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Molecular Insights into [2.2]Paracyclophane-Based
Functional Materials: Chemical Aspects Behind Functions

Zahid Hassan

Many of the functions and features of practically useful materials are the
province of molecular-level chemistry and their modulation at different length-
scale. This report illustrates the molecular-level chemistry behind functions
and features of the [2.2]paracyclophane-based materials with a particular focus
on the most recent explorations on through-space conjugated small-molecule
organic emitters, n-stacked macrocyclic molecules and polymers, poly(p-
phenylenevinylene)s featuring well-defined donor-acceptors sequence control,
and surface engineering of technologically-relevant parylenes that finds broad
applications across the field of chemical science and technology. This report
largely deals with the potential and opportunities associated with molecular
features and functions of planar chirality, conformational behaviors, strain-
induced non-planarity of the aromatics, the profound impacts of through-space
conjugation and z-electron interactions/delocalization on optoelectronic
properties of the z-conjugated organic emitters, polymers and extended
structures consisting of cyclophanes. A special focus is put on the concept

of supramolecular polymers using chemically-programmed chiral cyclophanes
via non-covalent stacking and controlled conformational arrangements.
lllustrating cyclophane as precursors/monomers and fabrication

strategies for their incorporation in structurally-controlled (poly(p-xylylene)s
formed via chemical vapor deposition polymerization and post-deposition
fabrication for interface engineering is described. Demonstrating

a rather different approach of electronically-dictated ring-opening metathesis
polymerization employing strained cyclophane-diene precursors that generate
conjugated poly(p-phenylenevinylene)s with well-defined (i.e., low dispersity)
and donor-acceptor sequence control is also discussed. This report will serve
as an indispensable one-stop reference for organic, and polymer chemists, as
well as material scientists working with cyclophanes for research innovations.

1. Background and General
Overview of the Cyclophane
Chemistry

The general term “cyclophane” is coined
to name any small or larger cyclic system
with or without heteroatoms containing
methylene-bridged aromatic ring(s); hence
a structurally diverse class of -[CH,],-
bridged aromatic molecular systems can be
referenced as cyclophanes.!!! Each bridge
is indicated by a number placed inside
a bracket before the cyclophane’s name
such as [2.2]paracyclophane, [3.3]para-
cyclophane, or a more general formula
of [X]Ycyclophane is used where X in-
side the brackets denotes the number of
bridge(s) constituent atoms in chain(s)
and Y in parentheses defines the substi-
tution pattern of the aromatic (core)s. The
aesthetically appealing and stereochem-
ically remarkable molecular architecture
of cyclophanes, and their unusual reac-
tivities/functions has been of substantial
importance from the perspective of fun-
damental synthetic curiosity to their
wide range of applications across the
field of chemical science and technology.
Our current understanding of cyclo-
phane chemistry, from [2, ]cyclophanes to
multi-layered cyclophanes, multi-bridged
superphanes, and ring-fused or bridge-
extended cyclophane systems has been
developed through extensive investiga-
tions by the pioneering research of D. J.
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Cram,?l S. Misumi,®! J. Nishimura,*! V. Boekelheide,®! H.
Hopf[®! A. de Meijere,”! R. Gleiter,l®] and many others of this
era who had devoted significant efforts to the development of
new synthesis methods for cyclophane systems which has been
the subject of excellent articles, in-depth reviews, book chapters
and several patents on applications. This shall not be confused
with cycloparaphenylenes which are cyclic all-para-linked simple
string of phenyl rings (and have no aliphatic bridges).”! Some
of the representative prototypical cyclophanes are depicted in
Figure 1.

In 2004, an extensive monograph “Modern Cyclophane Chem-
istry” edited by H. Hopf and R. Gleiter was published by Wiley-
VCH." This landmark monograph consisting of twenty chap-
ters by a diverse spectrum of prominent experts presents his-
torical aspects of cyclophanes chemistry ranging from synthetic
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Figure 1. Prototypical cyclophanes: [2,]cyclophanes, multi-bridged super-
phanes, multi-layered cyclophanes, and bridge-extended cyclophane ho-
mologue 7z-systems.

curiosity to mechanistics, demonstrating structure/reactivity re-
lationships and understanding their unusual physicochemical
properties. In recent years, however the cyclophane chemistry
has evolved from functional molecules to functional materi-
als as witnessed by the dramatic increase in the breakthrough
research and number of scientific publications frequently ap-
pear in most prestigious academic journals of chemical sci-
ences. The subject and title of this report “Molecular Insights
into [2.2]Paracyclophane-based Functional Materials: Chemical
Aspects Behind Functions” highlights the new paradigms with
a special focus on technologically-relevant functional materials
formed from chemically-programmed cyclophane-based molec-
ular precursors.

2. Repurposing [2.2]Paracyclophanes as Modular
Precursors for Materials Fabrication

C.J. Brown and A. C. Farthing first discovered PCP in 1949 by
the gas-phase pyrolysis of p-xylene at low-pressure “Preparation
and Structure of Di-p-Xylylene” using the technique described by
Szwarc.['!] 2 years later in 1951, the first synthesis of paracyclo-
phanes was reported by D. J. Cram and H. Steinberg from 1,4-
bis(bromomethyl)benzene by intramolecular Wurtz cyclization
reaction.['?] D. J. Cram suggested the name “Paracyclophane” for
this class of compounds. [2.2]Paracyclophane or [2.2](1,4)cyclo-
phane is abbreviated as PCP (other term such as pCp, and PC
are also referred to the [2.2]paracyclophane). PCP is the small-
est stable co-facially stacked pro-chiral 3D strained scaffold where
two benzene rings are rigidly held in a face-to-face orientation by
two short ethylene bridges -[CH,],- in their para-positions which
has been investigated by Donald Cram, and many others for
decades (for details about the pioneering research on [2.2]paracy-
clophanes, see ref. [13]) The co-facial stacking of the two benzene
rings in PCP (with short inter-ring distances between ~2.83 and
3.09 A in decks) causes a distortion and transannular 7—x elec-
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tronic interaction that provide the basis for unique physicochem-
ical characteristics of the PCP molecules (for detail discussion
about the structural chemistry and metrical data of the [2.2]para-
cyclophane, see ref. [14]). As a result of steric hinderance, the two
benzene rings in PCP are slightly bent out of planarity accompa-
ined by a corresponding up-and-down movements of the methy-
lene bridges; and twisted by ~6° in their planes relative to one an-
other. PCP derivatives provide a promising platform to study the
element of planar chirality as PCP exhibits unique stereochemi-
cal features (planar chirality) on selective functionalization. PCP
belongs to the D,;, point group, which is broken by the first sub-
stituent, resulting in planar chiral enantiomers. The stereochem-
ical notations R-, and S- define the planar chirality of the PCP
enantiomers according to the Cahn Ingold-Prelog (CIP) system
which is present in [2.2]paracyclophane derivatives.

