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Solid-state self-inclusion complexation behaviour
of a pillar[5]arene-based host—guest conjugatef
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A host—guest conjugate consisting of a pillar[5]arene and an ethylene moiety containing a triazole group
at one end and a perfluorooctyl group at the other end was synthesized. The host—guest conjugate
displayed unusual real-time scale solid-state self-inclusion complexation behaviour. The host—guest

conjugate formed a de-threaded supramolecular structure only in solution, even at high concentrations.
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However, heating the solid-state host—guest conjugate led to the formation of a self-inclusion complex
structure at a real-time scale; at 100 °C, it took ca. 20 h to form the self-inclusion complex at
the equilibrium state at a conversion of 85%. The self-inclusion complex converted to the de-threaded

form at a real-time scale when it was stored in solvents with small molecules, which worked as

rsc.li/frontiers-materials competitive guests.

Introduction

A self-inclusion complex, pseudo[1]rotaxane, which consists of
a macrocyclic host-guest conjugate, is one of the simpler supra-
molecular structures among various supramolecular structures
such as rotaxanes, catenanes, polyrotaxanes, and polycatenanes.' ™
The host-guest conjugates exhibit a fast or slow exchange between
the self-included and de-threaded supramolecular structure when
exposed to different external stimuli. As the concentration of the
host-guest conjugate increases, self-assembly normally leads to
a mixture of a self-inclusion complexes and linear and cyclic
supramolecular oligomers and polymers. Crown ethers,*™°
cyclodextrins,'®™® cucurbit{n]urils,"®*° calix{n]arenes,*'*
pillar[n]arenes*** have been utilized as hosts to make host-
guest conjugates. The kinetics of the self-inclusion complexa-
tion process and stability of the self-inclusion complex can be
controlled by tuning the relationship between the cavity size of
the macrocyclic hosts and length, size, and functional groups
on the guest. In most cases, the change in the supramolecular
structure in solution can be monitored using "H NMR and optical
measurements such as UV, fluorescence and CD measurements.
In this study, we discovered an unusual solid-state self-inclusion
complexation behaviour when we synthesized a new pillar{5Jarene-
based host-guest conjugate.
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Pillar[n]arenes,*” which were first reported by our group,*®

form stable host-guest complexes with linear alkanes containing
electron-withdrawing groups at both ends.**™** Thus, we used
an ethylene moiety with two different electron-withdrawing
groups, a triazole and a perfluorooctyl group, at each end as
the guest to make the host-guest conjugate 1 with 9 cyclohexyl
groups (Cy, Fig. 1). The host-guest conjugate 1 only formed the
de-threaded structure 1d in solution. Interestingly, heating 1d
in the solid state led to formation of a self-inclusion complex
structure (1s). The change in the supramolecular structure in
the solid state occurred at a real-time scale: it took ca. 20 h to
reach the equilibrium state by heating at 100 °C. By controlling
the temperature, 85% conversion of 1d to 1s was achieved at
the equilibrium state. Reports of changes to a supramolecular
structure in the solid-state are very rare. Horie and co-workers
reported pseudorotaxanes that act as a thermal- and photo-driven
molecular switch in the single-crystal state.***> Monitoring of
macrocyclic ring motion of [2]rotaxane using *H solid state
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Fig. 1 Chemical structure of pillar[5]arene-based host—guest conjugate
and supramolecular structural changes between de-threading form 1d and
self-inclusion complex 1s. Cy: cyclohexyl group.
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NMR in metal-organic frameworks was reported by Loeb and
co-workers."® Takata and co-workers reported thermal-induced
solid-state ring-shuttling in side-chain-type polyrotaxanes.*’
However, to the best of our knowledge, there are no examples
of solid-state supramolecular structural change of host-guest
conjugates from a de-threaded to a self-inclusion complex
structure by heating. Furthermore, 1s was very stable; even at
high concentrations, 1s did not change to other supramolecular
structures such as linear and cyclic supramolecular oligomers
and polymers. This is an unusual phenomenon because supra-
molecular structures change from self-inclusion complexes to
liner and cyclic supramolecular oligomers and polymers with
increasing concentration.>”® The selective synthesis of self-
inclusion complexes has been reported using cyclodextrins and
pillar[5]arenes as wheels,"””'®%°3* but the complexation to
form the self-inclusion complexes was mainly in solution.
To the best of our knowledge, this is the first example of self-
inclusion complexation by external stimuli in the solid state,
while there are reports of self-inclusion complexes in solid
state.>*** Furthermore, 1s was converted back to 1d by storing
1s in solution. The structural change also occurred at a real-time
scale; it took ca. 20 h to reach the equilibrium state at 25 °C.
In this study, we investigated the mechanism of the unusual
self-inclusion complexation in the solid state and de-threading
behaviour in solution.

