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A series of pseudorotaxanes with supramolecular organometal-
lic silver(I) and gold(I) pillarplexes acting as rings and different
α,ω-dicarboxylic acids as axle components are reported. The
successful formation of the host-guest complexes is shown by
1H NMR spectroscopy and respective NMR titration. Additional
evaluation with ITC titration experiments yielded dissociation

constants (Kd) ranging from 10� 5 to 10� 7 M. Single-crystal X-Ray
diffraction analysis reveals a particularly exciting pore alignment
of different examples in the solid state depending on the length
of the guest. The work highlights, that dicarboxylic acids can
penetrate the tight tubular pillarplex pore, paving the way to
future mechanically interlocked molecules and materials.

Introduction

Organic macrocycles, such as cyclodextrins,[1] cucurbit[n]urils,[2]

or pillar[n]arenes,[3] are prominently used as host molecules in
supramolecular chemistry. They can also be employed as ring
components in rotaxanes, i. e., mechanically interlocked
architectures.[4–7] However, their oligomeric composition leads
to defined pore sizes, which can only be changed in discrete
steps of monomer units.[8]

Therefore, a finer tuning of the pore size is impossible. For
example, the smallest congeners of cucurbit[n]uril –
cucurbit[5]uril (Figure 1A) – only allows the encapsulation of
small molecules such as dinitrogen or dioxygen due to their
very narrow pore opening (2.4 Å).[2] In contrast, the pore of the
smallest pillar[5]arene (4.7 Å, Figure 1C),[9] as well as the larger
cucurbit[6]uril,[2] already allow for the uptake of linear and
functionalised hydrocarbons and/or larger aromatic
compounds.[10–12]

In 2016, we introduced the pillarplexes [M8L2](X)4
[13–14]

(Figure 1B) using macrocyclic hybrid imidazole/pyrazole cyclo-
phane cyclophanes[15] to be metalated with Ag(I) or Au(I)

coinage metal ions and are examples of supramolecular
organometallic complexes (SOCs).[16–17] In general there are only
a handful examples of SOCs, most of which are NHC based and
have been reported in the last years, e.g. by Hahn, Peris and
Han.[17–22] In contrast to many other SOCs, the pillarplexes can
also act as metallocavitands[23] since they feature a tubular pore
and show tuneable solubility, induced pore flexibility,[24] as well
as intrinsic luminescence for the gold(I) congeners. A similar
strategy has been implemented by Sue et al. using functional-
ised pillararenes to form metal-organic pillars very recently.[25]

Significantly, for the pillarplex, the size of the macrocyclic ligand
determines the size of the resulting pore with an inner diameter
of 4.3 Å (Figure 1B) – located in between cucurbit[5]uril and
pillar[5]arene – enabling a shape-selective guest encapsulation
of linear molecules over aromatic compounds. This was
previously studied by the encapsulation of sterically undemand-
ing diamino alkanes, and their host-guest complex behaviour
and occurring interactions were investigated (see Fig-
ure 2B).[13,26] Based on these experiments the key factors
controlling the guest encapsulation into the pillarplex cavity are
hydrophobic interactions and the tubular shape of the
respective cavity. The encapsulated diamino alkanes can be
further converted to pillarplex [2]rotaxanes by introducing
bulky stopper motifs.[14][a] A. A. Heidecker, A. Spears, Dr. A. Pöthig
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Figure 1. Schematic representation of the structure of smallest congeners of
tubular cavitand families. (A) cucurbit[5]uril, (B) pillarplex and (C)
pillar[5]arene showing the increasing size of the pore opening.
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We now became interested if the steric demand of α,ω-
functionalised linear guests could be increased and incorpora-
tion into the tubular pillarplex pores would still be observed. As
the target guest molecule, carboxylic acids as terminal func-
tional groups were chosen, since they are highly interesting for
the subsequent build-up of mechanically interlocked molecules
or materials. At the same time the central alkyl chains of the
guests match with the hydrophobic confinement inside the
pillarplex cavity. Simultaneously, they have a larger steric
demand than the previously incorporated guests. Assuming a
static cavity of the host system (i. e., no ligand dissociation or
breathing), the carboxylic acid group should already be steri-
cally too demanding opening of the pillarplex. Typically, SOCs
show static behaviour as they feature strong organometallic
bonds. Therefore the inclusion of guests is expected only upon
conformational changes, e.g. breathing effects.[16] If a dissocia-
tion occurs to allow guest encapsulation, the Ag(I) congeners
are more likely to show this behaviour than the Au(I) ones due
to different bond strengths.[27]

