Chiral Supramolecular Organization from a Sheet-like Achiral Gel:
Study of the Chiral Photoinductiont
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The chiral photoinduction in a photoresponsive gel based on an achiral 2D architecture with high geometric anisotropy and

low roughness has been investigated. Circularly polarized light (CPL) was used as a chiral source and an azobenzene

chromophore was employed as a chiral trigger. The chiral photoinduction was studied by evaluating the preferential

excitation of enantiomeric conformers of the azobenzene units. Crystallographic data and density functional theory (DFT)

calculations show how chirality is transferred to the achiral azomaterials as a result of the combination of chiral

photochemistry and supramolecular interactions. This procedure could be applied to predict and estimate the chirality

transfer from a chiral physical source to a supramolecular organization using different light-responsive units.

Introduction

The self-assembly of organic molecules to obtain well-defined
supramolecular nanostructures is a multi-purpose tool in
nanotechnology.>2 The supramolecular structures are defined
by the number, orientation, strength and nature of
intermolecular noncovalent interactions such as hydrogen
bonding, halogen bonding, m-m stacking, dipole-dipole
interactions and/or hydrophobic effects.34

Low molecular-weight organogels are amongst the most
attractive supramolecular materials based on the well-defined
self-assembly of the molecules.>® In these systems, the
inherent reversibility of the noncovalent interactions that
maintain the supramolecular organization makes it possible to
design materials that are sensitive to an external stimulus such
as light or chemicals.”® The gelator structure determines both
gelator-gelator and gelator-solvent interactions and, as a
consequence, the formation of the organogel, its
supramolecular organization and the responsiveness of the
final material are certainly controlled by the nature of the
gelator.10.11 Gels formed by photoresponsive gelators combine
in the same material the thermal reversibility of the gel-sol
transition with the control by light of the molecular packing.
Azobenzenes, stilbenes, diarylethenes and spiropyrans are
commonly used for this purpose.l’® Moreover, most of the
examples are both hydro- and organogels based on
photoresponsive gelators that exhibit fibrillar
morphology”1012 and only a few examples of gels with 2D
structures have been described to date.!3-15

Chiral physical forces can induce chiral supramolecular
organization formed by achiral molecules.'6-18 The induction
of chirality by light in achiral materials requires CPL as a chiral
source and light-sensitive units to transmit the chiral
information from light to the material.1® In this context, it has
been demonstrated that CPL irradiation of azobenzenes can
induce chiral supramolecular arrangements of the azobenzene
chromophores.?®  Furthermore, we reported chiral
photoinduction by CPL in achiral liquid crystalline
azomaterials?2122  and even in achiral amorphous
azopolymers.24

The preparation of shape-controlled nanoobjects based on
organic materials is an advanced topic in supramolecular
engineering.252% |n particular, nanosheets have opened up a
wide range of potential technological applications in the fields
of device fabrication, catalysis, sensing, separation, electronic,
photoelectronic and biomaterials.3° Building 2D architectures
requires careful molecular design to promote 2D-directed
cooperative intermolecular interactions.3! The preparation of
chiral nanosheets from achiral molecules is still unusual but
interesting applications have been proposed for these chiral
assemblies, e.g., chemical and biological detection,
enantioselective synthesis, membrane-based chiral
separation and molecular devices.32

The work described here concerns an organogel based on
the achiral crown ether azobenzene gelator 12-AZ015/5 (Fig.
1). The morphology of the solid network of this
photoresponsive gel has been investigated and
crystallographic data and the DFT methodology were
employed to study the transference of the chirality from the
circularly polarized light to an achiral gel of 12-AZ015/5 to
give a chiral material.
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Fig. 1 The gelator 4'-(p-dodecyloxyphenylazo)benzo[15]crown-5 ether
(12-AzZ015/5).

