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ABSTRACT: Liquid crystal macrocycles (LCMs) combine the unique properties of liquid crystals with those associated with macrocyclic
compounds —shape persistence and the capability of hosting small molecules. Herein we investigate the grafting of coumarin-containing
promesogenic moieties to pillar[ 5 Jarene as a strategy to obtain multifunctional LCMs. Pillar[$ Jarenes containing 10 and 30 coumarin units are
glassy materials with nematic mesomorphism. Moreover, the coumarin moieties afford the pillar[S]arene derivatives enhanced film-forming
and photoresponsive properties. Photodimerization of the coumarin moieties results in cross-linked polymer networks which can be used as
alignment layers. Therefore, liquid crystal coumarin-containing pillar[$]arenes represent a significant addition to the family of LCMs and may
become useful for the development of engineered, hierarchical structures and materials.

INTRODUCTION rocycles, imidazolium salts, cycloaramides and catenanes.®® Addi-

Liquid crystals (LCs) are unique in that they flow yet their consti- tionally, they exhibit a specific solid-phase microstructure where

tuting molecules exhibit long-range order.! Such a property is at the each macrocyclic moiety is approximately in register with those be-
low and above it, an ordering which can result in infinite molecular
channels embedded in a LC matrix. Thus, LCMs have been pro-

posed as promising candidates for the next-generation materials in

basis of a plethora of applications, including LCD technology, sens-
ing, optics, soft robotics, as well as electron and ion transporting ma-
terials.”* The engineering of LCs at the molecular level can unlock

further opportunities for the development of advanced multifunc- nanofiltration and ion-conducting applications.

tional materials.® Specifically, macrocycles are particularly attractive A more recent addition to the family of LCMs include pil-
scaffolds for the preparation of multifunctional LCs on account of lar[n]arene derivatives.' Pioneering work on LC pillar[$]arenes by
their shape-persistent cavity and their ability to host small guest mol- Nierengarten, Deschenaux and co-workers has been followed by an
ecules.’” Liquid crystal macrocycles (LCMs) typically present a cen- increasing interest in this type of LCMs, where a common approach
tral macrocyclic moiety surrounded by promesogenic units, and in- is based on the functionalization of the rim positions of pil-
clude, but are not limited to, phenylacetylene and oligopeptide mac lar[n]arenes with promesogenic, calamitic or dendritic (Percec-type
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dendrons), moieties."! Pan and co-workers have recently investi-
gated the properties of two pillar[ $]arene derivatives containing 10
azobenzene promesogenic moieties.''

Inspired by these studies we envisioned that pillar[$]arenes
P5-Cou-10 and PS-Cou-30 (Chart 1) would be perfect for the re-
alization of self-organizing materials as they exhibit LC properties
and can be cross-linked into polymer networks via coumarin photo-
dimerization."? Herein, we disclose the synthesis of PS-Cou-10 and
P5-Cou-30, their LC behavior and host-guest properties. This
study lays the ground for our future research on responsive LC ma-
terials with shape-persistent cavities and pores of nanoscopic dimen-

sions.

Chart 1. Chemical structures of P5-Cou-10, P5-Cou-30 and 9.

RESULTS AND DISCUSSION

The synthesis of pillar[S]arene derivatives P5-Cou-10 and
P5-Cou-30 relied on the copper-catalyzed alkyne-azide cycloaddi-
tion (CuAAC) reaction between decaazide 8 and alkyne-functional-
ized promesogenic moieties 4 and 6 (Scheme 1). Compound 4 was
synthesized from  7-[(11-bromoundecyl)oxy]-2H-chromen-2-
one, 1, as depicted in Scheme 1a.”® In the first step, 1 was reacted
with methyl 4-hydroxybenzoate under Williamson alkylation condi-
tions to yield 2. Alkaline hydrolysis of the methyl ester group of 2
and subsequent esterification with propargyl alcohol resulted in 4
(Scheme 1a). Coumarin dendron 6 was obtained from §,'* after es-
terification with propargyl alcohol (Scheme 1b). The CuAAC reac-
tion between 8 and alkyne-functionalized coumarin derivatives 4
and 6 was performed in THF /water at 40 °C using CuSO4-5H,O/so-
dium ascorbate as catalytic system (Scheme 1c), which has been
shown to provide excellent coupling yields. A slight excess of alkynes
4 and 6 was used in each of the CuAAC reactions in order to drive
the transformation of the azide groups of 8 to completion. The evo-
lution of the CuAAC reaction was monitored by FT-IR spectros-
copy. The disappearance of the -Njs stretching vibration signal band
at 2089 cm” indicated the complete consumption of all the azide
groups of 8. At this point, an azide-functionalized polystyrene resin
was added in order to remove the excess of alkyne. Pillar[5]arenes
P5-Cou-10 and PS5-Cou-30 were purified by column chromatog-
raphy and isolated as air-stable gummy solids which are soluble in
common solvents such as dichloromethane, chloroform and THF.
The '"H NMR and “*C NMR spectra of P5-Cou-10 and P5-Cou-30