It is important to mentioned that one of the most fun-
damental and principal aspects of [2.2]paracyclophane chem-
istry is the development of planar chiral ligand/catalyst sys-
tems which proved to be useful toolbox for stereo-controlled
synthesis.['’] For instance, PCP-derived PhanePhos being one
of the most prominent example of planar chiral ligands em-
ployed in diverse synthetic transformations shows that planar
chirality is a viable alternative to the most conventional cen-
tral/point chirality and offers new opportunities for the devel-
opment of efficient ligand/catalyst systems.['®] Although com-
pared to ferrocene ligands (like JosiPhos family that contain
two individual crucial features; planar chirality in addition to
point chirality which has been a prerequisite for high reactiv-
ity/enantioselectivity), PCP-based ligands/catalysts are rarely ex-
plored. Diverse applications of PCPs as chiral ligands or cata-
lysts in a wide range of asymmetric syntheses investigated by
the research groups of Rozenberg,['’l Rowlands,!*®! Paradies,!**!
Micouin and Benedetti,!”) Ma,[?!! Bolm,[??] Brise ] Zhou and
colleagues?* have been well-documented in literature. An in-
depth survey of the planar chiral ligands and catalysts is beyond
the mandate of this report.

To build synthetic molecules and studying their properties is
a broad area of research in itself. However, transforming small
molecules into practically useful materials through ensuing in-
terdisciplinary research at the chemistry-materials interface is
even more rewarding to harvest the multifold potential of syn-
thesis from fundamental explorations to emerging applications.
From the perspective of synthetic planning and function-led de-
sign considerations of materials, everything starts with molec-
ular building blocks that bring desired functions and features
once incorporated into materials. The functions and features
of a synthetic material can arise from precursors formulations,
their compositional variation, and controlled fabrication at differ-
ent length-scales by employing various fabrication methods and
techniques.

Considering the interesting molecular feature/aspects of the
PCPs make them useful precursors in materials fabrication. Us-
ing carefully chosen synthesis routes, different functional groups
can be selectively attached at the ethylene bridges -[CH,],- or ei-
ther benzene rings that is, mono-, and/or multiply substituted-
PCP regioisomers including pseudo-para, -ortho, -meta, and -
gem derivatives can be synthesized to serve a particular pur-
pose in materials fabrications. The colloquial nomenclature is
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Figure 2. Structural parameters of the PCP adopted from X-ray crystal structure (CCDC1147732) ref. [14] and the conformational interconversion of the
two equivalent D, conformers (top); Common substitution patterns of mono-, di-, and tetra-substituted PCPs with stereochemical descriptions. Some
of this material appeared in the author earlier work ref. [35] Copyright 2020 Wiley-VCH.

self-evident: for disubstitution on one phenyl ring of the PCP,
the conventional prefixes of ortho-, meta-, and para- are used,
while disubstitution on two transannularly adjacent positions on
the benzene rings gives rise to pseudo-geminal, pseudo-ortho,
pseudo-meta, and pseudo-para prefixes to specify ortho-, meta-,
and para- relationships displaced from the usual homoannular
into a transannular context. The diverse synthetic approaches de-
veloped so far cannot be reviewed in a short synopsis because of
the immense structural and functional diversity of the PCP. For
some know-how of the PCP chemistry, an overview of the most
common mono-, di-, and tetra-substituted PCPs along with stere-
ochemical description is presented in Figure 2.

Adv. Funct. Mater. 2024, 2311828 2311828 (3 of 27)

2.1. Design Strategies, Skeletal Composition, and
Functionalization of the PCP Scaffolds as Modular Precursors

Chemists can synthesize a range of building blocks that are read-
ily assembled to form function-inspired materials like interlock-
ing Lego bricks can be assembled to construct an array of ob-
jects. The modular nature of the PCP core offers a chemically-
programmable scaffold. By incorporating multiple small molec-
ular fragments together in a single customized PCP unit, where
each fragment is intended to serve a particular purpose, make
them attractive synthons from the perspective of their appli-
cations in functional materials. To serve a particular purpose,
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Scheme 1. General synthesis strategies of PCP via 1,6-Hofmann elimination-dimerization of quaternary ammonium salts, and functionalized PCPs by

annulation/sulfur extrusion approach and synthesis of PCP-dienes through Stevens/Pummerer rearrangments.

backbone composition of the PCP, that is, both at the arene  mediate (2) is generated which upon heating form p-xylylene.
and/or ethylene bridges can be fine-tuned to access functional-  This p-xylylene is in resonance with a diradical that dimer-
ized PCPs. izes to give PCP (3). This route is quite low-yielding (17%).

PCP can be prepared based on the Hofmann elimination re-  One of the well-known synthesis methods of PCP is us-
action of a p-methylbenzyltrimethylammonium hydroxide (via  ing dithia[3.3]paracyclophane derivatives (4) which is formed
quinodimethane intermediate).I?] By the addition of silver(I) ox-  from two aromatic analogs of 1,4-bis(mercaptomethyl)benzene

ide to the ammonium salt (p-methylbenzyltrimethylammonium  and 2,5-dibromo-p-xylene (Scheme 1).

On sulfur-extrusion,

bromide (1), the corresponding ammonium hydroxide inter-  dithia[3.3]paracyclophanes give access to the corresponding PCP
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derivatives (5).[2°] This method is particularly suitable to access
PCPs with functionalization at the aliphatic bridges or to access
disparately substituted arene decks of the PCP. Other facile route
to prepare (hetera)cyclophanes has also been developed using
dithiols in combination with a pnictogen additive in the pres-
ence of iodine (metalloid-directed self-assembly method that gen-
erate disulfides, thioethers and sulfones).[?’] Treatment of the cor-
responding disulfide-bridged (hetera)cyclophanes with hexam-
ethylphosphorous triamide generate thiacyclophanes. The thi-
acyclophanes by treatment with triethylphosphite P(OEt); un-
der UV-light irradiation generate sulfur-extruded cyclophanes.
Using this approach, 4,5,7,8-tetrafluoro- and 4,5,7,8,12,13,15,16-
octafluoro-PCP can be prepared with fluoro-substitution at either
one or both benzene rings of the PCP core.?®]

The alkyl hydrogen atoms of the two ethylene bridges -
[CH,],- in PCP can be functionalized either fully or partially
by substituting fluorine atoms to generate 1,1,9,9-tetrafluoro-
PCP, or 1,1,10,10-tetrafluoro-PCP (6), and 1,2,9,10-octafluoro-
PCP (7).[%1 The bridge-fluorinated PCP, called AF4, is one of
the most useful precursor of particular commercial interest
used in parylene-AF4 polymeric coating formed by cyclophane-
based chemical vapor deposition polymerization (CVD). Poly-
mers formed from fluoro-PCP represent high thermal and
chemical stabilities. 1,9- and 1,10-dibromodienes can be ob-
tained from a mixture of the 1,1,9,9- and 1,1,10,10-tetrabromo-
PCP by dehydrobromination with potassium tert-butoxide (tert-
BuOK) in tert-butyl methyl ether (MTBE). Subsequent ad-
dition of Br, gave a mixture of the hexabromides, which
upon dehydrobromination (tert-BuOK, MTBE) generate 1,2,9,10-
tetrabromol[2.2]paracyclophanediene.**! The bromination of the
two isomeric tetrafluoro-PCP enable mono- and dibromination
of 1,1,9,9-tetrafluoro-PCP in high yields.