Results and Discussion

Gelation behavior

The compound 12-AZ015/5 has been described previously3334
and the gelation ability and optical properties of selected gels
of 12-AZ015/5 were reported. Details of the synthesis and
characterization of gelators and instrument and methods used
are provided in the Supporting Information. The gelation of
organic solvents by low molecular weight compounds is often



illustrated by the ability to invert a test tube that contains the
gelator and solvent without the sample flowing.3536 Using this
criterion, the gelation capability of 12-AZ0O15/5 was first
studied at room temperature in polar and nonpolar solvents
at 5.0% wt concentration. In cases where a gel was formed,
lower concentrations were tested in order to evaluate the
minimum gelation concentration (MGC) at room temperature.
12-AZ015/5 gelled at room temperature in several of the
solvents tested (Table S1 in the Supporting Information) to
yield opaque gels that were stable for months without
apparent phase separation. Gels in 1-dodecanol were selected
for a more in-depth study because this solvent has a high
boiling point and a relatively low vapor pressure.3’

Gels in 1-dodecanol of 12-AZ015/5 showed different
morphologies depending on the gelator concentration (Fig. 2).
At levels below 3.0% wt of 12-AZ015/5 the gels exhibited a
fibrillar morphology but above 5.0% wt the solid network of
the gels was based on platelets. In the range between 3.0%
and 5.0% wt both sheets and fibers were observed. To the
naked eye the soft states organized in platelets are
pearlescent, while the fibrillar gels had a matt appearance and
looked more continuous than the sheet-like ones. The color of
the gels depends on the morphology. The gels with the fibrillar
morphology were yellow and the sheet-like gels were orange,
which suggests that the aggregates of the azobenzene groups
are different as UV-vis spectra indicate (Fig. S1 in the
Supporting Information). G(12-AZ015/5)-2.0 and
G(12-AZ015/5)-6.0 (Fig. 2) were selected for morphological
and optical studies. However, it was observed that the
formation of G(12-AZ015/5)-2.0 was controlled by the cooling
rate of the initial solution. At a low cooling rate, 1 K min~, the
gel was not obtained and 12-AZO15/5 precipitated as
sheet-like crystals, but rapid cooling of the solution (>5 K min~
1) led to the formation of the fibrillar gel.3® These results
limited the study of G(12-AZ0O15/5)-2.0. Conversely, the
formation of sheet-like G(12-AZ015/5)-6.0 was not dependent
on the cooling rate. Both gels were birefringent (Fig. 2) and
this is consistent with a well-defined molecular organization.
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Fig. 2 Gel-sol temperature (T, falling sphere test) vs. gelator concentration of
12-AZ015/5 gels in 1-dodecanol. Polarized optical microscopy (POM) images
and macroscopic aspect of G(12-AZ015/5)-2.0 and G(12-AZ015/5)-6.0.

Gel-sol transition temperatures of the 12-AZ015/5 gels, as
determined by the dropping ball method (Tgel), decreased
slightly from 2.0 to 3.5% wt and increased at concentrations
above 3.5% wt with an exponential relationship observed (Fig.
2). This unusual behavior of the 12-AZ015/5 gels is related to
the two different morphologies observed by POM 3940

Morphology studies

The results of the POM study indicated that the morphology
of the 12-AZ015/5 gels depends on the gelator concentration.
In fact, the images obtained by scanning electron microscopy
(SEM) of the xerogel from G(12-AZ0O15/5)-2.0 showed a
network of entangled thin, flexible and uniform fibers (Fig. 3a).
However, the SEM images of the G(12-AZ015/5)-6.0 xerogel
(Fig. 3b) revealed a completely different morphology, as the
gel-like state arises from a dense aggregation of irregular thin
sheets. Cryogenic scanning electron microscopy (cryo-SEM)
was used to obtain further insights into the gel structure (Fig.
3c and 3d). The cryo-SEM images proved that the xerogels
retain the gel structure and they also confirmed the influence
of the 12-AZ015/5 concentration on the gel morphology.

The sheet thickness and surface roughness of sheet-like
G(12-AZ015/5)-6.0 were
microscopy (AFM) (Fig. 4). The measured sheet thickness was
3.940.8 nm and the histogram indicates a uniform sheet

determined by atomic-force

thickness. Moreover, the AFM measurements suggest that the
surfaces of the sheets are extremely smooth. In fact, the root
mean square values (Rrms) for the surface roughness
measured at various zones of the plates were in the range 0.3—
0.4 nm.*! These results indicate that the solid networks of the
1-dodecanol gel are formed by low-roughness nanosheets.*2



Fig. 3 Xerogels from G(12-AZ015/5)-2.0 and G(12-AZ015/5)-6.0: SEM images (a and b,
respectively) and cryo-SEM images (c and d, respectively).

