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Supramolecular Chemistry

A Family of Supramolecular Frameworks of
Polyconjugated Molecules Hosted in Aromatic
Nanochannels**

Piero Sozzani,* Angiolina Comotti, Silvia Bracco, and
Roberto Simonutti

Organic molecules that contain extended conjugated i sy-
stems are an important class of active molecules, which show a
number of attractive photochemical and electro-optical
properties: they have applications as optical and electronic
materials for photonics and data storage, and as semiconduc-
tors and probes in biological media.l'! Their inclusion in solid
matrices extends the range of thermal stability, provides
protection from chemical damage and improves their proc-
essability. Organized materials used as hosts are of particular
interest, since they can transfer the benefits of their peculiar
topological properties and modulate the functions of active
molecules.”! The application of the principles of self-assembly
and crystal engineering® permits the manipulation of con-
jugated molecules through new interactions and the shaping
of specific nanoscale environments in a way that mimics the
control exerted by proteins on biological light receptors.[
Noncovalent soft interactions are enough to bring about the
spontaneous aggregation of host and guest molecules, even if
they are very different in mass and their chemical nature. The
tunability of the constraints and the variety of groups that can
be involved in the weak interactions indicates a strategy that,
besides modulating guest dynamics and conformations, allows
us to explore a wide variety of intermolecular interactions.

The tris(o-phenylenedioxy)cyclotriphosphazene (TPP)
molecule exhibits high D;, symmetry, that disfavors close
packing and promotes the formation of host-guest adducts.?’
The versatility of TPP is such that it has intriguing properties;
it can self-assemble, and can form a nanoporous material with
permanent nanochannels of 0.5nm in diameter that can
absorb molecules from the gas phase.”l Herein we show that a
variety of linear m-conjugated molecules can be encapsulated
in infinite nanochannels lined with aromatic groups, which
offer tailored surroundings of weak interactions. Self-organ-
ization with TPP resulted in nanostructured adducts of
exceptional stability in which polyconjugated molecules sit
aligned in the parallel nanochannels of the crystalline frame-
work (Figure 1). The novel host-guest architectures with
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Figure 1. An example of adducts of tris(o-phenylenedioxy)spirocyclotri-
phosphazene (TPP) with polyconjugated molecules (green: carbon;
white: hydrogen; violet: phosphourous; gray: phosphazenic ring).

a) Side view of TPP (ball-and-stick mode) as arranged in the hexagonal
crystal cell of the compounds 1-10. b) Space-filling mode of trans,
trans,trans-1,6-diphenyl-1,3,5-hexatriene molecule. c) Projection of the
hexagonal crystalline adduct of TPP with guest molecules viewed along
the channel axis (c axis). The guest molecules are aligned uniaxially
along the nanochannels.

conjugated molecules are sustained by a diffuse network of
CH-mt and m--m interactions that, through cooperation,
improve the robustness of the supramolecular adducts. The
stabilizing interactions were recognized by using advanced
high-resolution 2D hydrogen—carbon solid-state NMR tech-
niques, now available for elucidating the structure and
dynamics of large supramolecular assemblies."! Linear con-
jugated molecules that contain various chains of building
blocks (i.e., double bonds, phenyl and thiophene rings) could
be included to form the adducts 1-10 (Table 1).