Results and Discussion

To investigate the encapsulation of dicarboxylic acids into
pillarplexes, we attempted to synthesise a series of pseudor-
otaxanes with various dicarboxylic acids as guest molecules
(Figure 2C). The pillarplex salt [M8L

Me
2][PF6)4 was treated with

the respective dicarboxylic acid CnH2n-2O4 (M=Ag, n=8 (1), 10
(2), 12 (3), 14 (4); M=Au, n=8 (5), 10 (6), 12 (7), 14 (8)) in
acetonitrile (MeCN) and stirred at room temperature for 10 min.
The dicarboxylic acids themselves show limited solubility in
MeCN (ca. 1 gL� 1), but due to the strong hydrophobic
interactions with the pillarplex cavity as driving force for the
formation of a host-guest system, a relatively fast dissolution of
the guest molecules was observed. In dimethyl sulfoxide
(DMSO) a significantly higher solubility of the dicarboxylic acids
was observed (ca. 1000 gL� 1). After removal of the solvent,
pseudorotaxanes [M8L

Me
2](CnH2n-2O4)(PF6)4 were successfully iso-

lated as white solids. The formation of 1–8 was experimentally

validated by NMR spectroscopy (1H,13C,31P) (Figure 1S–40S) and
the product formation was additionally characterised by IR
spectroscopy indicating the combined bands of host and guest
systems (Figure 73S–80S) and elemental analysis. In 1H NMR
spectra, upon guest encapsulation into the pore an upfield shift
of the alkyl proton signals of the guest is expected due to
shielding effects, which experimentally was confirmed by
1H NMR spectroscopy for all pseudorotaxanes in acetonitrile
(MeCN-d3). To further corroborate specific guest binding inside
the pore, 2DNMR experiments of 1–8 were performed in MeCN-
d3. While the DOSY spectra support the formation of only one
existing species indicating only specific interactions (Fig-
ure 41S–48S), the NOESY spectra showed no cross-signals
between the host and guest. Only the expected cross-signal of
the pillarplex protons and the cross-signals of the guest protons
themselves were observed (Figure 49S–56S). NMR experiments
(1H, DOSY, NOESY) were repeated in DMSO-d6. Interestingly, in
DMSO-d6, the 1H NMR spectra of 1–8 confirmed the protonation
of the dicarboxylic acids with signals visible in the range of
11.34–11.92 ppm (Figure 9S–16S) for the acidic proton. In
contrast, these signals were not visible in the 1H NMR spectra
measured in MeCN-d3. In the case of 3 and 4, the host-guest
formation was also confirmed by the respective cross-signals
between the protons of the guest and the host in the NOESY
spectra in DMSO-d6 (Figure 59S–60S).

To evaluate the thermal stability and the dissociation of the
host-guest complexes, variable temperature NMR spectroscopy
(in DMSO-d6) was performed in 20 °C steps. The full set of
signals for pseudorotaxanes 1, 5 and 6 were found up to 40 °C
and for 2, 3, 4, 7 and 8 up to 60 °C (Figure 65S–72S), while the
guest proton signals are broadened and shifted towards higher
ppm values at elevated temperatures. Consequently, a temper-
ature-dependent dynamic equilibrium of encapsulated and
non-encapsulated guest molecules can be expected, indicating
that the dicarboxylic acids are located outside the cavity to a
higher degree at elevated temperatures. Interestingly, the
pillarplex signals remain unchanged at higher temperatures
showing that the host system itself has a high thermal stability.