X-ray diffraction and molecular packing model

The X-ray diffraction (XRD) diagrams for G(12-AZ015/5)-6.0
and a polycrystalline sample of the gelator were recorded at
room temperature (Fig. 5). The XRD patterns of the gel showed
diffraction peaks due to (0 O n) consistent with a lamellar
structure. The layer d-spacing in the sheets of
G(12-AZ015/5)-6.0 was 38 A. These data are consistent with
the minimum layer thicknesses determined by AFM.
Moreover, the calculated molecular length of the gelator
12-AZ015/5 is 32 A. Given this value, the layer of 12-AZ015/5
could be formed by tilted dimers. The fibrillar xerogel formed
by G(12-AZ015/5)-2.0 did not show typical diffraction peaks of
a crystalline material (Fig. S2 in the Supporting Information)
and this finding could be due to the aggregates being less
regular than the sheet-like structure.*3

According to the XRD results, the solid network of
G(12-AZ015/5)-6.0 retains a certain degree of crystallinity
(Fig. 5). Therefore, the platelet gelled state can be described
as lamellar aggregates with a molecular packing order quite
similar to the crystalline solid.** In cases where the XRD
pattern of the gel and crystalline sample of the gelator are
similar, an accurate model for the molecular packing in the
xerogel can be obtained from the crystalline structure in the
bulk single crystal.}237.44 Unfortunately, the crystalline
structure of 12-AZ015/5 could not be determined. For this
reason, the model compound 1-AZO15/5 (Fig. 6), which
contains a methoxy terminal group instead of the dodecyloxy
group in 12-AZ015/5, was synthesized and its crystal structure
was resolved (see Supporting Information). Although the
gelation ability of 1-AZO15/5 (Table S1 in the Supporting
Information) was not as good as that of 12-AZ015/5, the
model compound fortunately gelled with dodecane and
1-dodecanol. This allowed an investigation into the
corresponding gel G(1-AZ015/5)-5.0 (1-dodecanol gel, MGC
5.0% wt). The SEM analysis confirmed that the xerogel formed
by G(1-AZ0O15/5)-5.0 had a sheet-like morphology (Fig. 6a)
similar to that exhibited by G(12-AZ015/5)-6.0. The powder
XRD patterns of the G(1-AZ0O15/5)-5.0 gel and the
polycrystalline sample were registered and these proved that
a lamellar organization with a d-spacing about 2.8 nm was
present (Fig. 6b). Furthermore, the AFM study revealed that

the nanosheet thickness is 2.6+20.4 nm (Fig. S3 in the
Supporting Information).

1-AZ015/5 crystallizes in the monoclinic P2;/c space
group*> (see the Supporting Information). The molecules of
1-AZ015/5 form dimers due to weak hydrogen bonds
C(1)-H---0(1) [2.60(4) A, 148(3)°] between the methoxy groups
(Fig. 6¢c). The dimers are arranged in a herringbone-type
packing (70.5°) along the b axis, thus giving rise to layers with
a width of 23.2 A due to the tilt of dimers, which measure
approximately 34 A. This crystal structure is consistent with
the arrangement of the gelators in the solid networks of the
gels. The d-spacing of the layers corresponds to the nanosheet
thickness measured by AFM. The polarizing optical microscopy
study showed that the individual platelets are birefringent at
an orthogonal angle and this result supports the proposed
model based on the gelator molecules being titled with
respect to the sheet surfaces.3”
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Fig. 4 AFM data of xerogel from G(12-AZ015/5)-6.0: (a) AFM height image; (b)
cross-section profiles of xerogel, and (c) step-height distribution histograms.

