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Molecular encapsulation of Cgo inside a hydrogen-bond-sealed
semi-flexible peptidic capsule is hindered in solution, yet it proceeds
effectively after mechanical milling of a solid sample. We show that
the molecular mechanism involves the generation of non-covalently
disordered forms that are active in guest uptake. We also show that
the solvent-free mechanochemical covalent synthesis of capsules
directly results in obtaining disordered, active forms.

Mechanical grinding/milling can be historically regarded as
the first technology for changing the chemical and physico-
chemical properties of matter."”> The method has numerous
“green” advantages® that result in its recent renaissance,
especially in the fields of nanoparticle synthesis,*’ polymorphic
transformations of pharmaceuticals,® alloying,” formation of
inclusion compounds,'>™" co-crystals, MOFs, and COFs"?> and
various chemical reactions."® Mechanically induced changes in
the structure of matter range from simple decreasing particle sizes
and amorphisation of crystalline materials through disruption of
non-covalent intermolecular interactions to deformation of bond
angles, and rupture and formation of valence bonds (including
formation of radicals)."*™"” In the case of soft organic solids and
biomolecules mechanical treatment is reckoned destructive and
therefore of limited practical use. For example, globular proteins
(trypsin, subtilisin)'®*® and fibrillar proteins (collagen)*
undergo denaturation during milling. In this paper we analyze
molecular changes that occur during mechanical treatment of
synthetic peptide-based capsules, which lead to an increase of
their penetrability, and we use this process for the formation
of encapsulation complexes. We also compare the effectiveness
of mechanochemical methods, including mechanochemical
synthesis with other methods of activation.
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Molecular encapsulation involves entrapment of guest mole-
cules inside closed capsular structures. This process requires
complete or partial opening of the capsule during guest’s
uptake and it is hedged by a kinetic barrier that determines
half-lives of encapsulation complexes. For capsules sealed by
hydrogen bonds the half-lives of encapsulation complexes in
solution under ambient conditions are typically in the range
of milliseconds to minutes.”* An exception in this regard is a
tightly sealed pyrogallolarene hexameric capsule that is surpris-
ingly kinetically stable in non-polar solvents and encapsulation
can be achieved by neat-melting with guests.>>”>* We recently
reported a hydrogen bonded peptidic capsule that is kinetically
stable in non-polar solvents (Fig. 1 and 2).>> Capsule soln-(1-1),
was obtained by dynamic covalent chemistry and non-covalent
dimerization under the conditions of a classical solution synthesis
(the dried sample obtained by the solution synthesis is denoted
as soln-(1-1),, Fig. 1). The X-ray structure reveals the presence of
eight intramolecular hydrogen bonds that stabilize the dimer.
Soln-(1-1), is kinetically stable upon re-dissolving in CDCl; and
no opening/closing processes are observed in the timespan of
weeks at rt. Therefore encapsulation of guests in soln-(1-1), does
not proceed in chloroform at rt. In contrast, effective encapsu-
lation of fullerenes Cg Or Cyq to form (1-1), © Cgg Or (1-1), D Cyg
was observed either: (1) during the chemical reaction of the
synthesis of capsules in a CHCl; solution or (2) upon milling of
solid fullerenes with solid capsule soln-(1-1),.>*> This observa-
tion has raised a question about the molecular mechanism of

HO OH ) —» soln-(L-1),

— mill-(L-1),
milling in
a planetary
ball mill

Fig. 1 Synthesis of two forms of (L-1),: in the solution (soln-(L-1),) and in
the solid state (mill-(L-1),).
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Fig. 2 (a and c) X-ray structure of (L-1),;?° (b and d) X-ray structure of
(L-1), > Cgp (this work); partial *H NMR spectra of: (e) (L-1)5; (f) (L-1),> Ceo;
(g) mixture of (L-1), and (L-1), > Cgg (chlorobenzene-ds, 298 K, 600 MHz).

the mechanochemical process, because encapsulation requires
considerable conformational rearrangement and translational
motion of molecules in the solid state, therefore it has to
be substantially different from previously reported mechano-
chemical complexation in semi-open hosts (e.g. cyclodextrins®
and calixarenes®’).

