to N2 uptake isotherms, which are
acquired at low temperatures and pressures, and probe the
permanent porosity of a materia, QCM measurements are
performed under ambient conditions and allow inference about
the host—guest interactions of supramolecular hosts in the solid
state.”®”°" The benefits of this technique are multifold, ranging
from small amounts of affinity materials required (in the
nanogram regime), to high sensitivity (up to ppb), and the low
requirements for implementation into a mobile sensing device.®*

QCM measurements of the various host materials were
performed on samples fabricated by electrospray deposition.””®*
A detailed description of the measurement condltlons and
analysis is provided in the Supporting Information.%* It is
important to note that the amount of affinity material deposited
(10.4 ng) corresponds to approximately 10—30 molecular layers
(10—50 nm thickness) or similarly sized aggregates ? With the
considerably larger surface to volume ratio of the samples
compared to bulk measurements, this technique is amplifying
the contribution from surface and close-surface cavities suitable
for guest uptake. We are aware that the experimental conditions
for the QCM study do not produce crystalline samples and
rather represent amorphous to nanocrystalline materials.
Irrespective of the long-range order, however, we postulate
that the local host environment is best described by the ones
observed in the crystalline bulk material, and therefore our
rationale is based on the predominant interactions determined
by X-ray crystallographic analysis (vide supra).

We tested various analytes from the BTX series (benzene,
toluene, xylenes, mesitylene, and several diethylbenzenes),
which find widespread application as rodenticides in overseas
shipping containers and pose a considerable public health risk.
Particularly, the differentiation of carcinogenic benzene from
other BTX compounds is a challenglng endeavor due to their
physicochemical sumlarlty ~7% In addition, a range of polar
aromatic compounds (nitrobenzene, trinitrotoluene (TNT),
and acetophenone), polar nonaromatic compounds (water,
acetone, y-butyrolactone (GBL), and triacetone triperoxide
(TATP)), and cyclohexane as nonpolar, nonaromatic com-
pounds were tested. Some analytes included in this group have
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far-reaching societal and safety implications, and hence, their
detection is of current concern: GBL and acetophenone are
precursors of narcotics like amphetamine and y-hydroxybutyric
acid (GHB),*>”"”* while TNT or TATP have been used as
explosives in terrorist attacks.”>~"

In an initial survey, we studied the affinity of [6]-, [9]-, [12]-,
and F,[12]CPP toward different apolar and polar analytes
(Figure 7a). To explore the impact of the macrocyclic nature of
the affinity materials, linear p-quinquephenyl was measured as a
benchmark material. Since the phenylene-based scaffold is a
common feature of all tested affinity materials, the predominant
interaction with the tested analytes is based on 7—7 stacking and
CH-z and n — 7* (for heteroatom-containing analytes)
interactions.”~”* For p-quinquephenyl only a small increase in
affinity (approximately 10%) compared to an uncoated
passivated QCM (no affinity material) was detected for all
analytes except acetophenone where the affinity increased by
approximately 60%. Macrocyclization has a significant positive
effect as highlighted by, e.g., [12]CPP, whose affinity increases
up to 222% in the case of p-xylene compared to that of p-
quinquephenyl. Quite surprisingly, the differences in affinity
between [6]-, [9]-, and [12]CPP are rather small (average 10%)
irrespective of the markedly different macrocycle sizes. DFT
calculations (vide infra) suggest that the cavity size of [6] CPP—
the smallest derivative in this series—is not appropriate to
accommodate any of the guests, and hence, analytes are most
likely adsorbing to the surface of the affinity material. As the
main reason for the limited cavity accessibility for the similarly
performing [9]- and [12]CPP, their preferred herringbone-type
packing and the resulting unfavorable uptake kinetics (e.g., self-
closing cavities)”” can be invoked taking into account the results
from X-ray analysis and gas sorption measurements (vide supra).
Notably, we also find no increase in the measured affinities of
F,[12]CPP, whereas its significantly larger solvent- acce551ble
volume (see Figure 6) paired with higher crystallinity®® could
intuitively suggest a better aptitude as affinity material. These
results led us to the conclusion that nanochannel-like porous
materials in general are only limitedly qualified for vapor analyte
detection.
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Next, we set out to explore less densely packed lemniscates 1—
3. The affinities were compared to [9]CPP as a representative
for the series of similarly performing [n]CPPs (Figure 7b). A
general trend can be observed for the BTX analytes with rising
affinities from [9]CPPs to the smallest lemniscate 1 (approx-
imately 20%) and another drastic increase in affinity by about
70—100% for the larger derivates 2 and 3, respectively. For p-
xylene, compound 3 features the highest increase in affinity in
the series of materials studied (480% compared to an uncoated
passivated QCM) and is one of the best affinity materials for
these types of analytes reported so far.””' Potential size and
shape selectivity of the macrocycles in the analyte uptake was
studied by taking a closer look at the xylene and diethylbenzene
series. As a rule of thumb, affinities are increasing toward the p-
derivatives (by approximately 20% and 55%) compared to their
0- and m-relatives. Compound 2 represents an exception with an
increased affinity toward o-xylene. The drop in the affinity owing
to increased analyte size can also be seen for sterically
demanding pseudocumene and 1,3,5-triethylbenzene as com-
pared to the smaller BTX analytes. These results indicate how
sensitive the lemniscates can be toward even slight structural
analyte changes, with smaller, linear analytes typically showing
higher affinities than their more bulky, larger derivatives. Such a
size exclusion phenomenon was also reported for second-
generation polyphenylene dendrimer host materials, which
displayed a preference for smaller analytes, whereas higher
generation (third and fourth) dendrimers prevailed for larger
analytes.”* Comparing the observed affinities of shape-persistent
lemniscate 3 to more flexible polyphenylene dendrimers, an
increase of 20% can be observed for p-xylene and even up to 70%
toward m-xylene, illustrating the non-negligible role of rigidity
for polyphenylene host materials.