In a similar way, [2.2]paracyclophane-1,9-diene (PCP-d),
contain two strained carbon-carbon double bonds “vinylene
bridges” joining the two aromatic rings “decks” in their para-
positions. Due to the high inherent strain, PCP-d deriva-
tives are emerged among the most investigated class of cyclo-
phanediene as monomer in the living ring opening metathe-
sis polymerization (ROMP) process for the synthesis of poly(p-
phenylenevinylene)s (PPV)s polymers as first reported in 1992 by
Thorn-Csényi.[*!] The PCP-d and certain derivatives are prepared
from dithia[3.3]paracyclophane derivatives (10) which involved a
benzyne-induced Stevens rearrangement (BSR) or Pummerer re-
arrangments via a dithiacyclophane ring contraction to access the
corresponding bis(sulfide)-PCP (11).32] Subsequent oxidation
gives access to the PCP bis(sulfoxide) (12) followed by thermal
syn-elimination step afford the desired PCP-d derivatives (13).
The BSR route generally yields low quantities of the desired PCP-
d, whereas the Pummerer rearrangement offers improved yields.
The BSR of dithiacyclophane is performed by the slow addition of
TBAF-3H,O0 to a THF solution of 2-(trimethylsilyl)phenyl trifluo-
romethanesulfonate as the benzyne source to prepare PCP-d with
alkyle side chains (ultimately alkyl substituted PPVs by ROMP).

Although PCP scaffolds are widely restricted to simple all-
carbon backbones. By replacing one or both benzene rings
with heteroaromatics, skeletally novel scaffolds consisting of
two varying constituent units such as pyridinophane deriva-
tives (9) can be prepared as useful precursor components.3}]
To form an unsymmetric donor—acceptor benzothiadiazole-PCP-
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d, an electron-deficient aromatic heterocyclic core of benzoth-
iadiazole together with (4-methoxy-1-(2-ethylhexyl)oxy)-benzene
as electron-donating ring can be incorporated into cyclophane
(14).34 The skeletal and functional composition of the PCP-d can
influence the properties of the resulting ROMP-based PPVs poly-
mers.

Recent advances in synthetic approaches toward regioselec-
tive functionalization of the PCP scaffolds,*! and their useful
utility as chemically-programmed precursors in polymers and
materials fabrication have been reviewed in inspiring focused
reports.[*®) The upcoming sections summarize details to show-
case the useful utility of some customized PCPs as useful precur-
sors/monomers and strategies for their incorporation into func-
tional systems are described.

3. [2.2]Paracyclophane-Based Through-Space
Conjugated z-Stacked Chiroptical and
Optoelectronic Materials

One of the most recent focuses of PCP-derived systems cen-
ters on technologically-relevant optoelectronic material appli-
cations dealing with strain-induced non-planarity, conforma-
tional behavior, through-space conjugation, and z-electron inter-
actions/delocalization as decisive factors in tuning optoelectronic
properties and functions.’” The characteristics of rigid skele-
ton, chemical and photo stability, planar charity, and through-
space electronic communication possessed by the PCP core make
it a useful building block for organic semiconductor materials.
Through-space conjugation is an important way of z-electron
interactions/delocalization within closely stacked z-systems in
parallel with the conventional intramolecular charge transfer
processes through-bond path. Understanding the role of inter-
molecular interactions and quantifying through-space charge
transfer in z—stacked molecular systems is central to the ratio-
nal design of organic electronic materials.*® Guillermo Bazan
and colleagues have comprehensively investigated PCP-derived
phenylenevinylenes (PCP functionalized with donor (D) and/or
acceptor (A) stilbenoid dimer-type bichromophoric systems) to
examine the influence on the optical and electronic proper-
ties of the chromophores components as a function of their
structure/property spatial relationship. Bazan in his several Ac-
counts has reviewed this topic that provides a comprehensive
overview.[*) The PCP skeleton serves as the locus of interchro-
mophore contact and the varying spatial arrangements (geomet-
ric relationships) allows to bring chromophores together into
close proximity. Chemical and spectral evidence indicates the
presence of strong transannular electronic interactions in PCP
and its derivatives. The absorption maximum of vinylphenyl-PCP
(Aaps = 318 nm) and of noncyclophanyl stilbene (4,,, = 294 nm)
provides the first indication of the influence of stacking pheny-
lene units in PCPs. The chromophores conjugation length at spe-
cific distances, and their orientation relative to one another (mod-
ulated via regiochemistry of ps-ortho-, ps-meta-, and ps-para- sub-
stitutions on PCP) have critical effects in defining the optoelec-
tronic functions. For instance, with four-fold donor and accep-
tor substitution at the carbon atoms 4-, 7-, 12-, and 15-position
of the PCP were studied to probe the phenomenon of delocal-
ization (spatial/through-space charge transfer) on the nonlin-
ear optical properties.[*?) Higher photoluminescence quantum
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efficiencies and more red-shifted emission for the cyclophanyl
species bearing extended conjugation were observed. Through-
space delocalization across the PCP core is more polarizable in
the excited state, relative to the through-bond excited state. When
strong donors are attached to the distyrylbenzene chromophore,
the charge transfer character of the distyrylbenzene-based ex-
cited state dominates fluorescence properties. This work on PCP-
derived molecular systems demonstrates how well-defined or-
ganic molecules can be used as study models to unravel complex
phenomena in optical and electronic materials.