The experimental procedure of mechanochemical encapsu-
lation involves two steps: (1) milling of solid sample soln-(1-1),
and Cgp in a planetary ball mill and (2) dissolution of the
sample in order to analyze it by NMR. Even though our previous
experiments indicated that encapsulation does not proceed in
solution, we undertook additional precautions to standardize
dissolution conditions and exclude the influence of solubility
effects. In the current study we use chlorobenzene-ds (CB, solu-
bility of Cgo is 7 mg ml™" in CB as compared with 0.16 mg ml™*
in chloroform).”® Control experiments indicate that complex
(1-1), D Cqp is effectively formed in this solvent under the condi-
tions when covalent acylhydrazone bonds are reversibly broken
and formed (Table 1, entry 1 and entries 4 and 5) therefore
there are no thermodynamic obstacles for complex formation.
The 'H NMR spectrum of a mixture of (1-1), and (1-1),2 Cgo
in chlorobenzene-ds shows separate sets of signals for both
species (Fig. 1e-g) and no exchange is detected by EXSY.

Upon dissolution of pre-synthesized soln-(1-1), and Cs, in
chlorobenzene-ds at rt encapsulation was not observed even
after 7 days (entries 2 and 3). It indicates that non-covalent
opening of the capsule does not proceed in solution at rt
and therefore encapsulation is inefficient. However, when a
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stoichiometric mixture of solid soln-(1-1), and Cg, was milled for
1 h and then dissolved in chlorobenzene the yield of encapsula-
tion was 46% (entry 9). The yield of encapsulation is only slightly
altered upon increasing the milling time and the amount of
Ceo (43-53%, entries 10 and 11). Based on these results we
formulated the hypothesis that milling perturbs the 3D structure
of soln-(1-1), so that it becomes more penetrable and actual
encapsulation proceeds during dissolution (Fig. 3). To verify this
concept we performed a set of experiments in which soln-(1-1),
had no contact with Cgy during milling. Soin-(1-1), was milled
and then treated with a solution of Cg, in chlorobenzene or
soln-(1-1), and Ce, were milled separately and combined prior to
dissolution in chlorobenzene. In both experiments encapsula-
tion was observed (13% and 15%, respectively, entries 12-14).

When (L-1), is synthesized in solution, the molecule is mobile
and, after the reaction takes place, it equilibrates to assume its
thermodynamically most stable conformation, which is a non-
covalent dimer. Due to the self-complementarity of the hydrogen
bonding system such an ordered dimer is reluctant to open. On
the other hand, during the solvent-free synthesis the mobility of
molecules is considerably restricted. Therefore, even though the
chemical reaction proceeds, conformational reorganization of
flexible peptide arms in order to form the ordered dimer may not
be achieved. In order to verify this hypothesis, mechanochemical
synthesis of capsule (1-1), was performed. The reaction between
2 and »-3 proceeds smoothly in a mill and tetrasubstituted
product 1-1 is obtained already after an hour of milling (the
synthesis in solution requires 24 hours at 70 °C). The non-
covalent form of 1-1 directly after mechanochemical synthesis
is unknown, however after dissolution only dimers (.-1), are
present in solution in quantitative yield, therefore a solid sample
taken directly from mechanochemical synthesis was denoted as
mill-(1-1), (Fig. 1). Upon treatment of mill-(1-1), with the solution
of Cgo in chlorobenzene the yield of encapsulation is 40%
(entry 18) and it can be further increased by additional milling
of the two components together (60%, entry 19). These results
suggest that the sample obtained by mechanochemical synth-
esis (mill-(-1),) is more penetrable for complexation than
the sample obtained by solution synthesis (soln-(1-1),), most
likely due to the lack of conformational ordering during the
former processing.