are consistent with the proposed chemical structures (Chart 1, Fig-
ures la and $9-S18). The presence of a signal at ca. § = 8.00 ppm in
the "H NMR spectra of PS-Cou-10 and PS-Cou-30 is associated
with protons Ho of the final pillar[ $]arenes, and evidences the for-
mation of the 1,4-disubstituted 1,2,3-triazole groups in a regiospe-
cific fashion. It is worth noting that protons of the methylene groups
—-CH,-CH»-N; of 8 become diastereotopic in P$-Cou-10 and
P5-Cou-30 after the CuAAC reaction and are independently ob-
served (see pairs of signals for Ht and He in Figure 1a). In addition
to 'H NMR analysis, mass spectrometric analysis of PS-Cou-10 and
P5-Cou-30 showed the expected m/z peak (Figure S21).

Figure 1. Partial 'H NMR spectrum (500 MHz, CDCl;, 298 K) of
P5-Cou-30 (a), and selected region of the 'H NMR spectrum of
P5-Cou-30 with increasing amounts of 9 (b). For proton labeling,
see Chart 1.

The thermal stability of the pillar[$]arenes derivatives was stud-
ied by thermogravimetric analysis (TGA), and both PS-Cou-10 and
P5-Cou-30 exhibited good thermal stability with 2% weight loss
temperature (T2%) of T2% =256 °C for PS-Cou-10and T2% =218
°C for PS-Cou-30 (Figures S22 and S$23), well above the isotropi-
zation temperature (vide infra) . Thermal transitions and LC prop-
erties were studied by polarized optical microscopy (POM) and dif-
ferential scanning calorimetry (DSC). The most relevant tempera-
ture values are gathered in Table 1.

Table 1. Thermal Stability and Transition Temperatures for
P5-Cou-10, PS-Cou-30 and Host—-Guest Complexes

Phase transitions(®"!

PS-Cou-10 g25N65-701

P5-Cou-30 g14N 40-451

9CP5-Cou-10 g1N50-551'
9cPS-Cou-30 g2N40-451

[a] Glass transition temperature, T, determined by DSC (second
heating process, rate: 10 °C-min™); g: glass, N: nematic mesophase,
I: isotropic liquid. [b] N>I transition temperature based on POM obser-
vations. [c] T, determined by DSC (first heating process, rate:
10 °C-min™); phase separation was observed by POM at T > 55 °C.
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Scheme 1. Synthesis of alkyne-functionalized coumarin derivatives 4 (a) and 6 (b), and pillar[$]arenes PS-Cou-10 and PS-Cou-30 (c).

Parent pillar[$]arene 7 and alkyne 4 are crystalline solids at room
temperature (RT), whereas 6 is a semicrystalline compound exhib-
iting a glass transition at Ty = -3 °C and a crystallization process at
T.= -34°C (Figures S24 and $S25). Samples of P5-Cou-10 and
P5-Cou-30 were heated up to 100 °C and cooled down to -40 °C at
10 °C/min. Upon heating, only a glass transition was detected which
is a signature of their glassy nature (Figure 2a). Under POM, sam-
ples of PS-Cou-10 and P5-Cou-30 above T behaved as highly vis-
cous fluids and exhibited LC properties (Figure 2b, the observations
were performed while applying pressure to the samples on account
of their spontaneous homeotropic alignment). Both pillar[$]arene
derivatives exhibited enantiotropic mesomorphism (Table 1). It is
worth noting that, even if precursors 4, 6 and 8 are non-mesomor-
phic, PS-Cou-10 and P5-Cou-30 exhibit LC properties on account
of the cooperative interactions between the coumarin moieties —a
phenomenon which has also been observed in many LC poly-

mers, S

Figure 2. DSC thermograms corresponding to the second heating scan
of PS-Cou-10 and P5-Cou-30 (a), POM microphotograph of a sample
of PS-Cou-30 at 28 °C, second heating process (b), and room tempera-
ture XRD pattern of a sample of PS-Cou-30 after a thermal annealing at
100°C (c).