3.1. n-Stacked Small-Molecule Organic Emitters consisting of
Optically Active [2.2]Paracyclophanes

Organic light emitting diodes (OLED)s has been widely used as
one of the most promising electroluminescent technologies in
a range of applications, such as smartphones, high-resolution
screens and digital displays.*!l By avoiding the use of costly
metal-based phosphorescent molecules used in electrolumines-
cent materials that trigger environmental contamination con-
cerns, researchers aim to develop organic structures that emit
colorful light with high efficiency, color purity and easy synthetic
access. Addressing the efficiency and stability issues associated
with fluorescent materials, a major milestone was achieved by
Adachi and colleagues in 2012 by developing a new class of metal-
free organic electroluminescent TADF emitters (contain multi-
ple carbazolyl dicyanobenzene derivatives; CzIPN).[*?) TADF is
the recent breakthrough and most promising exciton harvest-
ing mechanism. TADF emitters design call for minimizing non-
radioactive decay, rigid-structures that have a strongly twisted
donor-acceptor (D—A) wherein the electron density in the high-
est occupied molecular orbital (HOMO) is mainly localized on
the donor moiety while the lowest unoccupied molecular orbital
(LUMO) is found on the electron-withdrawing acceptor leading
to a small exchange integral and thus reduce the energy differ-
ence between its singlet (S;) and triplet (T,) excited states (AEgy)
maintaining a high electroluminescence efficiency. When (AEq;
is <0.1 eV, thermal upconversion from T, to S, state by reverse
intersystem-crossing (RISC) becomes possible.[*?!

PCP-based donor/acceptor-type small-molecules are consid-
ered promising candidates as stable, efficient, blue-light emit-
ting compounds for OLEDs applications.*}] Enantiopure PCP
component impart planar chirality, and emissive analogs can ex-
hibit circularly polarized luminescence (CPL).[*l CPL is one of
the optical properties of chiral systems that measures the in-
tensity difference between the left- and right-circularly polarized
emission from an intrinsically chiral material. For evaluating the
performance of CPL-active materials luminescence dissymme-
try factor (g,,,), that is, the relative intensity difference of left
and right circularly polarized absorption (in CD) or emission
(in CPL), and quantum yield (®y) are critical parameters. Flu-
orescence intensity, wavelength, and degree of dissymmetry of
small chiral organic molecules can be modulated through their
structural modifications for practical applications. In 2018, Brise,
Zysman-Colman and colleagues introduced the first examples of
through-space conjugated TADF emitters based on a PCP skele-
ton (15). Their optoelectronic properties were studied by the rel-
ative configuration of pseudo-geminal and pseudo-para of the
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donor and acceptor groups substituted on PCP. Decorating both
decks of the PCP selectively (pseudo-gem and pseudo-para) with
electron-donor and acceptor units allowed intramolecular charge
transfer (ICT) through the z-stacked PCP core.l**] The coplanar
stacked donor and acceptor groups exhibit promising optoelec-
tronic properties depending on their relative orientation of PCP-
derivatives (Figure 3). (4’-N,N-diphenylamino)phenyl and (4'-N-
carbazolyl)phenyl as donors and benzoyl acceptor group (varying
in their regiochemistry), that is, pseudo-gem and pseudo-para-Bz-
PCP-TPA isomers showed blue TADF emission with photolumi-
nescence maxima (4, ) at 480 and 465 nm in doped films (15 wt%
mCP), with yet low photoluminescence quantum yields (®p;) of
12% and 15% in the solid state. Electronic communication be-
tween donor and acceptor groups on adjoining benzene decks
facilitates the separation of HOMO and LUMO and thus results
into TADF.

Later, Zhao and colleagues have reported a new family of
solid-state emissive triarylborane-based PCP-derivatives (16) of
pseudo-gem-BNMe,-PCP and pseudo-meta-BNMe,-PCP display-
ing intense circularly polarized luminescence and thermally ac-
tivated delayed fluorescence.l*’! This scaffold contains dimesityl-
boryl BMes, (as bulky electron-withdrawing group) and NMe, (as
electron-donating group) at the pseudo-gem and pseudo-meta po-
sitions at two different phenyl rings of the PCP. The centroid—
centroid distances between two deck benzene rings of PCP are
3.08 A for pseudo-gem-BNMe,-PCP and 3.01 A for pseudo-meta-
BNMe,-PCP, which allows the efficient through-space charge-
transfer transitions. A big structure difference between these two
compounds is that the nitrogen center in pseudo-gem-BNMe,-
PCP is more coplanar with the amino-bonded benzene ring
than pseudo-meta-BNMe,-PCP as determined by X-Rays crys-
tallography. The dihedral angles between NC; plane and the
NMe,-bonded benzene ring are 21.8° and 36.8°, respectively.
Through-space charge transfer enables the intense fluorescence
with TADF characteristics. The quantum yields of the two regio-
isomeric scaffolds are up to 0.72 (pseudo-gem-BNMe,-PCP) and
0.39 (pseudo-meta-BNMe,-PCP) in cyclohexane. To explore the
chiroptical properties, its enantiomerically pure forms were also
prepared. Intense solid-state fluorescence was also observed for
the enantiopure pseudo-gem-BNMe,-PCP (@ = 0.68 for R-
isomer; 0.59 for S -isomer). The R, enantiomer displays a small
positive signal ~#393 nm and a large positive signal ~313 nm. The
enantiomerically pure forms of pseudo-gem-BNMe,-PCP exhibit
strong CPL signals with a g, up to 4.24 X 1073 (in toluene).
This approach was further extended by Zhao and colleagues and
introduced a 2-(dimesitylboryl)phenyl (BMes,) containing PCP-
derivatives (17) of pseudo-gem-BPhNMe,-PCP and pseudo-meta-
BPhNMe,-PCP which contain a phenylene spacer between the
PCP and the acceptor moiety.[*’] All of the compounds were char-
acterized by the highly pyramidal geometry of nitrogen center
(the sum of C—N—C ranging from 343.2° to 352.6°) despite the
complete planar geometry of boron center as determined by X-
ray crystal structure. The boryl-bonded phenyl ring (P3) is greatly
twisted from the neighboring phenyl ring (P2) with the dihedral
angles larger than 60°. In addition, there exist z—x stacking inter-
actions between P2 and the phenyl ring (P4) of the mesityl lying
over P2, as evidenced by the small dihedral angle (20.3°-24.5°)
and the short centroid—centroid distance (3.69-3.78 A) between
them. This small structure change causes a significant increase
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Figure 3. Chemical scaffolds, photophysical and OLED applications based on PCP-based small-molecule TADF/CPL emitters and exploring donor—
acceptor modification strategy.
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in both @ and g, In toluene, the ®; and g, of pseudo-gem-
BPhNMe,-PCP were increased to 0.59 and 1.08 x 1072, respec-
tively. 2-(Dimesitylboryl)phenyl-substituted PCPs (pseudo-meta-
BPhNMe,-PCP) have shown intense CPL combing high fluores-
cence efficiency (®;) and luminescence dissymmetry factor (gj,,,,)
up to 0.93 and 1.73 X 1072, respectively.