Having unveiled the size/shape dictated affinity pattern of the
BTX series, we strived to explore the impact of the analyte’s
aromatic subunit. To this end, we studied a variety of
nonaromatic analytes—cyclohexane, water, acetone, and
TATP—as well as a series of electron-deficient nitrated
aromatics (Figure 7c). In these cases, we find that the preference
of lemniscates 1—3 over [n]CPPs is largely suppressed as
indicated by comparable and in a few cases even lower affinities.
While the exact reasons for this finding are unknown, two
notable exceptions are observed: GBL and acetophenone exhibit
an increasing affinity toward 1—3 similar to the trend observed
for the BTX analytes. Again, the favorable combination of
CO—r and 7—r interactions and a matching analyte size can be
invoked as the key reason for the observed trend.®’ A
noteworthy asset is the low affinity of the tested materials
toward water, which reduces interfering signals from moisture in
potential sensor device applications.

Although our study corroborates the results of McKeown and
co-workers®' who emphasized the importance of rigid and bulky
structural elements to prevent efficient packing, it is difficult to
arrive at a clear conclusion as to why lemniscates 1—3 show
significantly higher affinities than [n]CPPs. It is plausible that
the supramolecular arrangements of the affinity materials play a
decisive role.”* To exemplarily illustrate the impact of the bulky
spiro center in lemniscates 1—3 on the accessibility of the
macrocyclic and interstitial cavities, cutouts of the crystal
structures of selected affinity materials are shown in Figure 7d.
For [n]CPPs (and for F,[12]CPP), a tightly packed channel-like
pore morphology is preferred which minimizes void space and,
in principle, only allows for analyte uptake into the channels
from one dimension. In contrast, the loosely packed arrange-
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ment of the lemniscates is proposedly facilitating analyte binding
in that the macrocyclic binding pockets are accessible from
multiple sides. Considering the nonporous nature of some of our
affinity materials as evidenced by BET measurements (see
Figure 4), in a classical view only surface and near-surface
adsorption events should be accessible. However, a previous
report on the positive effect of temperature for analyte sorption
of [12]CPP suggests that these nonporous solids are not as rigid
and impermeable as believed.”’ Indeed, for other macrocyclic
crystalline materials, van der Waals forces have been
demonstrated to enable guest transport via a cooperative
diffusion mechanism with positional and/or orientational
dislocation of the host®”**—a concept which has later been
described by Barbour as “porosity without pores”.*> In line with
this concept, the adaptive nature of a perethylated pillar[6]arene
has recently been disclosed by Cooper and co-workers.”>"” This
phenomenon was shown to enable styrene adsorption from the
gas phase, despite a nonporous guest-free packing in the solid
state, as evidenced by N, sorption experiments and X-ray
crystallography. We speculate that in the present study the vapor
analytes penetrate the surface of the affinity materials and
subsequently accumulate in the first few layers, leading to the
overall substoichiometric absolute macrocycle occupancy
available from the QCM data (e.g., p-xylene/[9]CPP = 0.33,
p-xylene/2 = 1.31 at 50% vapor pressure). In agreement with our
findings, such a guest diffusion into the affinity material should
be favored by the lemniscate series considering the weaker
interhost contacts as deduced from the crystal structure (vide
supra, see Figure Sb).