According to the optical textures and the X-ray diffraction (XRD)
measurements, PS-Cou-10 and P5-Cou-30 exhibit nematic meso-
morphism. The XRD patterns only showed diffuse scattering, which
suggests the absence of long-range positional order (Figure 2c). A

broad diffuse maximum was detected in the low-angle region (Fig-
ure 2c, black arrow), which corresponds to the average distance be-
tween the molecules in the mesophase. By applying Bragg’s law, a
mean distance of 28-29 A is obtained for both compounds at room
temperature in pristine samples and also after a thermal annealing at
a temperature just above the nematic-to-isotropic transition. As the
experimental distance obtained from our XRD measurements is sim-
ilar for both P5-Cou-10 and P5-Cou-30, the diffuse scattering is as-
sociated with short-range intermolecular interactions in the direc-
tion parallel to the long axis of our pillar[$]arene derivatives. Such
scattering pattern is consistent with a nematic mesophase; in a simi-
lar fashion to previous coumarin-containing LCMs synthesized in
our laboratories.” In the high-angle region of the patterns a broad,
diffuse scattering maximum is observed (Figure 2c, white arrow),
which corresponds to an approximate distance of 4.2-4.3 A. This
scattering is characteristic of liquid crystal phases and associated
with the lateral mesogen-to-mesogen (coumarin moieties) interac-
tions. It is apparent that an increase in the number of peripheral cou-
marin moieties —from ten to thirty— reduces both the T, and the ne-
matic-to-isotropic transition temperature but does not alter the de-
gree of the order of the mesophase to a significant extent. Pil-
lar[n]arenes (n =S, 6) derivatives exhibiting smectic and also colum-
nar liquid crystal phases have been investigated in the last five-year
period." In our case, we have shown that the functionalization of the
rim of pillar[$]arene with coumarin moieties stabilizes a nematic lig-
uid crystal order. Nematic liquid crystals are of interest due to their
applications in electro-optical devices and biosensors;* and the dis-
tinctive behavior of P5-Cou-10 and P5-dCou-30 —in comparison
to previously reported liquid crystal pillar[n]arenes and LCMs-
could open new routes for the development of useful materials and
devices.

In keeping with the idea of exploiting the molecular recognition
properties of LC pillar[n]arenes as responsive materials in nanopo-
rous systems, we have investigated the ability P5-Cou-10 and
P5-Cou-30 to host small molecules in solution. We have selected
1,6-dicyanohexane (9, Chart 1) as a guest molecule in reference to
previous reports on pillar[S]arenes."!*® The complexation of
P5-Cou-30 and PS-Cou-10 with 9 was initially studied by "H NMR
spectroscopy. The 'H NMR spectrum of a 1:1 mixture of 9 and
P5-Cou-30 in CDCl;, as an example, shows a series of additional
new broad signals in the spectral region between § = 0 and -2 ppm
(Figure S20), which were absent in the spectra of the individual
components. These resonances are associated with the
9CP5-Cou-30 complex, which exhibits slow exchange on the NMR
time scale. The binding of 9 to P5-Cou-30 was also evidenced by
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the shifting of the signals of specific protons of the host. In the pres-
ence of 9, protons He and Ho of P5-Cou-30 slightly shift downfield
whereas the signal corresponding to protons Hw shifts upfield (Fig-
ure 1b). Such changes evidence the formation of the host-guest
complex."*!¢ Analogous changes were found when 9 and P5-Cou-
10 were mixed in a 1:1 ratio.

Li and co-workers have recently shown that the liquid crystal
properties of a macrocyclic cyclo[6]aramide derivatives may be al-
tered to some extent when their cavities are occupied by small al-
kylammonium salts; and, a lamellar-to-hexagonal columnar transi-
tion was observed for one of their systems.”® We wondered whether
our host-guest complexes 9CPS5-Cou-10 and 9CPS5-Cou-30
would retain the nematic order of P5-Cou-10 and PS5-Cou-30.
Thus, 9 was dissolved in a CDCl; solution containing an equimolar
amount of P§-Cou-10 or P5-Cou-30; followed by solvent evapora-
tion. The thermal and LC properties of the complexes were studied
by a combination of POM, DSC and XRD. Freshly prepared samples
of 9CPS5-Cou-10 exhibited LC behavior, which was tentatively as-
signed as nematic according to our POM observations. Neverthe-
less, clear phase separation was detected on a series of optical mi-
croscopy observations when samples of 9CPS-Cou-10 were heated
above §5 °C (Figure $31). Upon cooling, the phase separation per-
sisted indicating that 9CPS5-Cou-10 irreversibly unbinds upon heat-
ing. Samples of 9CP5-Cou-30, on the other hand, were thermally
stable and no phase separation was detected even after several cycles
of heating and cooling. Similarly to P§-Cou-30, only a glass transi-
tion was detected on the thermogram of 9CP5-Cou-30. According
to the optical textures, 9CP5-Cou-30 exhibits nematic mesomor-
phism, which is also supported by XRD. The binding of 9 to
P5-Cou-30 does not alter the nature of the mesomorphism of the
host molecule alone and only a reduction of the T;; was detected.