In further optimization by the incorporation of an annelated
chiral carbazolophane (Czp) as an electron-donor combined with
triazine-containing (TRZ) scaffold (18) showed a small AEg;
of 0.16 eV, and 4, at 480 nm with @, of 70% in 10 wt%
bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO)-doped
films.[*8] Carbazolophane (indolo[2.2]paracyclophane) adopts a
more twisted conformation in donor—acceptor systems due to its
larger size compared to the reference non-cyclophanyl emitter.
The presence of the PCP induces a torsion of 55.86 A between
the planes of the Czp donor and the phenyl bridge while the
corresponding torsion in CzPhTRZ is significantly shallower at
45.11 A. The distance between decks in the PCP core is 3.07 A at
the N-connected carbon atom, which is consistent with distances
in both the free carbazolophane18 (3.06 A) and non-substituted
PCP (3.08-3.10 A). The increased steric bulk of the annelated
donor unit forces an increased torsion between the carbazole and
the aryl bridge resulting in a decreased AEg; and an enhance-
ment of the TADF. The closely stacked carbazole and benzene
units of the PCP show through-space z—z interactions, effec-
tively increasing the spatial occupation for the HOMO orbital.
Enantiomeric emitters R;-, and S,- were prepared to study CPL
properties. The chiroptical properties of enantiomers of the PCP
reveal mirror image circular dichroism (CD) and CPL with g
of 1.3 x 1073. Sky blue-emitting OLEDs were fabricated with the
new TADF emitter showing a high maximum EQE of 17% with
CIE coordinates of (0.17, and 0.25).

The functional composition influences the nature of the
TADF properties and even minor changes can alter its proper-
ties significantly. By the incorporation of electron-withdrawing
cyano (CN) and trifluoromethyl (CF;) groups onto the Czp
moiety, two deep-blue TADF emitters namely; CNCzpPhTRZ
and CF,CzpPhTRZ were further developed.*! The DFT cal-
culations reveal that the frontier orbitals and states are ef-
fectively tuned via the introduction of electron-withdrawing
groups. The HOMO is located primarily on the carbazolo-
phane donor moiety, while the LUMO is distributed across
the triazine acceptor and phenylene bridge. The HOMO lev-
els of the two derivatives are expectedly significantly stabilized
at —5.91 eV (CNCzpPhTRZ), and —5.78 eV (CF,;CzpPhTRZ)
compared to that of the parent emitter CzpPhTRZ (—5.54 eV)
due to the presence of the electron-withdrawing CN and CF,
groups, respectively. CNCzpPhTRZ and CF;CzpPhTRZ emits
at 458 and 456 nm with ®;; values of 65 and 70% in 10 wt%
2,8-bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT)-doped
film, respectively. Both emitters show high photolumines-
cence quantum yield. The AEg; is 0.23 eV for CF,CzpPhTRZ
and 0.22 eV for CNCzpPhTRZ with long-delayed lifetime of
158.3 ps for CF;CzpPhTRZ and 135.0 ps for CNCzpPhTRZ in
2,8-bis(diphenyl-phosphoryl)-dibenzo[b,d]thiophene (PPT) host
shows TADF behavior. Blue OLEDs exhibited an external quan-
tum efficiency (EQE,,,,) of 7.4% at 456 nm for CNCzpPhTRZ
and an EQE,_,, of 11.6% at 460 nm for CF;CzpPhTRZ. In each

max
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of these TADF emitters, only a single deck of the PCP was inves-
tigated.

By combining a bulkier phenoxazine (PXZ) donor (called phe-
noxazinophane; PXZ-PCP on attachment to the planar chiral
PCP) and 2,4,6-triphenyl-1,3,5-triazine (TRZ) acceptor enables ef-
ficient luminescence performances and excellent CPL properties.
The generated molecule PXZ-PCP-TRZ (19) possesses a smaller
energy difference (AEg;) of 0.03 eV between singlet and triplet
demonstrating the RISC process is fast leading to yellow TADF
properties with an EQE , up to 7.8%. The CP-OLED shows a
circularly polarized electroluminescence signals with a g; up
to 4.6 X 1072.°% The planar chiral PCP not only enhances the
electron delivery ability of phenoxazine through the intramolec-
ular 7—x interactions but also enlarges dihedral angle between
donor and benzene ring, which has been a critical factor for TADF
molecules in lowering the A Egy for efficient reverse intersystem
crossing.

The PCP-based chiral carbazole (18) phenoxazine (19) racem-
ized at the temperature of the vacuum deposition, thus further
improvement in the racemization barrier of the PCP-based circu-
larly polarized thermally active delayed fluorescence (CP-TADF)
emitters were required for device fabrications. To serve this par-
ticular purpose, a pair of donor-chiral z-acceptor-type planar chi-
ral TADF emitter S-PXZ-PCP-PT (20) functionalized with phe-
noxazinophane donor and triazine acceptor onto the PCP were
studied. This not only restrains the racemization caused by the
rotation of the sigma bond, making it possible to fabricate CP-
OLEDs through the vacuum-deposited processing, but also sup-
presses the non-radiative transition process to achieve a high pho-
toluminescence quantum yield of 0.78.51] By integrating a chiral
PCP into the luminescent scaffold enable achieving an intense
CPL signal with a g, of 1.9 x 107 in toluene. The vacuum-
deposited CP-OLEDs acquired a high EQE, .. of up to 20.1% and
a gg; of 1.5 x 1073, Due to the large steric hindrance, the criti-
cal torsion between the PXZ donor and the phenyltriazine (PT)
acceptor was guaranteed to have high twists with a dihedral an-
gle of 60.2° which results into the larger energy gap of the sin-
glet and triplet (A Egy). The vacuum-deposited CP-OLEDs with R-
(PXZ-PCP)-PT exhibited a yellow emission [(Ag, of 557 nm, CIE
of (0.44, 0.55)] with an EQE,,, 0f 20.1%. To test the racemization
energy barrier of enantiomeric emitter, the S-(PXZ-PCP)-PT was
boiled in diethylene glycol dibutyl ether at 200 °C for 20, 40, 60
min, the enantiomer was completely free of racemization.

Multi-resonant TADF (MR-TADF) emitters based on the
boron/nitrogen (B/N) containing scaffolds are emerging candi-
dates for efficient and color-pure circularly polarized OLEDs.[*?]
In 2023, Zheng and colleagues introduced a B/N doped PCP-
based multiple resonance TADF system (21) bearing highly rigid
structures composed of carbazole and phenoxazine groups ar-
ranged in a specific pattern with boron on the phenyl group.**
The CP-OLEDs based on sky-blue enantiomers show a narrow
emission and a high EQE,_,, of 32.1%. (R/S)-Czp-POAB) and
(R/S)-Czp-terBuCzB show almost all mirror symmetric CPL sig-
nals in solutions, doped films, and devices. The g, factors in CP-
OLEDs were +1.54 x 107 and —1.48 x 1073, +1.30 x 1073 and
—1.25 x 1073, respectively. This work demonstrates the incorpo-
ration of planar chirality into MR-TADF emitter as a reliable strat-
egy for efficient CP-OLEDs.
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Figure 4. Ethynyl-PCP derivatives as precursors and PCP-based 7-stacked through-space conjugated representative macrocycles.