Experimental section
Materials and methods

Pillar[5]arene containing a monoalkyne group (2) and a mono-
azide containing ethylene and perfluorooctyl moieties (3) were
synthesized according to previous reports.>**® Solution "H NMR
spectra were recorded at 500 MHz with a JEOL-ECA500 spectro-
meter. Powder X-ray diffraction (PXRD) measurements were
performed on a Rigaku Smart Lab high-resolution diffracto-
meter. Differential scanning calorimetry (DSC) was performed
using a PerkinElmer Jade DSC calorimeter equipped with an
Intra-cooler II under a flow of dry nitrogen and with a heating

rate of 10 °C min™ ..

Synthetic procedures

The synthesis of the pillar{5]arene-based host-guest conjugate 1 is
shown in Scheme 1. Tris[(1-benzyl-1H-1,2,3-triazol-4-yl) methyl]-
amine (173 mg, 0.321 mmol) and Cu(CH;CN),PFs (121 mg,
0.321 mmol) were added to a solution of the monoalkyne 2>*
(485 mg, 0.321 mmol) and monoazide 3*® (200 mg, 4.10 mmol)
in dichloromethane (20 mL). The mixture was stirred at 25 °C
for 48 h. The resulting solution was concentrated under
vacuum. Column chromatography (silica gel; hexane/dichloro-
methane = 3:1) afforded a white solid in the de-threaded form
(1d, 155 mg, 0.0774 mmol, yield: 24%). 'H NMR (CDCl,, 500 MHz,
ppm): 6 = 7.63 (s, 1H, triazole unit), 6.74-7.00 (m, 10H, phenyl),
5.25, 5.23, 5.08, 5.06 (dd, 2H, methylene), 4.65, 4.67, 4.67
(t, 2H, methylene), 3.36-3.88 (m, 28H, methylene), 2.81-2.91
(m, 2H, methylene), 1.05-2.05 (m, 99H, cyclohexyl group).
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Scheme 1 Synthesis of the host—guest conjugate 1 by copper()-catalysed
alkyne—azide cycloaddition (CuAAC) “click” reaction between the mono-
alkyne 2 and monoazide 3.

3C NMR (CDCl;, 125 MHz, ppm): § = 150.6, 149.9, 148.7, 145.8,
128.8, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 127.9, 127.8, 122.6,
115.4, 115.1, 115.0, 114.9, 114.7, 74.2, 74.1, 73.9, 62.8, 42.3, 38.6,
38.5, 38.4, 32.0, 31.9, 30.5, 30.4, 30.2, 30.0, 29.5, 29.2, 29.0,
26.7, 26.1, 26.0. HRESIMS: m/z caled for C;11H,00F17;N3Na;04¢
[M + Na]": 2025.0478, found 2025.0474.

Monitoring the self-complexation and de-threading behaviour

An as-synthesised sample of 1d in the solid state was heated at
various temperatures. After heating the sample in the solid
state, the sample was cooled to 25 °C, dissolved in CDCl;, then
the "H NMR spectrum of the sample was obtained after 3 min.
De-threading occurred in CDCl;, but it took several hours
(ca. 20 h at 25 °C) to reach equilibrium; therefore, '"H NMR
spectra obtained quickly after dissolving the sample in CDCl;
can be used to determine the supramolecular structure formed
in the solid state. The de-threading process was monitored by
'"H NMR measurements by storing the mixture (1s/1d = 85/15),
which was prepared by heating the solid state 1d at 100 °C for
48 h, at various temperatures in CDCIl;. The ratio between 1s
and 1d was determined by calculating the integration ratio
between the "H NMR signal C from 1s and the signal ¢ from 1d

(Fig. 2).