To further confirm the hypothesis of disordering at the mole-
cular level during mechanical treatment or mechanochemical
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Fig. 3 The suggested mechanism of mechanochemically induced
changes in the non-covalent structure of capsules (L-1), that lead to
increased penetrability.
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Table 1 Complexation of Cgg by (L-1),
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Yield of complexation

Substrates” Conditions” Eq. Try 1 (%) Try 2 (%)

1 2 +1-3 + Cgp CB (70 °C, 1 day) 2:8:1 100 100

2 soln-(1-1), Ceo dissolved in CB (rt, 1 day) 2:1 0 0

3 soln-(1-1), Ceo dissolved in CB (rt, 7 days) 2:1 0 0

4 soln-(1-1), Ceo dissolved in CB (70 °C, 1 day) 2:1 50 50

5 soln-(1-1), Cgo dissolved in CB (70 °C, 7 days) 2:1 58 53

6 soln-(1-1), Ceo dissolved in CB (rt, 6 kbar, 1 day) 2:1 0 0

7 soln-(1-1), + Ceo Pressing (6 kbar, 1 h) 2:1 0 0

8 soln-(1-1), Cso dissolved in CB (ultrasound pulses, 2 h, rt) 2:1 0 0

9 soln-(1-1), + Cep (1) Milling (1 h) 2:1 43 50
(2) CB

10 soln-(1-1), + Ceo (1) Milling (2 h) 2:1 43 45
(2) CB

11 soln-(1-1), + Ceo (1) Milling (1 h) 1:1 43 53
(2) CcB

12 soln-(1-1), (1) Milling (1 h) 2:1 12 14
(2) Cgp dissolved in CB

13 soln-(1-1), (1) Milling (2 h) 2:1 14 22
(2) Cgo dissolved in CB

14 50In-(1-1),, Ceo (1) Separate milling of substrates (1 h each) 2:1 18 11
(2) Combining of powders
(3) CB

15 soln-(t-1), (1) Heating (50 °C, 10 mbar, 18 h) 2:1 0 0
(2) Ceo dissolved in CB

16 soln-(1-1), + Ceg (1) Heating (70 °C, 1 day) 2:1 0 0
(2) CcB

17 2 +1-3 + Cgo (1) Milling (1 h) 2:8:1 87 86
(2) CB

18 mill-(1-1), (1) Milling (1 h) 2:1 41 40
(2) Cgo dissolved in CB

19 mill-(1-1), + Cgo (1) Milling (1 h) 2:1 64 55
(

“ soln-(1-1), - solid sample obtained by solution synthesis, mill-(1-1), -

synthesis, electronic circular dichroism (ECD) spectra in
solution and in the solid state (SSECD) were compared to the
calculated spectra (Fig. 4). Capsule (1-1), is chiral due to the
presence of peptide chains and exhibits inherent conformational
chirality®® due to the directional position of acylhydrazone groups
around the upper rim of the resorcinarene. Inherent chirality is
most pronounced if the molecule assumes a C,-symmetric
conformation, as observed for soln-(1-1), (NMR and X-ray
crystallography). The theoretically calculated ECD spectrum
(TD DFT) of 1-1 in the C;-symmetric conformation (conf-1, Fig. 4e)
exhibits a long-wavelength CD band that comes from a HOMO-
LUMO transition. Orbitals involved in this transition are located
at the resorcinarene core (HOMO) and the acylhydrazone groups
(LUMO, Fig. 4g). In the distorted conformation relative posi-
tions of these groups are biased (conf-2 to conf-5, ESIT) and the
optical activity of this long-wavelength transition does not
occur as indicated by theoretical calculations (Fig. 4e). Thus,
calculations indicate that the lowest energy band is a sensitive
indicator of an overall ordered conformation of the molecule.
In order to strengthen the validity of the CD method for the
detection of structural order, we have performed experiments
in chloroform with addition of methanol (a polar solvent which
disrupts the hydrogen bonding system and thus destroys
the ordered capsular structure). The spectra show that upon
addition of methanol the intensity of the longest wavelength
band decreases (see Fig. S15, ESIt). The experimental ECD
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solid sample obtained by mechanochemical synthesis.