Zheng and colleagues reported chiral room-temperature
phosphorescent emitter that exhibit CPL properties with large
Gum Of 7.2 X 107 and 1.2 x 107254 During these investi-
gations, CPL properties were modulated by incorporation of
cyano(picolinonitrile)  and  2,6-bis(trifluoromethyl)pyridine
groups onto the carbazole-containing PCP enantiomers
that extend the phosphorescence lifetime and longer af-
terglow. Through the elaboration of both decks of the
PCP, that is, conjugation-extended carbazolophane donors
(dicarbazolophane-based centrosymmetric core) decorated with
triazine provided the solution-processed TADF compounds
and EQE, . of 8.2% and an EQE of 7.9% at 100 cd m~? was
achieved.®! The introduction of tert-butyl groups onto the
triazine increases the solubility of targeted emitters in or-
ganic solvents, which is important for producing high-quality
solution-processed devices.

3.2. Optically Active n-Stacked Macrocycles, Polymers, and
Extended Structures Consisting of [2.2]Paracyclophanes

Pioneering research on PCP-based through-space conjugated
molecules and polymers by Collard,*®) Morisaki and Chujol®”]
employing electrochemical, metal-mediated cross-coupling, and

Adv. Funct. Mater. 2024, 2311828 2311828 (9 of 27)

various polycondensation approaches have opened up a new
platform for the exploration of PCP-based materials in op-
toelectronic applications. This novel class of z-stacked poly-
mers combines through-bond and through-space conjugation
with the innate chirality of the PCPs into polymers with well-
defined molecular weight that can act as single molecular wires.
Morisaki and Chujo groups have introduced structurally-diverse
n-stacked extended scaffolds with different geometries, sizes,
and shapes including X-, V-, N-, M-, triangle-shaped, and helical
structures exhibiting CPL activities. Ethynyl[2.2]paracyclophane
derivatives as precursors (for instance 22 or 23) can be con-
nected via covalent bonds to synthesize PCP-based macrocy-
cles (24), trimeric- (25, and 26), and other tetrameric (27)
macrocycles (Figure 4). These optically-active z-stacked extended
molecules,*®] oligomers,*°l and macrocycles,®®] have been sys-
tematically investigated for tuning electronic and chiroptical
properties.[®! Structurally-diverse and through-space conjugated
poly(p-arylene-ethynylene)-type (PAE-type) z-stacked polymers
built with varying bridge units (monomers) have been prepared
with cyclophanyl cores. For instance, as illustrated in Figure 5
polymer chain built with a PCP and incorporation of fluorene
leads to an extension of the z-conjugation.[®”! The polymers pos-
sessed good solubility in organic solvents, thermal stability and
exhibited purplish-blue emission with high PL efficiencies in
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Figure 5. Through-space conjugated PCP-based polymers built with varying bridge units (monomers) and a reference compounds consisting of PCP

with fluorene scaffold.

solution The polymer 29 showed a strong absorption peak at

Amax Of 340 nm, which was red-shifted relative to the model non-
cyclophanyl compound 28 at 4, of 314 nm. The fluorescence
emission peak of polymer 29 observed at ~#392 nm in the visible
purple-blue region with a high @, of 0.81. The emission of the
model non-cyclophanyl compound 28 was slightly blue-shifted,
while the absorption maximum of 28 exhibited a stronger blue
shift of ~25 nm. Different aromatic scaffolds can be incorporated
into the polymers chains. The polymer characteristics can be con-
trolled by appropriate tuning of the bandgaps and energy levels of
the z-electron system. For in-depth synthetic discussions, details
on theory, and optical and electrochemical properties of the PCP-
based z-stacked polymers as models for semiconducting conju-
gated organic materials, readers are further referred to the fo-
cused book chapters.[®]

Mayor and colleagues have envisioned PCP-based z-stacked
fully-conjugated all-carbon macrocyclic 1,3-butadiyne bear-
ing three to six PCPs/® and other related macrocyclic
oligothiophenes.[®>] The heterocyclization of the macrocyclic 1,3-
butadiyne bridges into macrocyclic 2,5-thienyls linked PCPs re-
sults into an increase in quantum yield and a significant redshift
in emission wavelengths. Hasegawa have reported macrocyclic
oligophenylenes, and biselenophene anchoring with stereogenic
PCPs exhibited chiroptical properties due to the z-transannular
interactions.[®! The resulting rigid biselenophene cyclic system
exhibits enhanced chiroptical properties when compared with
its acyclic precursor. Jiang and colleagues have introduced PCP-
based nanosized chiral macrocycles with cycloparaphenylenes
(CPP) backbone containing planar chiral pseudo meta-PCP
(diethynyl-PCPs),l*”] and 4,7,12,15-tetrasubstituted ethynyl-PCPs
(referred to PCP-[n]CPP) for investigation on photophysical and
chiroptical properties.[®] PCP-[6]CPP, PCP-[7]CPP, PCP-[8]CPP
and PCP-[9]CPP were confirmed by single crystal X-rays analysis
(the numbers in brackets are the number of benzene rings of
CPP backbone). The macrocycles exhibit photophysical proper-
ties with high fluorescence quantum yield of up to 82%, and the

Adv. Funct. Mater. 2024, 2311828 2311828 (10 of 27)