Figure 2. (A) Structural formula of the pillarplex salts; (B) Comparison of the diameter of (potential) guest molecules containing terminal � CH3, � NH2 and
� COOH groups to be encapsualted into the pillarplex pore; (C) General composition of pillarplex pseudorotaxanes formed by encapsulation of linear α,ω-
dicarboxylic acids (this work).
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The absorption maxima of 1–8 were investigated by UV-vis
spectroscopy in solution and in the solid-state, where absorp-
tion maxima in the range of 240–270 nm for Ag(I) congeners 1–
4 and in the field of 230–340 nm for the Au(I) pseudorotaxanes
5–8 (Figure 81S–84S) were found. The Au(I) congeners 5–8 were
also tested towards their emission and luminescence properties.
As already theoretically rationalised by destabilising the excited
state of [Au8L

Me
2](PF6)4 upon guest incorporation, no emission in

solution was detected.[28] But in the solid state, 5–8 exhibit
hypsochromic shifted maxima (λex =315–325nm, λmax =394–
402 nm) in comparison to the “empty [Au8L

Me
2](PF6)4 pillarplex

with λex =335 nm and absorption maximum of λmax =430 nm[13]

(Figure 85S–88S).

Titration experiments

1H NMR titration experiments of the four dicarboxylic acids to
[M8L

Me
2](PF6)4 were conducted to determine the binding con-

stant and the stoichiometry of host-guest interaction. For this, a
solution of CnH2n-2O4 was prepared and aliquots of [M8L

Me
2](PF6)4

were added. Exemplary in Figure 3, the titration of
[Ag8L

Me
2](PF6)4 with C8H12O4 in MeCN-d3 is shown. For all

titrations, continuous upfield shifting of the guest proton
signals can be seen supporting a fast equilibrium of host-guest
complex formation concerning the time scale of the NMR
experiment (Figure 99S–106S). As the shifting of the guest
proton signals was visible for 1–6, these 1H NMR titrations were
used to calculate binding constants Kd for host-guest complexes
ranging from 0.0019–1.99 ·10� 3 M (Table 1S) or from 3. · 10� 3 to
2.147 10� 6 (Table 1S). As in all titrations, several proton signals
could be assigned, the performance of a Job Plot titration
analysis was possible and supports a stoichiometry of 1 : 1 for all
host-guest complexes (Figure 107S-114S). NMR titrations were

repeated in DMSO-d6, which showed also fast equilibria for
titrations of C8H12O4 to [M8L

Me
2](PF6)4 and C10H18O4 to

[Ag8L
Me

2](PF6)4. The titrations of C10H18O4 to [Au8L
Me

2](PF6)4,
C12H22O4 to [M8L

Me
2](PF6)4 and C14H26O4 to [M8L

Me
2](PF6)4 showed

the formation of two species indicating a slow equilibrium
(Figure 123S, 124S, 126S–128S) yielding binding constants of Kd

for host-guest complexes 3, 4, 6–8 of 2.63–8.97 ·10� 5 M
(Table 5S). Here, a second set of pillarplex proton signals (in the
range of 9–5 ppm) is visible upon the addition of more than
1.0 eq. of [M8L

Me
2](PF6)4 indicating the simultaneous presence of

occupied and empty host above a host-guest stoichiometry of
1 : 1. With this behaviour of a rather slow equilibrium, already
after the addition of 0.2 eq. of guest the respective guest
proton signals are upfield shifted and during further addition of
guest no shifting is observed. Unfortunately, this hinders the
determination of the corresponding binding constants and the
determination of stoichiometry. Nevertheless, we observed the
high dependency of respective host-guest complexes towards
the applied solvent (MeCN vs. DMSO). Interestingly, the mode
of host-guest interaction is also strongly dependent on the alkyl
chain length of the guest (fast exchange for short acid vs. slow
exchange for longer acids) as observed in similar tubular deep-
cavitand systems very recently.[29]

To gain further insights into the different behaviours of the
host-guest binding equilibria in MeCN, we performed Isother-
mal Calorimetry (ITC) experiments. ITC relies on heat changes
due to the chemical events under investigation only and
therefore is not dependent on the choice of signals as we
observed in the 1H NMR titration experiments. Each pillarplex
[M8L

Me
2][PF6)4 in acetonitrile was titrated with the appropriate

dicarboxylic acid to form the pseudorotaxane. A binding
isotherm was used to fit the raw heat released at each addition
of guest and extract thermodynamic information.