The electronic absorption spectra of PS-Cou-10 and P5-Cou-30
were recorded in solution (CHCL). The spectra corresponding to
P5-Cou-10 and P5-Cou-30 are characterized by a strong absorp-
tion band with a maximum at around 325 nm corresponding to the
n— m* transition of the coumarin moieties (Figure $32). Thin films
for optical measurements were obtained by casting solutions of
PS5-Cou-10 and PS-Cou-30 onto clean quartz substrates. Attempts
were also made to obtain thin films of alkynes 4 and 6, but the sam-
ples were not of good enough quality for optical measurements,
which is likely on account of the crystalline or (semi)crystalline na-
ture of 4 and 6. The films of P5-Cou-10 and P5-Cou-30 were
heated up to 100 °C (isotropic state), and then rapidly cooled down
to RT prior to our optical measurement. The electronic absorption
spectra of P5-Cou-10 and P5-Cou-30 in thin film showed a main
absorption band in the 250-350 nm region (Figure 3), associated
with the coumarin moiety; which remained unaltered after the ther-
mal annealing process.

Coumarin compounds exhibit a well-known photophysical and
photochemical properties.”” They are capable of undergoing a re-
versible photoinduced [2 + 2] cycloaddition by exposure to light of
the appropriate frequency (A > 300 nm), leading to stable cyclobu-
tane-based dimers. Such a cycloaddition provides a facile means of
producing cross-linked films, which are desirable in applications re-
quiring a certain degree of material robustness and solvent inert-
ness.'® Thus, we evaluated the possibility of inducing cross-linking
by exposing the thermally annealed films of PS-Cou-10 and

P5-Cou-30 to UV light. The electronic absorption spectra corre-
sponding to a thin film of P5-Cou-30 before and after UV light ex-
posure are shown in Figure 3. The significant decrease of the inten-
sity of the main absorption band after irradiation is associated with
the [2 + 2] cycloaddition of the coumarin moieties.'” The successful
cross-linking was demonstrated by soaking the samples in chloro-
form, which is a good solvent for both P5-Cou-10 and P5-Cou-30,
for 2 min. The appearance of the films was similar before and after
the soaking process; confirming that the photo-induced cross-link-
ing process proceed to a significant extent.

250 300 350 400
Wavelength (nm)

Figure 3. Electronic absorption spectra of a thermally treated film of
P5-Cou-30 before (solid line) and after (dashed line) UV light irradia-
tion.

The photo-polymerization of specific reactive monomers and pol-
ymers —including coumarin-containing compounds— with linearly
polarized light (LPL) can induce uniaxial orientation of LCs when
placed in contact with a film of the photo-reactive material after ex-
posure to LPL." Such phenomenon is of interest in the production
of patterned alignment layers for liquid crystal displays in a non-con-
tact fashion. We envisioned that films of our pillar[S]arenes could be
used in the micro-patterning of alignment layers. To evaluate this
idea, we have performed a series of optical microscopy observations
of LC cells with photo-alignment layers which were filled with E7
(Merck KGaA, Darmstadt, Germany), a low molecular weight LC.

Such LC cells consisted of two P5-Cou-30-coated substrates,
which were exposed to LPL before assembling the cell. The bottom
substrate was photo-cross-linked by exposure to LPL which, under
our experimental conditions, imposes alignment parallel to the po-

larization direction of the light.*

The top substrate was exposed to
LPL though a photolithographic mask with a pattern of lines. An in-
itial irradiation step imposed a preferential alignment in the un-
masked areas parallel to the lines of the pattern of the mask. After the
first irradiation step, the mask was removed and the whole substrate
was exposed to LPL with a polarization direction perpendicular to
that of the first irradiation step. The cell was assembled in such a way
that the alignment direction in the singly exposed areas of the top
substrate was parallel to that of the bottom substrate. In this way, a
planar alignment of the filling LC is expected in the areas which were
protected by the photolithographic mask. A twisted nematic align-
ment is expected in the rest of the cell. A bright-dark pattern is ob-
served when the lines are parallel to one of the polarizers and a nearly
constant transmission is observed in the whole cell when the lines
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are at 45° with respect to the microscope polarizers, which is con-
sistent with the proposed LC director configuration (Figure 4) This
indicates that a patterned alignment of LCs is achieved through a
combination of photo-reactive pillar[$]arene alignment layers and
photolithographic techniques.

Figure 4. Optical micrographs, between crossed polarizers at
0° (a) and 45° (b) of a LC cell composed of P5-Cou-30 alignment
layers and a filling nematic LC, E7.