fluorescence varies with the ring size from PCP-[6]CPP to PCP-
[9]CPP. Size-dependent chiroptical properties with moderately
large CPL dissymmetry factor (gj,,,) of 1.9-2.9 x 103 and CPL
brightness in the range of 30-40 M~ cm™" were observed. The
CPL spectra of Sp- and R;- are mirror images of each other. the
(8rum) Values decrease with the increase of the number of benzene
rings. Furthermore, in case of using 4,7,12,15-tetrasubstituted
ethynyl-PCPs, the regioselectivity exerts a significant influ-
ence on the topological chirality was observed. The S,-/R,-
PCP[12]-CPP were able to accommodate not only 18-Crowno, its
complexes with protonated chiral amines in their cavity form a
ring-in-ring complex and chiral ternary complexes along with
excellent photophysical and chiroptical properties. In 2020, Duan
and colleagues realized upconverted circularly polarized ultravi-
olet luminescence (UC-CPUVL) using PCP-based emitter built
of chiral annihilator (S)—4,12-biphenyl[2.2]paracyclophane (R,-,
or its other enantiopure counterpart S-), and a TADF-sensitizer
(carbazolyl dicyanobenezene, 4CzIPN).[! R, possessed a pos-
itive Cotton effect at 330 nm and a negative Cotton effect at
271 nm. Both enantiomers showed clear CPUVL emission at
380 nm, and its corresponding g .. value was about 3.1 x 1073,
R,-and S,- showed a mirror-image CD signals. After dispersing
this upconversion system into room-temperature nematic liquid
crystal, induced chiral nematic liquid crystal could significantly
amplify the g, value (0.19) of UC-CPUVL emission that trigger
enantioselective photopolymerization of diacetylene. This work
provides a proof-of-concept for challenging chiral polymeriza-
tion and paves the way for further development of functional
application of CPL-active materials. There are other reports on
exploring z-conjugated interactions by designing polymers with
a mixture of z-face strapped and nonstrapped monomers.!”°!
Other discrete z-stacks, for instance, [2,2]fluorenophanes with
excitonic coupling properties,’!! bisquinoidcyclophane as a
candidate for multiphoton-gated optical materials (generated by
the step-wise absorption of two photons from the correspond-
ing tetraimidazoles),”?! anti-[2.2](1,4)anthracenophane, and
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anti-[2.2](1,4)pentacenophanes with improved charge-transport
materials properties have been investigated with the aim of tun-
ing photophysical, optoelectronic, and electrochemical features
of the systems.[”3]

4. Supramolecular Polymerization Using Chiral
[2.2]Paracyclophanes via Non-Covalent Strategies
and Controlled Conformational Arrangements

Supramolecular polymers are defined as polymeric materi-
als formed by reversible non-covalent interactions between
functional monomers that result into polymeric properties in
bulk and in solution.” Supramolecular polymerization rely
on non-covalent strategies, for instance, z—z stacking, halo-
gen bonding (X-bond), or better-known hydrogen bonds (H-
bond), CH-x interactions and metal coordination to form di-
verse supramolecular systems with precise control over struc-
ture, properties and functions.!”>! By bridging cyclophanes chem-
istry with supramolecular chemistry point toward new possibil-
ities in cyclophane-based chiral materials applications.l”®! Like
most other prevalent arenes/heteroarenes systems, PCP scaf-
folds can be transformed by regioselective functionalization, and
their chiral resolution provide PCP-based planar chiral 3D pre-
cursors capable of spontaneous organization into supramolec-
ular assemblies. In this vein, exploiting non-covalent interac-
tions of transannular (intramolecular) hydrogen bonds, Castel-
lano and colleagues have demonstrated chemically-programmed
4,7,12,15-tetracarboxamide-substituted PCP as monomers (31)
for spontaneous organization into well-define supramolecular
polymer assembly with controlled conformational arrangements
in solution and the solid state as depicted in Figure 6.1 PCP are
equipped with four hydrogen bonding units and the helical chi-
ral sense of the assembly is dictated by the planar chirality (R, or
S,) of the PCP monomers. Alkyl groups give solubility in organic
solvents for solution studies. Upon assembly (e.g., of the R, con-
figuration), the planar chirality of the monomer is transferred to
the helical-chirality of the supramolecular polymer. PCP stacks
helically laced-up by two transannular H-bond strands made
of PCPs though anti-aligned amides were confirmed by single-
crystal X-ray analysis. An average intramolecular (transannular)
H-bond (N---C=0) distance of 2.81 A was revealed accompany-
ing the well-optimized H-bonding distances of average amide tor-
sion angles (¢, ~—38°; p,~—141°). While the average intramolec-
ular distance between aryl ring centroids (3.1 A) is fixed and
consequently short, the intermolecular centroid-to-centroid dis-
tances are on-average larger 3.8 A (the closest intermolecular
Coryi+Cayy distance is 3.4 A). NMR, IR, and UV-vis spectro-
scopic measurements have shown its persistence in organic solu-
tion. Supramolecular polymerization of the bridge-expanded ho-
mologue of PCP, namely, 5,8,14,17-tetracarboxamide-substituted
[3.3]paracyclophane (32) which bearing an additional methy-
lene unit -[CH,]- in the [3.3]paracyclophane bridge, forms ho-
mochiral assemblies in nonpolar solution and the solid state
through double-helical intermolecular and transannular hydro-
gen bonding.[”8! The increased deck-to-deck z—z distance (3.3 A
versus 3.1 A) due to the added bridge carbons, led to a change
in the supramolecular structure of the assembly and results
in a decrease in strain energy, and an increase in conforma-
tional freedom compared to the rigid PCP-based assemblies.
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Figure 6. Supramolecular polymerization via non-covalent strategies of in-
termolecular and transannular H-bonding (top). Tuning supramolecular
polymer assembly via stereoelectronic interactions employing [2.2]cyclo-
phane versus [3.3]cyclophane and [3.3]thiacyclophane tetracarboxamides
(bottom). Dashed lines indicate hydrogen bonding and n — z* indicates
stereoelectronic interactions. Reproduced with permission from ref. [77]
Copyright 2016 Wiley-VCH; and from ref. [78,79] Copyright 2020 and 2021,
American Chemical Society.

PCP substituted with four anilide (N-centered amide) hydrogen
bonding units differ from amide hydrogen bonding units (C-
centered/carboxamide versus N-centered/anilide, i.e., C,,—C=0
connectivity versus C,,—N—C=0 connectivity) influence molec-
ular self-assembly with slightly longer H-bonds (average N---O
distance 2.88 A compared to 2.84 A).

A new set of redox-tunable 2,11-dithia[3.3]paracyclophane
tetracarboxamides differing in their bridge oxidation state (33
and 34) were investigated to understand the role of stereoelec-
tronic interactions on tuning supramolecular polymer assembly
(Figure 6; bottom).l””) An n — z* interaction between the amide
hydrogen bonding units and the central bridging atom results
from the single-point exchange of the central methylene carbon
atom for a sulfur atom (contacts between atoms with nonbonded
electron pairs and carbonyls). This results in an increase in the
elongation constant for dt[3.3]PCPTAS compared to that for their
carbocyclophane analog [3.3]PCPTA. Changes in characteristic
bond stretching frequencies, and geometric or structural changes
of the supramolecular polymer assembly were evaluated by X-
ray crystallography. All amides are participating in transannular
and intermolecular self-complementary H-bonding. In the sul-
fide bridged dt[3.3]PCPTA-S, the bridging sulfur is engaged in a
weak n — 7* interaction with the proximal amide carbonyls (d =
3.16-3.25 A, 6 = 82-102°). On oxidation of the sulfide to a sul-
fone (dt[3.3]PCPTA-SO,, the sulfone oxygen engages the amide
carbonyl in a stronger n — z* interaction. Crystallographic evi-
dence of a stronger n — z* interaction is the elongation of the
amide C=0 bond. In the amides engaged in n — z* interactions
with the sulfone oxygen, the C=0 bond is 0.011 A longer than in
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Figure 7. Morphological representation of the vessel-shaped skeletal chiral microcrystals; Molecular packing arrangement of the (S,)-PCPs (bearing
methoxyphenyl)ethynyl arms) in microvessel viewed from the c-axis (left) and b-axis (right) directions. The intermolecular interactions are visualized
with orange circles (z—x), blue (C—H---O) and green (C—H---x) dashed lines. PCP molecules in each stack (layer) are colored red, orange, green, blue,
magenta, and gray in order. SEM image of the microcrystalline vessel at scale bar: 5 um. Reproduced with permission from ref. [80] Copyright 2022,