All complexes show a strong enthalpic-driven force, con-
sistent with the formation of non-covalent interaction of the
linear alkyl chain with the inner cavity of the pillarplex. Similarly,
an entropic penalty (see Table 1) can be observed for all the

Figure 3. 1H NMR titration (400 MHz, 298 K) of a 2.85 mM solution of
[Ag8L

Me
2](PF6)4 in MeCN-d3 into a 1.43 mM solution of C8H12O4 in MeCN-d3.

Signals marked with * are assigned to MeCN (1.94 ppm) and # are assigned
to water (2.13 ppm). The signals between 5 and 8 ppm are assigned to
[Ag8L

Me
2](PF6)4. Due to electronic shielding of the guest molecule inside the

cavity, the proton signals of 1,8-octane diacid are upfield shifted and their
assignment was verified by 2D-COSY NMR spectroscopy. A binding constant
Kd of 1.99�0.70 ·10� 3 M was calculated.

Table 1. Results of the ITC titration experiments including the change of
enthalpy (ΔH), entropy (TΔS), determined binding constants Kd and the
calculated number of sites (N).

Dicarboxylic
Acid

ΔH
(kcal/mol)

TΔS
(kcal/
mol)

Kd (M) N number
of sites

Ag C8H14O4 � 10.8�2.8 � 3.53 4.8e-
6�4.9e-7

1.09�0.21

C10H18O4 � 14.8�0.48 � 7.67 5.75e-
6�4.6e-7

0.604�0.013

C12H22O4 � 23.3�0.85 � 16.2 6.12e-
6�3.3e-7

0.351�0.010

C14H26O4 � 21.8�0.45 � 14.1 2.01e-
6�1.2e-7

0.354�0.005

Au C8H14O4 � 17.9�3.54 � 10.9 7.77e-
6�3.09e-6

1.02�0.16

C10H18O4 � 28.9�6.92 � 22.4 1.63e-
5�7.4e-6

1.06�0.19

C12H22O4 � 25.3�1.42 � 17.6 2.29e-
6�3.9e-7

0.394�0.010

C14H26O4 � 33.6�0.41 � 25.3 8.50e-
7�4.6e-8

0.312�0.002
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samples, with an increase in magnitude going from C8H14O4 to
C14H26O4. The co-localisation due to the formation of the
inclusion complex, coupled with the reduction of conforma-
tional freedom of the alkyl chain is the main responsible for the
decrease of entropy in the system. The Kd determined from ITC
experiments are in the range of μM for all tested dicarboxylic
acids and consistent with the similar structure of the substrates
and interaction involved. These values strongly differ from the
ones derived from . Here, it should be noted that ITC uses a
quadratic equation to fit the binding isotherm making it
independent from the assumption of a constant concentration
of free ligand. It also operates in a concentration range close to
the Kd value, which is a condition to avoid the “titration regime”
and overestimate the Kd value.[30]

Interestingly, the ITC-derived binding stoichiometry (i. e., the
number of sites) for the long-chain carboxylic acid differs from
the expected 1 :1 ratio. Both pillarplexes show approximately a
3 :1 stoichiometry with the C12H22O4 and C14H26O4 dicarboxylic
acid, indicating that more than one pillarplex could slide along
the axle. This is also reflected by the higher enthalpy and
entropy changes measured for C14H26O4 vs C8H14O4. This exciting
behaviour was not observed before, but the length of the
diacids C12H22O4 and C14H26O4 entails the possibility of non-
covalent interactions between the acid group and pillarplex
rim, which can lead to the stoichiometry of 3 : 1. However,
comparing the calculated stoichiometries from ITC and 1H NMR
titration experiments, indicates a strong dependency of the
obtained host-guest complexes and the concentration.