We noticed that our molecular host design potentially allows
for affinity tuning by subtle structural manipulations such as
replacement of phenylene carbons by heteroatoms. To test this
hypothesis, bis(bipyridyl)-containing lemniscate 4 was com-
pared to its similarly sized all-phenylene relative 1 (Figure 8, see

Rel. Affinity

Figure 8. Comparison of the relative affinity of all-hydrocarbon
lemniscate 1 and its bis(bipyridyl)-containing relative 4.

Scheme 1 for synthesis). For compound 4 the affinities toward
BTX compounds are reduced by 18%. A rationale for this finding
may be provided by the markedly different solid-state packing
which is reminiscent of the discussed unfavorable channel like
assemblies found for [n]CPP. In addition, strong phenyl—
pyridyl 7—x stacking and CH:--N interactions result in a packing
in which the macrocyclic hosts are held together, tightly
presumably suppressing analyte diffusion via solid-state
rearrangements (see the Supporting Information, Figure
$36).°>** A similar effect was previously observed for
[12]CPP by Itami and co-workers.”® Bipyridyl-embedded
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[n]CPPs have been shown®® to undergo coordination
chemistry. To explore the possibility to use the bipyridyl unit
as a supramolecular recognition motif, we studied a series of
hydrogen-bond donors (acetone, GBL, and TATP). The affinity
of 4 toward hydrogen-bond donors is generally increased by
approximately 17% as compared to all-hydrocarbon 1, which we
ascribe to attractive CH--N interactions.”” In addition, the
dipolar macrocyclic cavities of bipyridyl-containing host 4 (4.42
D vs 1: 1.22 D, for details see the Supporting Information) are
proposedly better suited to bind polar analytes, implicating the
presence of attractive n — 7*’“’" and dipole—dipole
interactions’" in the host—guest assemblies.

2.6. Theoretical Modeling. In order to better understand
the experimental results, a theoretical model was developed by
taking into account interaction energies, morphology, and
macrocycle/analyte size effects. We commenced our inves-
tigations with a simplified model system in which the analyte/
host interaction energy was correlated to the guest’s solvent-
accessible surface areas (SASAs) by using quantum mechanical
calculations. All quantum mechanical calculations were
performed with the TURBOMOLE 72" or xtb 6.17
program Spackages. SASAs were predicted with UCSF
Chimera.” For a detailed description of our approach, which
involves initial structural screening and energy calculation at the
semiempirical force-field and tight-binding levels (xXTB-IFF”°
and GFNn-xTB”"”®), we refer the reader to the Supporting
Information. The results are represented in Figure 9a. Several
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Figure 9. Plot of the relaxed DFT interaction energy on the TPSS-
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substituted phenylene guests with different molecular hosts vs the
guest’s solvent-accessible surface area (SASA, the data were fitted to the
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different types of host/guest interaction modes (b).
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trends can be observed: The predominant interaction
energies—mostly dispersion and 7-stacking interactions’”’*—
are found to increase with increasing SASA, i.e., with increasing
amount of sp>-hybridized carbon atoms. In other words, flexible
alkyl chains increase the contact surface with the host’s radially
oriented z-system and, hence, maximize CH—z dispersion
interaction.”” A closer inspection of the geometry-optimized
host/guest assemblies reveals that the cavity of [6]CPP is too
small to accommodate any of the considered guests. For the
larger hosts ([9]-, [12]CPP, 1, 2, and 3), four different
geometries can be observed as illustrated in Figure 9b: out-of-
plane, in-plane, tilted, and partially vacant. In the case of the
smallest lemniscate, 1, an out-of-plane geometry is adopted for
all analytes. Medium sized hosts, [9]CPP and 2, gradually shift
out-of-plane geometries for the largest analytes (e.g, 1,3,5-
triethyl-2,4,6-tri-iso-propylbenzene 516.8 A?) to tilted (e.g,
1,3,5-trimethylbenzene 311.7 A*) and in-plane orientation for
smaller analytes (e.g., benzene 227 A*) to maximize the contact
surfaces and interaction energies with the host. On the other
hand, the largest macrocycles, [12]CPP and 3, are partially
vacant for all probed analytes and therefore generally feature
smaller interaction energies. It is worth mentioning that in this
study we found no significant energetic contribution of the
central V-shaped binding pockets formed by the spiro-fused
fluorenes in 1—3 (see the Supporting Information, Figure S53).