CONCLUSIONS

In summary, we have demonstrated that the derivatization of pil-
lar[5]arene with coumarin-containing promesogenic moieties ena-
bles the preparation of LCMs with a shape-persistent central cavity.
In contrast to previously reported LC pillar[n]arenes, PS-Cou-10
and PS§-Cou-30 are glassy materials exhibiting nematic mesomor-
phism at RT, which is retained over a relatively wide temperature
range.

Host-guest complexes composed of 1,6-dicyanohexane and our
pillar[5]derivatives have been obtained in solution and in the solid
state, which evidences that the binding properties of pillar[5]arenes
are shared by P5-Cou-10 and P5-Cou-30. The presence of the pe-
ripheral coumarin moieties provides P5-Cou-10 and P5-Cou-30
with enhanced film-forming and photoresponsive properties. In-
deed, polymer networks have been obtained by photo-cross-linking
thin films of P5-Cou-10 and PS-Cou-30, which is unique in com-
parison to previous LCMs.”™" Such films can be used as alignment
layers when LPL is employed in the photo-alignment process. Our
coumarin-containing LC pillar[$]arenes exhibit a unique combina-
tion of properties and make way for potential applications in the field
of multifunctional responsive materials.

EXPERIMENTAL SECTION

General Methods and Materials. All starting materials were pur-
chased from Sigma-Aldrich and used as received unless stated other-
wise. Compounds 1, §, and 8 in Scheme 1 were synthesized accord-
ing to previously described methods."'™® FTIR spectra were ob-
tained on a Bruker Vertex 70 FT-IR spectrophotometer equipped
with Specac Golden gate diamond ATR, 50 scans at a resolution of
4 cm™ were carried out. Solution NMR experiments were carried out
on Bruker Avance spectrometers operating at 400/500 MHz for 'H
and 100/125 MHz for "*C, using standard pulse sequences. Chemi-
cal shifts are given in ppm. The assignment of the signals of the NMR
spectra was based on a series of 2D experiments. MALDI-TOF MS
was performed on an Autoflex mass spectrometer (Bruker Dalton-
ics) using dithranol as matrix. Mesogenic behavior was investigated
by POM using an Olympus BH-2 polarizing microscope fitted with
a Linkam THMS600 hot stage. TGA was performed using a
QS000IR from TA instruments at heating rate of 10 °C min™ under
a nitrogen atmosphere. Thermal transitions were determined DSC
using a DSC Q2000 from TA instruments with powdered samples
(2-5 mg) sealed in aluminum pans. Glass transition temperatures

(T,) were determined at the half height of the baseline jump, and
first order transition temperatures were read at the maximum of the
corresponding peak. XRD was performed with an evacuated Pinhole
camera (Anton-Paar) operating a point-focused Ni-filtered Cu-Ka
beam. The patterns were collected on flat photographic films per-
pendicular to the X-ray beam. Powdered samples of the supramolec-
ular complexes were placed in Lindemann glass capillaries (0.9 mm
diameter). UV-Vis absorption spectra were recorded on an ATI-
Unicam UV4-200 spectrophotometer.

Methyl 4-((11-((2-oxo0-2H-chromen-7-yl)oxy)undecyl)oxy)
benzoate (2). A mixture of 7-((11-bromoundecyl)oxy)-2H-
chromen-2-one (3 g, 7.63 mmol),"”® methyl 4-hydroxybenzoate
(1.16 g, 7.63 mmol), potassium carbonate (2.11 g, 15.25 mmol), a
teaspoon of potassium iodide and acetone (S0 mL) was stirred and
heated under reflux for 24 h. The reaction mixture was allowed to
cool down to RT and the solids were filtered off and washed with
acetone. The solvent was evaporated and the crude product was pu-
rified by flash column chromatography on silica gel using DCM as
eluent. Yield: 83% (2.97 g). IR (KBr) v (cm™): 2920, 1723, 1615,
1506, 1469, 1244, 1149. '"H NMR (CDCls, 400 MHz): § 8.04-7.88
(m,2H), 7.68-7.56 (m, 1H), 7.41-7.30 (m, 1H), 6.96-6.75 (m, 4H),
6.29-6.17 (m, 1H), 4.07-3.92 (m, 4H), 3.87 (s, 3H), 1.86-1.71 (m,
4H), 1.53-1.25 (m, 14H). °C {'H} NMR (CDCl;, 100 MHz): §
167.1, 1632, 163.0, 161.4, 156.3, 143.9, 131.7, 129.3, 122.5, 114. 6,
113.4,113.0,101.7,73.9,69.7,69.3, 52.5, 52.0,30.9, 30.3,30.2,30.1,
30.0, 29.9, 29.6, 26.6, 26.5. HRMS (ESI*): m/z [M + H]* calcd for
CasH3sO6, 467.2434; found, 467.2431.