The self-assembly process is evidenced by the sponta-
neous formation of the supramolecular adducts, shown in the
differential scanning calorimetry (DSC) traces by exotherms
that occur simultaneously with, or subsequently to, the
melting of the guests (Supporting Information). The congru-
ent melting of the adducts are at temperatures higher than
that of both the matrix (250°C) and the guests. Thus, the
range of thermal stability of the nanostructured materials 1-
10 extends up to 310°C (AH,,~90Jg™'), 100-200°C higher
than the melting points of the guests.™! Their crystal structures
show a virtually identical hexagonal architecture dictated by
the host (space group P6;/m), as determined by the resolution
of single-crystal structures of selected samples and the
simulation of the powder-diffraction profiles® (the crystallo-
graphic data and refinements are given in the Supporting
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Information). Concerning the guest atoms, Fourier-difference
synthesis could determine a residual electron-density distri-
bution diffused along the nanochannels without any specific-
ity, thus indicating the occurrence of static or dynamic
disorder of the guests in the incommensurate structures.
Adducts 1-10 and the bulk guests were characterized by 'H,
BC, and *'P MAS NMR spectroscopy at a spinning speed of
15 kHz (chemical-shift assignments are given in the Exper-
imental Section and Supporting Information). The low multi-
plicity of the matrix signals indicates the high symmetry of the
TPP molecule in the hexagonal honeycomb structure, which is
consistent with results from X-ray diffraction (Figure 1).
Advanced 2D NMR spectroscopy experiments based on
fast magic-angle spinning and Lee-Goldburg decoupling
(Supporting Information) can reduce hydrogen-hydrogen
homonuclear coupling and result in high resolution in the
hydrogen region of the spectrum. The resolution and sensi-
tivity in 2D reduces the overlapping of signals so that isotope
labeling is not required to detect intermolecular interac-
tions.”! Analysis of the compound with diphenylhexatriene
(8) at 1 ms cross-polarization time results in a 2D 'H,"”C
HETCOR Lee-Goldburg NMR spectrum with well sepa-
rated host and guest signals (Figure 2a); cross signals of the
guest molecules are indicated by the blue area. The remark-
able resolution shows the hydrogen signals assigned to the
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Figure 2. Contour plots of 2D phase-modulated Lee-Goldburg PMLG
decoupled heteronuclear ('H,"C) dipolar correlation spectra of com-
pound 8. The spectra were performed in a magnetic field of 7.04 T by
using a spinning speed of 15 kHz. Ramped cross-polarization times of
a) 1 ms (blue area: guest—guest cross signals) and b) 5 ms (yellow
area and orange area: guest-TPP and TPP-guest cross signals, respec-
tively) were applied.
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Table 1: Guest molecules and their adducts with TPP 1-10 along with their melting properties.

schriften

thus indicating an intimate relationship

10

T,, of the adduct [°C]"™

Name and structural formula of the guest molecules® T, pure [°C]"
trans-azobenzene 68 266
N< /@
S
trans-stilbene 125 275
O ~ ‘ ~97%
trans 1,2-di(2-thienyl)-ethylene 134 283
\ / A \ >98%
trans-1,2-difluoro-1,2-di(2-thienyl)-ethylene 94 284
F
A\
\ /
F
trans-1,2-difluoro-1,2-di(5-methyl-2-thienyl)-ethylene 86 290
F

[\
CHs ~ ~ CHs >98%
trans,trans-1,4-diphenyl-1,3-butadiene 153 289¢
O TN ‘ >99%
1,4-di(2-thienyl)-1,3-butadiene 173 301
SN /
trans,trans,trans-1,6-diphenyl-1,3,5-hexatriene 203 309¢
O A NN >99%
4,4'-dipentoxy-2,2'-dithiophene 52 296°

o)
/ \ \<CSH11>
\ /

(CSHH 0
4,4""-dipentoxy-2,2":5,2"":5",2""-tetrathiophene 119 313¢

0]
B [\
L L

0

/<05H11)

among the assembly components.

In the 2D HETCOR experiment, proton
magnetization evolves during ¢, under its
chemical-shift Hamiltonian and then is
transferred to the nearby carbon atoms by
cross polarization: the intensity of the
correlation signal is a measurement of the
distance d according to the scaling law of
1/d°. The effectiveness of the transfer high-
lights the short hydrogen-to-carbon distan-
ces. Compounds 2 and 6, as well as the
diazobenzene adduct 1, show similar host—
guest interactions and diamagnetic upfield
shifts. The adduct 9 formed with a dithio-
phene derivative that bears the pentoxy side
chains is an example of one of the thio-
phene-containing compounds (3, 4, 5, 7, 9,
and 10. Selected 2D 'H,°C HETCOR
spectra are shown in Figure 3.