While this simple model system highlights the importance of
matching of host/guest sizes, it only provides an insufficient
description of the experimental setup since: (i) multiple
adsorption events are not considered, (ii) the available cavity
space is overestimated in this molecular model neglecting self-
filling cavities, and (iii) binding sites in the interstitial space, i.e.,
outside the macrocyclic cavities, are not considered. To account
for these drawbacks, in the next step we explored a more realistic
system. To this end, the affinity material was simulated using the
data available from single-crystal X-ray diffraction ([9]-,
[12]CPP, 1, 2, and quinquephenyl),loo and the void space in
the large model system (four unit cells in size) was successively
filled up with analyte molecules (up to a number of 50 guest
molecules), applying the intermolecular force field xTB-IFF. We
are aware that the use of an excerpt of the crystal structure to
model the affinity material can only serve as an approximation to
the experimental conditions during the QCM measurements.
However, with the use of a sufficiently large model system, we
strive to qualitatively simulate the range of binding pockets
available in the affinity material. Briefly, our program repeatedly
docks the analyte to 15 different positions in the crystal cut out,
calculates single-point energies at each docking position, and
chooses the one that is energetically the lowest. The interaction
energies (AE) were calculated as the difference between the
actual host—guest complex and the isolated guest and previous
host—guest complex energies. Considering these time-consum-
ing computations and analyses, four prototypical probe
analytes—benzene, toluene, p-xylene, and 1,3,5-triethylben-
zene—were selected from the previous experiments for this
study. For reasons of better comparability with the experimental
results, the average interaction energy for all 50 adsorption
events was calculated and normalized to the value of p-
quinquephenyl.

Exemplary [9]CPP and lemniscate 2 model systems filled
with p-xylene molecules are shown in Figure 10a, and the results
of the computational study are depicted in Figure 10b. In
general, the first adsorption events are energetically most
favorable, and the individual host/guest interaction energies
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Figure 10. Theoretical model for guest uptake: partially filled [9]CPP
and lemniscate 2 (analyte: p-xylene, a). Single-point xTB—IFF
interaction energy (unoptimized structures) of four different guests
with selected hosts vs the number of docked guest molecules
(monoexponential decay curve fit to guide the eye). Relative affinities
were estimated by calculating the mean interaction energy over all SO
adsorption events and normalizing to p-quinquephenyl (b).