4-((11-((2-Ox0-2H-chromen-7-yl)oxy)undecyl) oxy)
zoic acid (3). An aqueous solution of potassium hydroxide (3.00 g,

ben-

S mL) was added to a solution of compound 2 (2.50 g, 5.36 mmol)
in THF-methanol 1:1 {50 mL). The mixture was stirred and heated
under reflux and the evolution of the reaction was followed by thi-
layer chromatography. The mixture was stirred and heated under re-
flux for 2 h. Then the crude product was precipitated by addition of
concentrated hydrochloric acid until pH 2 and it was filtered and
washed with water. Yield: 94% (2.28 g). IR (KBr) v (cm™): 3133,
2927, 1689, 1619, 1512, 1466, 1225, 1139. '"H NMR (CDCl;, 400
MHz: § 8.02-7.94 (m, 2H), 7.70-7.60 (m, 1H), 7.43-7.32 (m, 1H),
6.95-6.72 (m,4H), 6.27-6.18 (m, 1H), 4.05-3.91 (m, 4H), 1.87-1.70
(m, 4H), 1.57-1.22 (m, 14H). °C {'H} NMR (CDCl;, 100 MHz):
§171.8,163.5, 163.0, 161.4, 156.3, 143.9,132.5,129.3, 121.5, 114.3,
113.4,113.0,101.7,73.9,69.7,69.3, 52.5,30.9, 30.2, 30.2, 30.2, 30.0,
29.9, 29.6, 26.7, 26.6. HRMS (ESI*): m/z [M + Na]* caled for
CxH3NaOg, 475.2097; found, 475.2070.

4-((11-((2-ox0-2H-chromen-7-yl) oxy)undecyl)
oxy)benzoate (4). Compound 3 (2.00 g, 4.42 mmol), propargyl al-

Propargyl

cohol (0.27 g, 4.86 mmol) and 4-(dimethylamino)pyridinium p-tol-
uenesulfonate (0.69 g, 2.21 mmol) were dissolved in anhydrous
DCM (15 mL). The reaction flask was cooled in an ice bath and
flushed  with then
(1.37 g, 6.63 mmol) was added dropwise. The mixture was stirred at

argon, N,N’-dicyclohexylcarbodiimide
RT for 24 h under argon atmosphere. The solvent was evaporated
and the crude product was purified by flash column chromatography
on silica gel using DCM as eluent and gradually changing the com-
position of the eluent to DCM/ethyl acetate (9:1). Then the prod-
uct was recrystallized in acetone. Yield: 91% (1.97 g). IR (KBr) v
(cm™): 3295, 3076, 2917, 1725, 1628, 1616, 1470, 1128. ‘H NMR
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(CD:Cl;, 500 MHz): § 8.06-7.94 (m, 2H), 7.65-7.59 (m, 1H), 7.37-
7.371 (m, 1H), 6.96-6.86 (m,2H), 6.84-6.75 (m, 2H), 6.25-6.20 (m,
1H), 4.89 (d, ] = 2.4 Hz, 2H), 4.05-3.96 (m, 4H), 2.50 (t,] = 2.4 Hz,
1H), 1.86-1.70 (m, 4H), 1.53-1.27 (m, 14H). *C {'H} NMR
(CDCl;, 125 MHz): § 163.3, 162.4, 161.3, 155.9, 143.5, 131,9,
128.7,121.5,114.2,113.0,112.9,112.4,101.3,78.0, 74.8, 69.7, 68 2,
52.1, 29.5, 29.5, 29.3, 29.1, 29.0, 26.0, 25.9. HRMS (EST*): m/z
[M + Na]* caled for C3pH34NaQs, 513.2253; found, 513.2214.