The exceptional resolution in the hydro-
gen domain and the large magnetic suscept-
ibility was exploited to understand the
precise topology of the hydrogen atoms in
the adduct. In a control experiment on the
pure bulk material, only intramolecular
correlations of protons to vicinal carbon
atoms were active (Figure 3a): an exception
being methyl and y-methylene protons that
show intermolecular correlations with thio-
phene ring carbon (C3 and C5), since the
trans aliphatic chains point towards the
thiophene ring of a vicinal molecule in the
herringbone arrangement!'”! (Figure 3¢c). In
contrast, the 2D spectrum of adduct 9
(Figure 3b) shows a multiplicity of host—
guest interactions and a strong upfield shift
of the guest signals in the carbon and
hydrogen dimension (compare projections
of Figure 3b to Figure 3a). The dramatic
shifts of the hydrogen-atom signal of —1.8/
—2.2 ppm have such an influence in the 'H
MAS NMR spectrum (Figure 3¢) that
methyl protons resonate upfield to TMS at
Ou=—1.1ppm, methyleneoxy protons

[a] The guest molecules are listed according to molecular masses. [b] The accuracy of the melting point
is +£1°C; the calorimetric traces of the adducts are reported in the Supporting Information. [c] The

adduct was also prepared by crystallization from o-xylene solution.
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polyene chains (0 =
5.6 ppm) of the guest.

4.7 ppm) and the aromatic heads (dy =

The nanochannels of TPP develop aromatic walls with the

phenylenedioxy groups facing the guests, which generates a
notable upfield shift of about 2 ppm (4= 0,44ucc—Oriquia =
—2 ppm) due to the diamagnetic susceptibility produced by
the host paddles wrapping around the confined guests. Longer
cross-polarization times (5 ms) result in new correlation
signals (Figure 2b) that pertain to through-space intermolec-
ular interactions between TPP and diphenylhexatriene nuclei,
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move from dy5=3.6 to 1.8 ppm and thio-
phene protons at dy=4.10 ppm are pre-
vented from overlapping with the TPP
signal.'!

The marked upfield shifts are observed here for the first
time in the spectrum of the polyconjugated molecules
embedded in aromatic nanochannels, and the 2D cross signals
are a clear demonstration of the intimate relationship of the
guest with the host aromatic groups. The strong magnetic
susceptibility, derived from the TPP aromatic paddles,
permits the exact determination of the distance of a probe
atom from the phenylenedioxy ring (Figure 4). Nucleus-
independent chemical-shift maps give the calculated chemical
shifts in the region around the aromatic ring, as derived from

Angew. Chem. 2004, 116, 2852 —2857
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Figure 3. Contour plots of 2D PMLG decoupled heteronuclear ('H,"*C) dipolar correlation spectra of a) the 4,4'-dipentoxy-2,2'-dithiophene and

b) compound 9. The spectra were performed in a magnetic field of 7.04 T by using a spinning speed of 15 kHz. Ramped cross-polarization times

of a) 1 ms and b) 5 ms were applied (yellow and orange areas: guest-TPP and TPP—guest cross signals). c) A view of two molecules in the mono-
clinic unit cell, space group P2,/c a=9.823(1), b=11.942(2), c=7.885(1) A, =90.13°(2) (blue: carbon; yellow: sulfur; white:hydrogen). d) Sche-
matic picture of the 4,4'-dipentoxy-2,2"-dithiophene confined to the aromatic nanochannels. €) "H MAS NMR spectrum of 9 obtained with a spin-

ning speed of 15 kHz.

a) Hy
4 the electronic current density generated by the main magnetic

field."? Proton resonances shifted 2 ppm upfield indicate the
topology of the guest hydrogen atoms above the plane of
benzene rings at a distance of 2.5 A (Figure 4a).l"¥) Short
intermolecular distances, such as those determined, imply
close contact between the m-electron clouds and hydrogen
atoms, and favorable Van der Waals interactions. Both
theoretical studies and the survey of a number of crystal
structure determinations have established that energy minima
occur at distances of hydrogen atoms from the center of
aromatic rings of between 2.5 and 2.8 A.

The CH-mt arrangements account for about 2 kcalmol ™

of energy.'¥ Recently, energy minima of 2.5 kcalmol ™" were
accurately determined for benzene dimers in the favorable T-
shaped and slipped-parallel arrangements. At the minima, the
intermolecular distance of CH hydrogen atoms from the
aromatic center is 2.5 A, as in the present case.'”] The XRD
structural resolution, although unable to detect the exact
location of the guests, describes the crystal buildings in which
the guests are encapsulated. The existence of CH:-m inter-
actions is compatible with the size of the 5 A nanochannels
that are recognizable in the crystal structure. Three contig-
uous phenylenedioxy rings are present at each cross section of
TPP structure (Figure 4b) and another three, related by a 6;
screw axis, are found on the next TPP layer along the channel.