Crystallographic Analysis

Single crystals suitable for single crystal X-Ray diffraction were
obtained by slow evaporation of tetrahydrofuran (THF) into a
saturated solution of 2–4 in acetonitrile. Colourless crystals of 2
were solved and refined in the monoclinic space group C2 (No.
5) featuring half of a [Ag8L

Me
2]

4+ cation, two PF6
� anions

disordered on different positions, as well as two THF molecules
in the asymmetric unit. 3 was obtained as plate-like colourless
crystals and the structure was solved and refined in monoclinic
space group I2 (No. 5). Here, the asymmetric unit contains two
and a half pillarplex cations, nine PF6

� anions and 13 THF
molecules. The colourless, plate-shaped crystals of 4 were
refined in the space group triclinic P1 (No. 2) with the
asymmetric unit containing two [Ag8L

Me
2]

4+ cations, nine PF6
�

anions and 12 THF molecules (for detailed crystallographic data
see sections 3.1–3.4 in the Supporting Information). Unfortu-
nately, a high disorder of the guest molecules inside the cavity
was observed and thus we were not able to refine them
explicitly. Therefore, PLATON/SQUEEZE[31] procedure was per-
formed. To verify the presence of guest molecules inside the
cavity, the number of squeezed electrons inside the cavities of
2–4 was evaluated towards the expected guests. Besides
disordered acetonitrile molecules pointing towards the meth-
ylene groups of [Ag8L

Me
2]

4+, two C10H18O4 molecules (110 e� per
molecule) were squeezed in the unit cell of 2. In the unit cell of
3 a total of 876 e� were squeezed approximately matching the

ten molecules C12H22O4 (126 e� ). The 579 e� squeezed in the
unit cell of 4 correspond to the four guest molecules (142 e� /
C14H26O4). These findings verify the successful encapsulation of
the α,ω-diacids into the pillarplex pore both in liquid and solid
state.

The carboxylic groups additionally inherit high potential to
form non-covalent interactions, especially hydrogen bonding,
hence, the crystal packing in the solid state was evaluated in
greater detail (Figure 4). As the incorporated diacid molecules
could not be refined explicitly, the removed electron density
has been visualised as void volume (1.2 Å) by Mercury. [32] In the
case of 2 isolated [Ag8L

Me
2]

4+ cations are observed with the
voids of the potential guest molecules being completely
enclosed inside of the pillarplex cavity. Hereby, the rim (cf.
Figure 5A) forms non-covalent interactions with PF6

� and THF
molecules. This can be visualised by Hirshfeld surface analysis[33]

for which the interactions of [Ag8L
Me

2]
4+ with THF molecules are

depicted in Figure 5B. The THF molecules are located on top of
the cavity blocking the pore opening. Similarly, non-classical
hydrogen bonding of the rim with PF6

� anions is also present
(see section 3, Supporting Information), which has already been
previously observed for pillarplexes.[24] However, for 3 and 4 a
pore alignment of the [Ag8L

Me
2]

4+ cations can be observed
along the c-axis (3) or the a-axis (4), respectively (Figure 4B&C).
Hereby, no PF6

� anions or THF molecules are found in proximity
of the rim for 3 or 4, instead these molecules are only located
lateral to the [Ag8L

Me
2]

4+ cations. Consequently, for 3 and 4
Hirshfeld surface analysis (Figure 5B&C) shows mainly interac-
tions with the methylene bridge or metal ions but not with the
rim of the pillarplex cations.