P5-Cou-10. A Schlenk flask was charged with 8 (31.4 mg, 0.034
mmol),'™ 4 (250 mg, 0.51 mmol), sodium ascorbate (6.7 mg,
0.034 mmol) and THF (3 mL). Copper (II) sulfate pentahydrate
(4.2 mg, 0.017 mmol) was dissolved in water (1 mL) and was added
to the reaction. The reaction flask was degassed by three freeze-
pump-thaw cycles and flushed with argon. The reaction mixture was
stirred at 40 °C for $ days. Then, the azide-functionalized resin was
added under argon flow to remove azide excess and the reaction mix-
ture was stirred for further 24 h. The resin was filtered off, the mix-
ture was diluted with THF and then passed through a short column
of aluminum oxide, using THF as eluent, to remove copper salts.
The solvent was evaporated and the crude product was purified by
flash column chromatography on silica gel using DCM as eluent and
gradually changing the composition of the eluent to DCM/ethyl ac-
etate (8:2). Yield: 38% (80.5 mg). IR (neat) v (cm™): 2923, 1726,
1613, 1246, 1151. '"H NMR (CD:Cl,, 400 MHz): § 8.05-7.95 (m,
10H), 7.88-7.77 (m, 20H), 7.68-7.60 (m, 10H), 7.43-7.34 (m,
10H), 6.87-6.74 (m, 40H), 6.56-6.45 (m, 10H), 6.23-6.13 (m,
10H), 5.47-5.36 (m, 20H), 4.91-4.68 (m,20H), 4.30-4.09 (m,
20H), 4.08-391 (m, 40H), 3.29-3.13 (m, 10H), 1.88-1.67 (m,
40H), 1.52-1.23 (m, 140H). °C {'H} NMR (CD:Cl,, 100 MHz): §
166.4, 163.7, 163.0, 161.4, 156.5, 149.6, 143.9, 132.1, 129.3, 129.2,
125.2, 122.4, 115.6, 114.6, 113.4, 113.3, 113.0, 101.8, 69.3, 68.9,
67.6,58.4,50.8,30.1,30.0,29.9,29.7,29.6,26.5,26.5. MS (MALDT",
dithranol): m/z [M + Na]* caled for CsssHa0oN3oNaO-o, 6230.13;
found, 6229.00.

Propargyl 3,4,5-tris((11-((2-0xo0-2H-chromen-7-yl) oxy) un-
decyl)oxy)benzoate (6). 3,4,5-Tris((11-((2-oxo-2H-chromen-7-
yl)oxy)undecyl) oxy)benzoic acid (1.00 g, 0.90 mmol),"”* propargyl
alcohol (75.5 mg, 1.35 mmol) and 4-(dimethylamino)pyridinium
p-toluenesulfonate (0.14 g, 0.45 mmol) were dissolved in anhy-
drous DCM (15 mL). The reaction flask was cooled in an ice bath
and flushed with argon, then N,N’-dicyclohexylcarbodiimide
(0.28 g, 1.35 mmol) was added dropwise. The mixture was stirred
at RT for 24 h under argon atmosphere. The solvent was evaporated
and the crude product was purified by flash column chromatography
on silica gel using DCM as eluent and gradually changing the com-
position of the eluent to DCM/ethyl acetate (9:1). Then the prod-
uct was recrystallized in acetone. Yield: 94% (0.98 g). IR (KBr) v
(cm™): 3296, 3080, 2920, 1724, 1628, 1615, 1469. 'H (CD:CL,
500 MHz): § 7.65-7.59 (m, 3H), 7.37-7.371 (m, 3H), 7.27 (s, 2H),
6.84-6.75 (m, 6H), 6.25-6.20 (m, 3H), 4.89 (d, ] = 2.4 Hz, 2H), 4.05-
3.96 (m, 12H), 2.50 (t, ] = 2.4 Hz, 1H), 1.86-1.70 (m, 12H), 1.53-
1.27 (m, 42H). C {'H} NMR (CDCls, 125 MHz): § 165.6, 162.4,
161.3, 156.0, 152.9, 143.4, 142.8, 128.7, 123.9, 113.0, 112.9, 112.4,
108.3,101.3,77.9, 74.9, 73.5, 69.2, 68.7, 52.4, 30.3, 29.7, 29.6, 29.5,
29.4, 29.4. HRMS (ESI*): m/z [M + Na]* caled for C7HssNaO 4,
1173.5915; found, 1173.5902.

P5-Cou-30. A Schlenk flask was charged with 8 (13.4 mg, 0.0145
mmol),'™ 6 (250 mg, 0.217 mmol), sodium ascorbate (2.9 mg,
0.0145 mmol) and THF (3 mL). Copper (1I) sulfate pentahydrate
(1.8 mg, 0.0072 mmol) was dissolved in water (1 mL) and was
added to the reaction. The reaction flask was degassed by three
freeze-pump-thaw cycles and flushed with argon. The reaction mix-
ture was stirred at 40 °C for § days. Then, the azide-functionalized
resin was added under argon flow to remove azide excess and the re-
action mixture was stirred for further 24 h. The resin was filtered off,
the mixture was diluted with THF and then passed through a short
column of aluminum oxide, using THF as eluent, to remove copper
salts. The solvent was evaporated and the crude product was purified
by flash column chromatography on silica gel using DCM as eluent
and gradually changing the composition of the eluent to DCM/ethyl
acetate (8:2). Yield: 43% (80.3 mg). IR (neat) v (cm™): 2920, 1726,
1611, 1245, 1145. 'H NMR (CDCls;, 500 MHz): § 7.99 (m, 10H),
7.66-7.52 (m, 30H), 7.37-7.28 (m, 30H), 7.22-7.11 (m, 20H), 6.85-
6.67 (m, 60H), 6.59-6.45 (m, 10H), 6.24-6.13 (m, 30H), 5.48-5.36
(m, 20H), 4.86-4.60 (m, 20H), 4.38-4.05 (m, 20H), 4.05-3.80(m,
120H), 3.31-3.09 (m, 10H), 1.90-1.61 (m, 120H), 1.52-1.11 (m,
420H). °C {H} NMR (CDCL;, 125 MHz): § 16622, 162.4, 161.2,
155.9, 152.8, 149.5, 143.4, 143.2, 142.6, 128.7, 124.9, 124.3, 116.0
112.9, 1124, 108.1, 101.3, 73.5, 69.2, 68.6, 67.5, 58.0, 50.3, 30.4,
29.7, 29.6, 29.6, 29.5, 29.4, 29.0, 26.2, 26.1, 26.0. MS (MALDI",
dithranol): m/z [M + Na]* caled for C7ssHs20N30NaQO 150, 12838.50;
found, 12838.58.