Results and discussion

Unusual solid-state self-inclusion complexation behaviour of
pillar[5]arene-based host-guest conjugate

We synthesized the host-guest conjugate 1 by the copper(i)-
catalysed alkyne-azide cycloaddition (CuAAC) click reaction
between a pillar[5]arene containing a monoalkyne group (2) and
a monoazide containing ethylene and perfluorooctyl moieties (3)
(Scheme 1). To investigate the assembled structure of 1, we
obtained the "H NMR spectra of 1 at various concentrations
(Fig. S3, ESIt). However, the proton peaks of 1 did not change
even at a high concentration, which indicated that supra-
molecular polymerization and self-inclusion complexation did
not take place. The as-synthesized 1 formed the de-threaded
structure 1d. This was owing to the bulkiness of the perfluorooctyl

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 2 H NMR spectra of the host—guest conjugate 1. As-synthesized (a), after heating of 1 in the solid state at 100 °C for 48 h, dissolving the solid

sample in CDCls, and obtaining the spectrum after 3 min (b), and 24 h (c).

moieties in 1. The cavity size of pillar[5]arenes is ca. 4.7 A,
which accommodates a linear hydrocarbon.*®*° The size of the
perfluorooctyl moiety is slightly larger than the cavity size of a
pillar[5]arene (see ESL T in details). The other possible reason
for the de-threaded structure of 1d is the electron repulsion
force between the electron-rich cavity of the pillar[5]arene** and
the electronegativity of the perfluorooctyl moiety. The electron
repulsion force would prevent threading of the perfluorooctyl
moiety into the pillar[5]arene cavity to form a self-inclusion
complex and cyclic and linear supramolecular oligomers
and polymers. However, surprisingly, new proton signals (red)
appeared along with the original proton signals of 1d after
heating of 1d at 100 °C for 48 h in the solid state, which
indicated that complexation occurred. No solvent molecules
were included in the cavity of the pillar[5]arene host-guest
conjugate 1, which confirmed by "H NMR measurement of 1d
(Fig. 1S). To investigate the supramolecular structure after the
heating, we investigated the concentration-dependent "H NMR
spectra after heating 1d in the solid state. However, even at
high concentrations, the new set of proton signals did not
change (Fig. S6, ESIt), which indicated that the supramolecular
structure of 1 after the heating was the self-inclusion complex
1s, which was very stable; 1s did not form cyclic and linear
supramolecular oligomers and polymers even at high concen-
trations. We investigated the effect of the temperature on the
conversion from 1d to 1s in the solid state (Fig. 3a). At 25 °C,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018

1s was not formed even after a significant period (150 h). 1s was
slowly formed, but the reaction did not reach a thermodynamic
equilibrium upon heating of 1d at 50 °C for 95 h. At 100 °C,
it took 20 h to form 1s in a thermodynamic equilibrium;
the conversion to 1s at the equilibrium state was 85%. The
conversion to 1s decreased with increasing reaction tempera-
ture above 100 °C. The time required to reach a thermodynamic
equilibrium became shorter with increasing reaction tempera-
ture. These results were used to determine the thermodynamic
(AH* and AS*) parameters based on Eyring plots (Fig. S4, ESIT).
AH* and AS* were 70.8 k] mol™" and —124.2 ] mol™* K%,
respectively. The calculated AG* and half-life time t1/, at 50 °C
were 110.9 k] mol " and 23.4 h, respectively. We could monitor
the self-inclusion complexation behaviour of 1 in the solid state
at a real time-scale. To understand the reason why 1 formed
the self-inclusion complex 1s by heating, we calculated the
electrostatic potential profile of the guest (ESI,} in details). The
ethylene moieties in the guest are positive because triazole and
perfluorooctyl groups at both ends of the guest part are negative.
In the case of pillar[5]arenes, the inner surfaces of the cavities
are negative, and the outer surfaces of the cavities and rims are
almost neutral.*® Thus, pillar[5]arenes capture the positive moieties
of the ethylene moieties in the guest part. This was consistent
with the experimental data: the proton signals from the ethylene
moieties in the guest part (signals d and f) showed a large
up-field shift after the formation of the self-inclusion complex.

Mater. Chem. Front., 2018, 2, 597-602 | 599
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at 100 °C for 48 h.