On the basis of the results discussed above it seems
reasonable to propose that the nanosheets of
G(12-AZ015/5)-6.0 consist of tilted dimers of 12-AZ015/5 in a
similar way to the model compound 1-AZ015/5. According to
the proposed model for the molecular packing in
G(12-AZ015/5)-6.0, the crown ether moieties should point to
the sheet surface and the aliphatic chains would be packed
inside the nanosheets. Therefore, the sheet surface should be
hydrophilic. In order to verify this proposal, the hydrophilicity
of the xerogel from G(12-AZ015/5)-6.0 was characterized by
measuring the water contact angle (CA) at its surface. The CA
on the xerogel formed by G(12-AZ015/5)-6.0 was 58.1+1.4°
(Fig. S4 in the Supporting Information), which seems to
confirm the proposed molecular assembly based on tilted
dimers with the hydrophilic units (crown ether units) pointing
outwards from the sheet surface.
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Fig. 5 Powder XRD diagrams of G(12-AZ015/5)-6.0 (red) and polycrystalline
12-AZ015/5 (black).

Chiral photoinduction

The absorption spectrum of 12-AZ015/5 in 1-dodecanol
solution displayed the characteristic absorption bands of the
azobenzene 7a). The absorption
maximum corresponds to the mn-mw* transition with the
transition moment parallel to the long axis of the azo
chromophore. The less intense band at around 450 nm is due
to the n-* transition. The w-nt* transition with the transition
moment parallel to the short axis of the E-azobenzene units
was observed at around 250 nm. The gel showed more
complex, red-shifted and broader w-m* transition bands,
which suggests the presence of aggregates in which the
azobenzene units are tilted (J aggregates).*® In fact, the
proposed model for the solid network that supports the gels
points to J-aggregation of the azo chromophores into the
nanosheets. Kondo et al. reported a similar crystalline
structure consisting of stacks of monolayer J-aggregates of
symmetric azocompounds that form plate-like crystals.47-4°
Moreover, the platelets of these compounds show specular
reflectance and a flat surface similar to the solid network of
G(12-AZ015/5)-6.0.

The photoinduction of chirality in gels was evaluated by
electronic circular dichroism (ECD). Spectra were registered
before and five minutes after irradiation with CPL. Before
irradiation the gels were ECD silent, which confirmed an
achiral material. As discussed above, the fibrillar gel
G(12-AZ015/5)-2.0 corresponds to a metastable state and it
was not possible with the available experimental data to
propose a molecular packing model for this gel morphology.
For this reason, the irradiation of G(12-AZ015/5)-2.0 was not
carried out.

A preliminary study was carried out to establish the
optimum irradiation conditions for G(12-AZ015/5)-6.0. The
gel was irradiated with CPL at 365 or 488 nm (Fig. S5 in the
Supporting Information shows UV-vis of G(12-AZ015/5)-6.0

chromophores (Fig.

after CPL irradiation), which correspond to m—n* and n-m*
transitions, respectively. Irradiation at 365 nm (CPL) quickly
gave rise to a gel-sol transition due to the trans-cis
photoisomerization and chiral photoinduction was not
detected under these irradiations conditions, even before the
photoinduced gel-sol transition. Conversely, net ECD spectra
were registered after irradiation with left- or right-CPL (/-CPL
or r-CPL) at 488 nm (Ar* laser, 25 mW/cm?2). Moreover, at this
wavelength the chiroptical response increased with the
irradiation time up to 80 minutes without detecting gel-sol
transition (Fig. S6 in the Supporting Information). Therefore,
according to these results the gel was irradiated with /-CPL or
r-CPL at 488 nm for 80 minutes and it was confirmed that the
gel state was retained. After CPL irradiation under these
conditions, the gel exhibited a clear chiroptical response (Fig.
7b) and changes in the UV-vis spectra were not observed. The
photoinduced ECD spectra showed an exciton couplet
associated with the main absorption and a less intense couplet
corresponding to the m—nt* transition moment parallel to the
short axis of the azobenzene units. Moreover, the opposite
ECD spectrum was obtained when CPL with the opposite
handedness was applied. This chiral response has been
ascribed to chiral aggregates in which the azobenzene units
have a prevailing handedness.2223.50 Unfortunately, irradiation
of G(1-AZ015/5)-5.0 could not be carried out because a gel-sol
transition was detected before irradiation could be carried out
when the gel was placed in cell. This finding could be due to
the poor gelation ability of 1-AZ015/5.
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Fig. 6 (a) SEM image of the xerogel formed by G(1-AZ015/5)-5.0; (b) powder XRD
diagrams of G(1-AZ015/5)-5.0 (red) and polycrystalline 1-AZ015/5 (black), and (c)
crystalline structure of 1-AZ015/5.