Closer inspection of the pore cavities shows that in the case
of 2 the respective void volume (Figure 4A, depicted in brown)
is exclusively present inside the pillarplex cations corresponding
to the electron density of the guest molecules. This corresponds
to a complete encapsulation of the guest and is in accordance
with the crystal packing, where no significant influence of the
guest towards the packing of the [Ag8L

Me
2]

4+ cations is visible.
In contrast, for 3 and 4 the pore voids form quasi-continuous
channels connecting the pore-aligned neighbouring pillarplex
cations (Figure B&C, depicted in brown). This is likely explained
by the fact that the incorporated diacids are longer than the
diacid encapsulated in 2, now presenting the carboxylic groups
outside the cavities. Hereby, hydrogen bonding with the rim of
neighbouring pillarplex cations, which already was observed for
the pillarplexes with, e.g. counter anion PF6

� and solvent
molecules, or hydrogen bonding between two neighbouring
acids is enabled.[24,26] By inspecting the Hirshfeld surface analysis
of 3 and 4, mainly potential hydrogen bonding sites at the rim
are observed, therefore 3 and 4 resemble hydrogen-bonded
polypseudorotaxanes[34–35] in the solid state. These new findings,
that the variation of guest molecules to encapsulate into
pillarplexes can strongly influence the packing and the
occurring (non–)covalent interactions, makes those mechan-
ically-interlocked molecules interesting in the context of
recently introduced hydrogen-bonded frameworks (HOFs)[36–39]

and in the context of crystal engineering.[40]
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Conclusions

In summary, the results support the successful guest uptake of
the dicarboxylic acids into the pillarplex cavity to form the
corresponding pseudorotaxanes. This proves a certain (con-
formational) flexibility of Ag- and Au-pillarplexes, allowing guest
uptake. The host-guest formation is governed by the comple-
mentarity of the guest molecules (linear shape, hydrophobic
central chain, chain length) and the pillarplex pore (tubular
shape, hydrophobic pore) going along with a potential
solvophobic effect in MeCN. This is supported by ITC measure-

ments in MeCN, showing the encapsulation being enthalpy-
driven. The pseudorotaxanes’ crystal packing was highly
dependent on the length of the axle molecules, most likely due
to different possible hydrogen bonding interactions forming
polypseudorotaxanes in the solid state. These results pave the
way to implement pillarplex-dicarboxylic acid pseudorotaxanes
as building blocks into future supramolecular or mechanical-
ly interlocked materials.

Figure 4. Crystal packing of cations [Ag8L
Me

2]
4+ with the visualisation of the intra-pore solvent accessible surface (brown, probe radius of 1. Å: (A) Pore cavity in

2 showing separated, non-connected voids, (B) Connected voids in 3 showing pore-alignment along the crystallographic c-axis and (C) connected voids in 4
showing pore alignment along the crystallographic a-axis. Note: The incorporated dicarboxylic acid guest molecules could not be explicitly refined and were
treated using the PLATON/SQUEEZE procedure.

Figure 5. (A) Regions of pillarplex cation for potential non-covalent interactions. Hirshfeld surface analysis of pillarplex cation [Ag8L
Me

2]
4+ in the solid state

showing short intermolecular contacts (red) with corresponding donor-acceptor [Y***Z] distances: (B) for 2 with classical hydrogen bonding a O···H 2.445 Å
and 2.454 Å, b O···H 2.479 Å and 2.511 Å; (C) for 3 with classical hydrogen bonding a O···H 3.641 Å, b O···H 3.134 Å, c O···H 2.788 Å; (D) for 4 with classical
hydrogen bonding a O···H 3.202 Å, b O···H 2.468 Å, c O···H 2.685 Å. Note: Surface areas in blue (pores and at metal ions in B) originate from SQUEEZE
procedure.
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Experimental Section
General Synthesis of pseudorotaxanes [M8L

Me
2](Diacid)(PF6)4 (1-8).

[M8L
Me

2](PF6)4 (1 eq.) and CnH2n-2O4 (1.1 eq.) were dissolved in
acetonitrile and the mixture was stirred at room temperature for
10 min. The solvent was removed in vacuo at room temperature
and a white solid was obtained.