CB-chlorobenzene-ds.

spectra of soln-(1-1), in chloroform (Fig. 4a) and in the solid
state (ssECD, Fig. 4c) exhibit pronounced bands at 400 nm in
agreement with theoretical calculations (Fig. 4e). In contrast,
the ssECD spectra of both a milled sample of soin-(1-1), and
mill-(L-1), exhibit diminished intensity of the ECD band at
400 nm (though the bands are present in the UV spectra),
indicative of a highly perturbed conformation of a capsule in
milled samples.

Perturbation of the 3D structure of non-covalent capsules
may also occur as a result of an increase of temperature and
pressure and/or loss of encapsulated solvent molecules. In fact,
it has been reported that the motion of encapsulated guest
molecules in supramolecular cages is influenced by externally
applied pressure or internal pressure that comes from bulk
solvent.*" Upon milling of soln-(1-1), for 1 h the macroscopic
temperature reaches ~40 °C. In a control experiment a manually
powdered sample of soln-(1-1), was heated at 70 °C for 12 h under
high-vacuum and then exposed to solution of Cgo in chloro-
benzene (entry 15) or a mixture of soln-(1-1), and Ce, was heated
at 70 °C for 24 h (entry 4). In another experiment soln-(1-1), and
Ceo were subjected to a pressure of 6 kbar in chlorobenzene in a
liquid-assisted pressure reactor (entry 6) or in a solid pellet
(entry 7). Encapsulation was not observed under either of
these conditions. A mechanochemical method that also induces
local high shear and intense stress involves application of ultra-
sound waves. Ultrasound waves typically affect the molecular
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Fig. 4 (aand b) ECD and UV spectra of soln-(L-1), in chloroform solution,
(c and d) ssECD and UV spectra of solid samples (intensities of ssSECD spectra
are normalized using UV intensity), (e and f) theoretical circular dichroism
and UV spectra (TD DFT) for different conformations of L-1 (ESIT);%°
(9) orbitals involved in the lowest energy transition (HOMO — LUMO).

structures of larger molecules,®® however local temperature/
pressure gradients can also affect the kinetics of the formation
of non-covalent structures. Therefore we have also tested the
influence of such conditions on a solution of soln-(1-1), and Cg,
in chlorobenzene. Encapsulation was not observed under such
conditions (entry 8). These results indicate that a macroscopic
increase of temperature of the solid sample, desolvation or high
pressure is not efficient in inducing encapsulation.
Considering the proposed mechanism of mechanochemical
encapsulation it is quite intriguing that the yield of encapsula-
tion is increased by the contact between solid phases (entries 9,
12 and 14), while it does not increase upon increasing the
milling time (entries 9 and 10). These observations are ratio-
nalized by analysis of SEM images and the competition between
encapsulation and re-ordering during a dissolution process.
During milling the size of particles reaches a certain limit
(here 500-100 nm, Fig. 5 and Fig. S13, ESIt) and further milling
does not decrease their size, therefore, the number of surface
exposed molecules remains the same, so does the yield of
encapsulation. During the dissolution process, the capsule is
most perturbed and consequently most penetrable at the
beginning. Hence a close contact between particles at this stage
(as in the case of milling two components together) increases the
local concentration of guest molecules and favors encapsulation.
Similar effects can also come from purely solid-state encapsula-
tion. In order to asses these contributions we employed CP
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Fig. 5 SEM images of: (a) soln-(L-1), milled for 1 h; (b) soln-(L-1), milled
for 2 h.

MAS '*C NMR and IR. However, the resolution of both techni-
ques proved to be too low to distinguish between (r-1), and
(1-1), D Ceo (ESIT).

In conclusion, the experiments discussed above suggest that the
mechanism of the encapsulation upon grinding of conformation-
ally labile peptidic capsules involves mainly perturbation of their
3D structures that increases the penetrability. We have also shown
that the generation of distorted, active conformations cannot be
achieved by solitary actions of either heat, pressure or ultrasound.
However, it proceeds effectively during dry milling of the solution-
synthesized capsule or, even more effectively, during its mechan-
ochemical synthesis. Although the disordering process is, in most
cases, disadvantageous and it is difficult to control (the degree of
disordering depends on many factors) we have demonstrated here
that it can potentially be used as a method for surmounting the
kinetic barriers of complexation processes in porous materials.
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