However, the fluoro atoms have high negative charge (Fig. S12,
ESIYt); therefore, there would be electron repulsion between the
perfluorooctyl group and the negatively charged pillar[5]arene
cavity. In addition, the size of the perfluorooctyl group was
slightly larger than the cavity size of pillar[5]arenes, because the
cavity size of the pillar[5Jarenes was just able to accommodate
the linear hydrocarbons.*® Thus, heating was necessary to form the
self-inclusion complex to induce threading of the perfluorooctyl
groups into the pillar[5]arene cavity.

Assembled structural change by self-inclusion complex in solid
state by heating

To investigate the solid-state structural change of the supra-
molecular assembly from 1d to 1s, DSC measurements were
carried out (Fig. 3c). In the first heating of 1d (Fig. 3c(i)), an
endothermic peak was observed from 70 °C to 90 °C. However,
an endothermic peak was not observed in the second heating
(Fig. 3c(ii)). No endothermic peak was observed in the first and
second heating of a mixture of 1s and 1d (1s/1d = 85/15, Fig. S5,
ESIT). Thus, the endothermic peak observed in the first heating
of 1d resulted from formation of 1s. Fig. 3d shows the powder
X-ray diffraction patterns before and after heating of 1d in the
solid state at 100 °C for 48 h. New diffraction peaks appeared
in the small angle region around 7-10 degrees upon heating,
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which indicated that the structure of the assemblies change
from 1d to 1s even in the solid state.

De-threading in solution

Assembly 1s was stable in the solid state, but de-threading
slowly occurred when 1s was stored in CDCl;. Fig. 2b and c
show the "H NMR spectra after dissolving 1s (1s/1d = 85/15) in
CDCl; after 3 min and 24 h. The new set of the proton signals
from 1s was observed after 3 min, but almost disappeared after
24 h, indicating that 1s changed to 1d by dissolving of 1s over
several hours in CDCl;. 1s was slowly converted to 1d at 25 °C
(Fig. 3b). The time required to reach thermodynamic equilibrium
became shorter with increasing reaction temperature. The
de-threading was accelerated by heating in solution. These results
were used to determine the thermodynamic (AH* and AS*) para-
meters based on Eyring plots (Fig. S8, ESIT). AH' and AS* were
72.3 k] mol ™" and —82.5 ] mol~' K™', respectively. The calcu-
lated AG* and half-life time t,,, at 25 °C were 90.7 k] mol~* and
2.89 h, respectively. We also monitored the de-threading behaviour
of the complex in CDCl; in at a real-time scale.

The effect of different solvents on the supramolecular struc-
ture change was also investigated. When CD,Cl, was used as a
solvent (Fig. S9, ESIT), the set of signals attributed to 1s also
disappeared after 24 h, as observed in CDCl; (Fig. 2c), which
indicated that de-threading occurred in CD,Cl,. In contrast,
the "H NMR signals of 1s did not change even after 24 h when
1s was dissolved in deuterated 1,1,2,2-tetrachloroethane and
cyclohexane (Fig. S10 and S11, ESIt). The affinity of the solvent
molecules for the pillar[5]arene cavity depends not only on the
polarity of the solvent but also on the molecular size of the
solvent molecules. The cavity size of pillar[5]arenes is 4.7 A;
thus, pillar[5]arenes can form complexes with solvents with a
small molecule size but cannot form complexes with solvents
with a large molecule size.”" The inclusion of the small CH,Cl,
molecules into the cavity of pillar[5]arenes has been completely
characterized by single X-ray crystal analysis.’> The size of the
CD,Cl, and CDCl; molecules is small enough to form com-
plexes with pillar[5]arenes; thus, de-threading occurred in these
solvents. In contrast, the 1,1,2,2-tetrachloroethane and cyclo-
hexane molecules were too bulky to fit into the pillar[5]arene
cavity. Therefore, no de-threading occurred in these solvents.

Conclusions

Unusual real-time scale solid-state self-inclusion complexation
behaviour was observed when a pillar[5]arene-based host-guest
conjugate was heated in the solid state. The inclusion of a
superhydrophobic perfluorooctyl group in the guest in the solid
state would be used in surface chemistry to control contact angles.
The self-inclusion complex converted to the de-threaded form at a
real-time scale when it was stored in solution in solvents with
small molecules, which work as competitive guests. The real-time
scale structural changes would be useful for controlling supra-
molecular assembly and systems at a real-time scale. This is now
under investigation.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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