Optical Measurements in Thin Films and Liquid Crystal
Cells. Thin polymer films for optical measurements were prepared
by casting THF solutions of PS5-Cou-10 and P5-Cou-30
(about 0.1 wt. %) onto clean quartz substrates. Before performing
the optical measurements, films were heated at 100 °C for 1 min and
rapidly quenched to RT. A Varian Cary 500 UV-Visible-IR spectro-
photometer was used for optical absorption measurements. For di-
chroism measurements, a linear polarizer was placed in front of the
film with the transmission direction either parallel or perpendicular
to the polarization of the UV light employed for the curing of the
coumarin-containing materials. For the photo-cross-linking studies,
the thermally annealed thin films of PS-Cou 10 and P5-Cou-30
were irradiated with UV light (17.8 mW-cm) for 15 min (Figure 3).
The photo-alignment experiments were carried out using an Omin-
icure $2000 UV lamp provided with a 320-390 nm filter. A Knight
Optical HNBP sheet UV polarizer was used to polarize the UV light.
In the liquid crystal alignment studies, an empty cell coated with a
thin film of PS-Cou-30 on the inner side of each substrate (glass
slides) was assembled and the gap between the substrates was fixed
by using 10 pm diameter glass spacers. In a preliminary set of exper-
iment, the two substrates of the cell were flood exposed to LPL and
the cell was assembled in such a way that the polarization directions
of the light employed in each of the exposures —one per substrate—
was parallel to each other. The cell was filled with the low molecular
weight LC E7 (Merck KGaA, Darmstadt, Germany) at 70 °C leading
to a monodomain cell with planar alignment at RT. To determine
the director orientation with respect the polarization direction of the
UV light (employed for photo-alignment process), the blue colored
dichroic dye Rhodamine 700 (Lambda Physik AG, Goettingen, Ger-
many) was incorporated to the LC. A series of polarized absorption
measurements were carried out on this sample and showed a more
intense absorption when the polarization direction of the probe light

ACS Paragon Plus Environment

Page 6 of 8



Page 7 of 8

oNOYTULT D WN =

The Journal of Organic Chemistry

beam was parallel to the direction of the UV light of the photo-align-
ment process (Figure $33). As Rhodamine 700 aligns parallel to the
LC director,” we concluded that LPL induces alignment of the LCs
parallel to the polarization of the UV light used in the photo-align-
ment process. In the following set of experiments, and before the cell
was assembled, the P5-Cou-30 coated substrates were exposed to
LPL as follows. The bottom substrate was exposed to LPL (0.8
mW-.cm?) for 10 min. The top substrate was irradiated twice. Ini-
tially, the substrate was exposed to LPL (0.8 mW-cm? 10 min)
through a photolithographic mask, imposing a preferential align-
ment in the unmasked areas parallel to the lines of the pattern of the
mask. Following this, the mask was removed and the whole substrate
was exposed to LPL (0.8 mW-cm?, 2 min) with a polarization direc-
tion orthogonal to that of the first irradiation step. It is important to
note that the light dose of each irradiation step was adjusted to en-
sure an efficient alignment in the singly-exposed areas without com-
promising the alignment achieved after the first irradiation step (in
the presence of the mask). Afterwards, the cell was assembled in such
away that the alignment direction in the masked areas of the top sub-
strate was parallel to that of the bottom substrate. After the assembly
of the cell was completed, the cell gap was filled with E7 at 70 °C.
Once the cell gap was completely filled, the cell was slowly cooled
down to RT in order to ensure that the filling liquid crystal followed
the orientation imposed by the photo-alignment layers (Figure 4).
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