b)

Figure 4. a) Topology of guest hydrogen atoms located at 2.5 A above
the plane ofthe benzene rings: the ring currents generate an upfield
shift of 2 ppm. b) An example of polyconjugated guest molecule

encapsulated in the nanochannel and surrounded at a close contact by Thus, both the aromatic and aliphatic CH groups of the
three aromatic paddles of the TPP host. guest find, with high probability, any of the st-receptors lining
Angew. Chem. 2004, 116, 2852 —2857 www.angewandte.de © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the walls and move to vicinal receptors through low activation
energies. Multiple CH---m interactions simultaneously sustain
the architecture, and make a notable contribution to the
exothermic self-assembly. Melting enthalpies evaluated by
DSC and referenced to one mole of TPP, give values of
6 kcalmol™! for bulk TPP in the nanoporous modification
(host-host interactions) and about 12 kcalmol™ for the
adducts (host-host and host—guest interactions).'® Since the
host arrangement is the same in the bulk nanoporous
modification as in the adducts, the difference in enthalpy is
mostly due to the host-guest interactions, accounting for
2 kcalmol™" per each TPP paddle involved in CH-s inter-
actions. Also, the conformational arrangement of the guests
differs from that of the bulk by as much as it does from that of
the solutions. Conformations contribute to additional upfield
shifts, even reaching on some carbon atoms a shift value of
—4 ppm with respect to the bulk. The large shift must be
ascribed to the y-gauche shielding effect!'”! added with the
same sign to the magnetic susceptibility. In the nanostruc-
tured environment, although the molecules are squeezed to
elongated shapes, departure from trans conformations is
largely tolerated, since the guests are softly embraced within
an organized environment. In fact, the interactions are loose
enough to permit a diffusional spinning motion of the guests
within the nanochannels, which is consistent with carbon spin-
lattice relaxation times of 10-30s in the extreme narrowing
regime of motions, with correlation times of 7, < 10~ s for all
the guests.'¥ Interestingly, entropy decreases moderately
while weak interactions lead to the formation of host-guest
complexes: if the host—guest interactions were strong and
tight enough to impede librations and torsions of the guests,
the entropy loss would be also greater, thus leading the
enthalpy/entropy balance to compensate, without gaining
much advantage through thermal stability.'"” Thus, guest
dynamics concur with the favorable host—guest interactions
resulting in a surprising overall stabilization, which allows
adducts to exist at high temperatures.

In summary, linear m-conjugated molecules have been
engineered in unique supramolecular structures in such a way
as to be completely surrounded by aromatic groups. The
molecules are confined by self-assembly within a crystalline
honeycomb network and have uniform alignment along the
crystallographic c axis, with the stimulating perspective of
orienting anisotropically the active molecules in thermally
stable single crystals. Unconventional NMR spectroscopic
techniques were able to localize, with rare accuracy, the
hydrogen atoms involved in weak hydrogen-atom-s inter-
actions and found the central motif common to the novel
nanostructures, that is, the organization of & receptors wrap-
ping about the guests and sustaining a diffuse network of
weak v+t and aliphatic CH--m interactions. Weak host—guest
interactions form collectively a robust, exceptionally stable,
architecture that nevertheless provides a soft environment for
the guest: an ideal locus at which the encapsulated molecules
are balanced between freedom and constriction. Interestingly,
the infinite fully aromatic nanochannels, shaped by the host,
resemble carbon nanotubes®®! with the aromatic rings parallel
to the channel axis. The novel series of supramolecular
adducts contribute to the evolution of new generations of 1D
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ordered assemblies of important families of functional
molecules with the strategy of exploiting weak interactions
to modulate the molecular arrangements and functions.

Experimental Section

TPP was synthesized according to a reported procedure.” Com-
pounds 1-10 were prepared either by crystallization from o-xylene
solutions of TPP (0.01 mole L™') and guest molecules or by heating
intimately mixed guest and TPP powders above the melting point of
the guests (host-guest weight ratio of about 6:1); o-xylene was
previously purified by n-nonane impurities by using molecular sieves
and TPP itself as entrapment agent of linear alkanes. No inclusion
compound with 3,3'-dipentoxy-2,2'-dithiophene is formed due to the
steric hindrance of the molecule.
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