NMR spectra were recorded on NMR spectrometer Bruker AV400US,
Bruker AVHD400, and Bruker AV500C at 298 K. The spectra were
referenced to the residual solvent shift as internal standard (MeCN-
d3,

1HNMR δ=1.94 ppm, 13CNMR δ=118.26 ppm; DMSO-d6,
1HNMR

δ=2.50 ppm, 13CNMR δ=39.51 ppm).

NMR titration. To a 1.425 mM solution of guest (C8H14O4, C10H16O4,
C12H22O4, C14H26O4) in MeCN-d3 or DMSO-d6 a 2.850 mM solution of
[M8L

Me
2](PF6)4 in MeCN-d3 or DMSO-d6 was added and 1H NMR

spectroscopy was performed. Analysis of the 1HNMR titration data
was performed by DynaFit,[41] Job Plot, BindFit[42–43] for a fast host-
guest exchange (in MeCN-d3) or the integral ratio of free and
encapsulated guest signals for a slow host-guest exchange (in
DMSO-d6).

ITC titrations. Isothermal titration experiments were performed on
a MicroCal PEAQ-ITC from Malvern Pananalytical. All experiments
were performed at 25 °C in pure acetonitrile. The reference cell was
filled with acetonitrile. For all the titrations the following conditions
were used: sample cell was filled with either [Au8L

Me
2](PF6)4 or

[Ag8L
Me

2](PF6)4 to a final concentration of 30 μM. The dicarboxylic
acid was loaded in the titration syringe to a concentration of
200 μM. Titration was performed with 1 injection of 0.4 μL followed
by 18 injections of 2 μL. Injection duration was set to 4 s, spacing
between injection 150 s and stirring speed to 750 rpm to ensure
homogeneous mixing of the solution. For each dicarboxylic acid a
control titration versus acetonitrile was performed and used to
correct heat of dilution. Data were fitted using a non-linear least
squares regression algorithm provided with the Malvern PEAQ-ITC
Analysis Software. For all titration, a “one-set of site” binding
isotherm was used. Errors correspond to error of the fit.

Single crystal X-ray diffraction data were collected on a Bruker D8
Venture diffractometer equipped with a CMOS detector (Bruker
Photon-100), a TXS rotating anode with MoKα (λ=0.71073 Å) and a
Helios mirror optic using the software package APEX3 and
APEX4.[45] Measurements were performed on a single crystal coated
with perfluorinated ether and the crystal was fixed on top of a
Kapton micro sampler, transferred to the diffractometer and frozen
under a stream of cold nitrogen. A matrix scan was used to
determine the initial lattice parameters. Reflections were merged
and corrected for Lorenz and polarisation effects, scan speed and
background using SAINT.[46] Absorption corrections, including odd
and even ordered spherical harmonics were performed using
SADABS.[46] Based on systematic absences, E-statistics, and success-
ful refinement of the structures, the space group was assigned. The
structure was solved by direct methods[47] with aid of successive
difference Fourier maps, refined using APEX3 and APEX4 software,
in conjugation with SHELXL-2018/3, SHELXL-2019/1 and
SHELXLE.[47–49] Hydrogen atoms were calculated in ideal positions
with Uiso(H)=1.2 Ueq(C). Non-hydrogen atoms were refined using
anisotropic displacement parameters. Full-matrix least-squares
refinements were carried out by minimising Σw(Fo

2–Fc
2)2 with the

SHELXL weighting scheme.[49] Neutral atom scattering factors for all
atoms and anomalous dispersion corrections for the non-hydrogen
atoms were taken from International Tables for Crystallography.[50]

Disordered molecule, which was treated as a diffused contribution
to the overall scattering without specific atom positions using the
PLATON/SQUEEZE procedure.[51] Images of the crystal structure
were generated with MERCURY and PLATON.21.[52–53]

Supporting Information

Additional references cited within the Supporting
Information.[13,15, 31–33,41–56] Deposition Numbers 2196097 (for 3),
2196098 (for 4) and 2196099 (for 2) contain the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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