A key issue concerning this photoinduction of chiroptical
properties in gel materials is how the CPL generates net
chirality. The crystallographic structure of 1-AZ0O15/5



confirmed that the preferred conformation of the azobenzene
units in the crystal is not fully planar, with a torsion angle
defined by C(9)—C(8)—C(5)—C(4) (¢1) of 6°, as shown in Fig. 6.
Consequently, the benzene ring of the benzo[15]crown-5
ether unit is not coplanar with the phenylazo unit and this
results in chiral conformations of the gelator. Based on the
structural similarities with the crystalline structure, it is
reasonable to propose that nonplanar conformers can be
present in the solid network of G(12-AZO15/5)-6.0. The
presence of nonplanar conformations of azobenzene units has
been confirmed in some systems.>152 Indeed, the irradiation
with CPL of stable enantiomers of E azobenzene derivatives
can induce an enantiomeric excess caused by a preferential
interaction of one of the E-enantiomers with /- or r-CPL.53:54
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Fig. 7 (a) UV-vis absorption spectra of 12-AZ015/5 in 1-dodecanol solution (—) and
G(12-AZ015/5)-6.0 (), and (b) electronic circular dichroism (ECD) spectra of right-CPL
(r-CPL, --) and left-CPL (/-CPL,—) irradiated samples of G(12-AZ015/5)-6.0 for 80 min
(488 nm Ar* line, 25 mW/cm?).

With the aim of explaining the chiral photoinduction in the
achiral gel, our approach is based on the asymmetric induction
by preferential excitation of enantiomeric conformers in the
racemic mixture of the photoactive gelators using /- or r-CPL.>>
The anisotropy factor, g factor,>¢-58 defined as the normalized
difference in the molar extinction coefficients between
optically pure isomers toward /- or r-CPL at a given
wavelength, regulates the degree of preferential excitation by
CPL and, consequently, the photoinduced enantiomeric
excess.>®5% In order to evaluate the g factor for the molecular
structure with slight distortions in the angle between the
benzene rings (¢1) and thus validate our hypothesis, we
conducted a theoretical study using the time-dependent
density functional theory (TD-DFT) methodology to calculate
the UV-vis and ECD spectra.

Firstly, in order to adjust the method, the UV-vis and ECD
spectra of the enantiomers in the crystal structure of the E
isomer for 1-AZO15/5 were calculated at the
TD-B3LYP-D3/6-31G(d) level with Gaussian 09%° for gas phase
and in 1-octanol solution using the polarizable continuous
model (PCM) approach. The obtained results in vacuo are in

good agreement with the registered UV-vis spectra of
1-dodecanol solutions of 1-AZ015/5 and 12-AZ015/5 (Fig. S7
in the Supporting Information). Considering the calculated
UV-vis and ECD spectra, we estimated the g factor at different
wavelengths. The UV-vis and ECD spectra are shown in Fig. 8
along with the g factor calculated for a selected chiral Eisomer
of 1-AZ015/5 in the crystalline structure. The calculated ECD
spectrum showed a positive Cotton effect corresponding to
the m—n* transition and a negative Cotton effect for the
forbidden n-rt* transition. Both Cotton effects for 1-AZ015/5
have similar ECD absolute values. The g factors at 365 and 488
nm are 1.40-10~* and 4.40-1073, respectively, and these are
typical values for aromatic compounds.6! Moreover, it is worth
highlighting that the anisotropy factor corresponding to the
partially forbidden n-mt* transition is higher than the g factor
at 365 nm close to the m—=m* transition. Secondly, the
geometrical parameters of 12-AZO15/5 in vacuo (starting
from the 1-AZ0O15/5 crystalline structure) were optimized by
DFT calculations at the B3LYP-D3/6-31G(d) level. The angle ¢1
(Fig. 9) in the optimized conformation of 12-AZO15/5 was
1.6°. This optimized geometry was used to calculate the UV-vis
and ECD spectra from 200 to 700 nm by the TD-DFT
methodology and the g factor at 488 nm of the optimized
structure was 1.20-1073.
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Fig. 8 (a) UV and ECD spectra calculated by the TD-DFT methodology for a selected
chiral E isomer of 1-AZ015/5 for the crystalline structures and (b) calculated g factor
for the chiral structure of 1-AZ015/5 vs. wavelength.