gradually decrease with the number of guests added. The p-
quinquephenyl trace indicates the saturation limit, as its dense
crystal packing'®" only allows for surface adsorption owing to
the complete absence of cavities. With increasing alkyl-chain
content of the guests, i.e., from benzene to 1,3,5-triethylbenzene,
the curve of p-quinquephenyl shows an increasing slope which
we ascribe to stronger host/guest CH—x dispersion interactions
in agreement with the findings from the molecular model
systems (see Figure 9a). The first adsorption events for a specific
analyte are energetically alike for all hosts (except p-
quinquephenyl) in the crystal model system, in contrast to the
energetic differences determined for the molecular system. This
finding indicates the presence of energetically more favorable
interstitial binding sites in addition to the macrocyclic cavities.
For later adsorptions, the larger hosts outperform their smaller
relatives by providing a larger number of energetically more
favorable binding sites. Consequently, the saturation observed
for all affinity materials is most pronounced for the smaller hosts
in the respective series, [9]CPP and 1. Here, suitably large
binding sites are more rapidly filled up as indicated by a steeper
slope, which can be regarded as another key reason for the better
affinities of the larger macrocycles. In other words, lemniscal
hosts 1 and 2 show higher interaction energies over a wider
number of adsorption events as compared to the [n] CPP series.
Based on this model the more disordered packing of the
lemniscate family is playing a crucial role for the experimentally
observed high affinities in the QCM measurements. We would
like to note that, in the theoretical discussion, dynamic guest
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uptake processes such as a cooperative diffusion mechanism are
not considered.** While this shortcoming may serve as an
impetus for future computational studies, the good qualitative
agreement of our results with the affinity trends observed in
QCM study suggest that the developed simplified theoretical
model can be used for the computer-assisted design of high
affinity materials.

B CONCLUSION

In conclusion, the bottom-up synthesis of atomically defined
and solution-processable lemniscal nanocarbons with shape-
persistent cavities is presented. Our simple molecular design,
using phenylenes as the sole building blocks, permitted the
manipulation of the solid-state structure of the parent [n]CPPs
without considerably changing the size and nature of the built-in
cavity. This manipulation allowed insight into the intricate
interplay of the molecular and solid-state structure that dictates
porosity and analyte uptake capabilities. We find that small-
molecule sorption in intrinsically porous macrocyclic nano-
carbons can be remarkably disparate when going from bulk
materials to small aggregates, and thus, correlations between
measurements need to be treated with caution. Conclusions
drawn from low or nonexisting surface areas in BET measure-
ments, for instance, may mistakenly eliminate potential
candidates for analyte sensing applications. Paradigmatically,
in QCM-based sensing experiments where our novel lemnis-
cates served as host material, a remarkable increase of the
affinities toward vapor analytes of up to 480% compared to an
uncoated passivated QCM was observed regardless of the bulk
surface areas. In contrast, hoop-shaped [n]CPPs were generally
found unsuitable for analyte uptake despite similar cavity sizes.
Our study indicates that: (i) less ordered, more loosely packed
macrocycles provide more abundant and accessible void space,
and thus, host—host interactions are pivotal for analyte uptake.
In other words, the tight herringbone-type packing of CPPs is
unfavorable in that it minimizes interstitial and macrocyclic void
space and hampers structural rearrangement of the macrocycles
in the solid state upon analyte contact. (ii) It is possible to fine-
tune the analyte selectivity by heteroatom substitution in the
hosts. Replacement of phenyl by pyridyl rings, for instance, leads
to higher affinities for more polar and CH-acidic analytes. The
quantum chemistry treatment revealed that a molecular model is
not suitable to quantitatively describe the substrate affinity, due
to the decisive influence of the crystal structure arrangement.
Consideration of a crystal cut-out of four unit cells (with about
400—3100 atoms) was sufficient for a semiquantitative
description of the experimentally observed affinity values. The
theoretical modeling demonstrated that (jii) the larger the guest
molecules (and thus the contact surface with the host), the
stronger the CH—x dispersive interactions. (iv) Subsurface
adsorption sites provide an important energetic contribution to
the observed affinities in cases where tight packing is prevented
by suitable molecular design, and the built-in cavity is large
enough to enable analyte accessibility. (vi) The more interstitial
void space that is in the crystal structure, the more analyte that
can be taken up. The favorable combination of (i)—(vi) offers a
rationale for the experimentally observed affinities. With this
study situated at the interface of molecular entities, small
aggregates, and materials, we provide insight into a current
challenge for the fabrication of functional porous materials from
discrete organic molecules—the transition from molecular to
materials properties. It is important to note, though, that the
solid-state arrangement as a decisive factor for porosity may not
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be obvious from the molecular building blocks in isolation, and
thus, further research into novel discrete carbon-rich architec-
tures as specialized porous materials is required.
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