Finally, the dependence of the energy, relative to the
optimized structure of 12-AZ0O15/5, with regard to ¢; was
analyzed using partial optimizations, with all of the remaining
geometrical variables relaxed. The potential energy scans
were performed by varying ¢, from the optimum value in steps
of 1°up to 19.6° (1.6°+18x1°). The UV and ECD spectra (Fig. 9a
and 9b) and the g factor at 488 nm were then calculated for
each increment of ¢;. The variation of the energy and the g
factor at 488 nm vs ¢, for 12-AZ0O15/5 is represented in Fig.
9c. As expected, the energy increased with ¢4, but in the range
from 1.6° to 19.6° the energetic barrier was below 1.5 k) mol~
1. The torsion of the benzene rings along the N—N axis up to
19.6° is allowed under the current experimental conditions.®2
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Fig. 9 Calculated absorption (a) and ECD spectra (b) of 12-AZ015/5 on modifying ¢;. TD-DFT method at the B3LYP-D3-6-31G* level Gaussian 09. (c) The relative energy of the

conformers of 12-AZ015/5 and the g factor at 488 nm vs ¢, for 12-AZ015/5.

The supramolecular interactions that support the solid
network of G(12-AZO15/5)-6.0 may prefer a slightly
non-planar conformation, as occurs in the crystalline structure
of 1-AZ015/5, and the solid matrix may freeze the rotation of
the benzene ring along the N—N axis. As the non-planar
conformer is chiral, prior to CPL irradiation the solid network
must be formed by a racemic mixture of enantiomeric
conformers and aggregates. Otherwise, the g factor at 488
nm, and consequently the degree of preferential excitation on
using /- or r-CPL, would increase with ¢,. In fact, at 488 nm a
variation of three degrees of ¢; in the minimum energy
structure leads to an increase in the g factor from 0.001 to
0.003. This noteworthy increase in the g factor due to slight
modifications of ¢1is achievable with an energy cost of around
0.04 kJ/mol according to the DFT data. The effective
supramolecular interactions impose a high conformational
restriction that avoids the rotation of the benzene units and
fixes the chiral conformers. CPL irradiation yields bent Z
isomers and these have a less appropriate structure to
establish supramolecular interactions, e.g. m—mn stacking, and a
higher dipolar moment that can increase the solubility with
respect to the E isomer. Both factors can allow a fast ground
state racemization of the Z isomers. Finally, the E-Z-E cycles
induced by 488 nm CPL are able to enrich one of the E
enantiomeric conformers. According to the majority rule
principle,®3 a strong bias towards the chiral organization
preferred by the major enantiomer can be achieved through
supramolecular interactions and this results in an excess of
one of the chiral aggregates.®4%5 The ECD of the CPL-irradiated
gel corresponds to the chiral aggregates imposed by the major
E conformer. Irradiation with CPL of opposite handedness led
to an enantiomeric excess of the other chiral conformer and
consequently an opposite ECD signal due to the enantiomeric
aggregates.

Conclusions

Photoresponsive achiral gels supported by a 2D layer
nanostructure have been prepared and a new class of chiral
material has been obtained by CPL irradiation of the achiral
gel. This chiral photoinduction is based on the preferential
excitation of nonplanar conformers of the azogelator.
Moreover, the presence of these nonplanar conformations
has been proven by the crystallographic data from a crystalline
model compound and by DFT calculations. Furthermore, the
anisotropy factor of nonplanar conformers calculated in a
theoretical study using the TD-DFT methodology to calculate
UV-vis and ECD spectra proved to be a useful parameter to
evaluate the effectiveness of the chiral photoinduction in an
achiral material. In summary, we have carried out an in-depth
study into the transformation of achiral supramolecular
structures in chiral supramolecular material based on
conformational chirality. It was concluded that a combination
of crystallographic data and DFT calculations provides good
evidence to explain how chirality is transferred to the
materials. This method could be used to evaluate the chiral
photoinduction using other chiral triggers.
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