Science, American Association for the Advancement of Science (AAAS).

those which are not engaged in n — z* interactions (1.236 ver-
sus 1.247 A). The molecular modeling of dt[3.3]PCPTAS re-
vealed the potential for n — z* interactions from the lone pair
of the bridge sulfide sulfur or the bridge sulfone oxygen to
the #* orbital of the amide carbonyl. By oxidizing the sulfide
to a sulfone bridge, this orbital donor—acceptor interaction can
be strengthened which acts to shorten the donor---acceptor dis-
tance and increase orbital overlap. This acts as a secondary effect
tuning the intermolecularly hydrogen bonded supramolecular
polymer.

Exploiting non-covalent interactions, Oki and colleagues
demonstrates an innovative synthesis strategy to craft crys-
talline chiral microvessels in a highly-controlled, hierarchically-
organized uniaxial manner by stereoselective stacking of PCP-
based chiral monomers employing drop-casting on various
substrates.®”) The synchronous assembly of chiral skeletal
single-crystalline microvessels emerges from the highly sym-
metric ordering of the chiral PCP monomers (35) that stack on
one another via non-covalent interactions with a counter clock-
wise rotation of 60° along a crystallographic six-fold screw axis
(Figure 7). The ingenious design of the PCPs appended with
four (methoxyphenyl)ethynyl groups in enantiopure form brings
the innate stereochemical features (planar chirality) and facili-
tates vital non-covalent supramolecular interactions which even-
tually lead to the stereocontrolled skeletal morphology. The solid-
state structures investigated by X-ray diffraction on single crys-
tals show multiple non-covalent forces of C—H---z, C—H---O and
#—r interactions holding monomers together. Morphology con-
trol and transitions of the hierarchical crystal growth (from edge
growth to facet growth) as well as thickness by stereoselective
growth process were analyzed by scanning electron microscopy
and in situ fluorescence microscopy observations. These micro-
crystalline vessels bear stereocontrolled skeletal morphology, rec-

Adv. Funct. Mater. 2024, 2311828 2311828 (12 of 27)

ognize stereoisomers and serve as containers to accommodate
microcrystals, polymer particles, and fluorescent dyes.
Functionalized PCPs bearing coordination-capable sites, for
instance, carboxylic acid (COOH) have enormous potential
to serve as organic ligands/linkers (36-40) and thus form
supramolecular porous coordination polymers (also referred to
as metal-organic frameworks MOFs). Appropriately functional-
ized organic molecules and inorganic metal nodes form porous
coordination polymers via reversible coordination bonds, and
find broad applications ranging from catalysis, sensing, sepa-
ration, and porous carriers.¥!) Organic building blocks bring
structural/functional diversity into MOFs materials. Based on
organic building blocks, metal type, oxidation states, and coor-
dination capabilities, various geometries of coordination-driven
reticular assemblies can be created for desired materials ap-
plications. PCP-derivatives are particularly appealing, inherit-
ing the innate planar chirality and layered structure of the
PCP once assembled into framework materials. PCPs func-
tionalized with coordination-capable di- and tetratopic phenyl-
carboxylates in combination with ZrCl, to from crystalline
zirconium-based 3D porous coordination polymers have been
demonstrated (Figure 8).82] This was the first demonstration
where 9-connected Zr, nodes are incorporated in the framework
using a PCP-linker, exhibit highly ordered periodic arrangements
with rare net topologies. Using optically-active planar-chiral di-
and tetratopic PCP-carboxylic acid form Zr-frameworks display-
ing strong CPL emissions exhibiting g, and ®;; values of up
to 8.3 x 107 and 87% has been demonstrated which are am-
plified by ~18- and 52-fold compared to the corresponding free
PCP ligands.[®*] This highlights the potential of optimizing CPL
performances of chiral chromophores by using framework struc-
tures. PCP derivatives in combination with dipyridyl-substituted
tetraphenylethene (TPE) motifs form non-covalent double
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Figure 8. Supramolecular porous coordination polymers or MOFs constructed by coordination-driven strategies using di-, and tetratopic PCP-based pre-
cursors (top); Chiral Zr-PCP MOFs optimizing CPL performances of chiral chromophores (middle); 2D MOFs with multiple cavities built with tetrakis (4-
pyridylcyclobutyl)-PCP in combination with Co(lIl) at the bottom. Reproduced with permission from ref. [82,83] Copyright 2022, American Chemical

Society; from ref. [85] Copyright 2005 American Chemical Society.

helicates by metal-coordination which exhibit aggregation-
induced emission (AIE) properties that could be useful for con-
structing artificial light-harvesting systems and CPL-OLED white
LED devices.®* TPE restricts the rotation of the phenyl rings and
enables efficient chiral transfer from planar chiral PCP to the TPE
fluorophore inducing efficient CPL.

MacGillivray and colleagues have demonstrated PCPs
bearing multi-pyridyl end-groups, for example, tetrakis(4-

Adv. Funct. Mater. 2024, 2311828 2311828 (13 of 27)

pyridylcyclobutyl)-PCP (41) in combination with Co(II) nodes
for constructing 2D supramolecular systems.[®] Other PCP-
derivatives containing ditopic -COOH moieties directly attached
at the pseudo- para- positions of the PCP,/® and containing
spacer-group of phenyl-COOH moieties at the para- positions
of the PCP as well as bipyridines substituted PCPs to form
coordination-driven supramolecular assemblies with various
metal-precursors have also been demonstrated.®”] PCP-derived
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Figure 9. Concept ofthe Gorham process for PCP-based CVD polymerization (Parylenes) and library of CVD compatible functionalized PCPs as precursor

monomers. Device diagram is courtesy of Lahann labs at KIT.

tetraldehyde in combinations with amine precursors to form
crosslinked non-planar 2D covalent organic networks have been
demonstrated.(®®!

5. Cyclophane-Based CVD (co)Polymerization and
Post-CVD Fabrication of Structurally-Controlled
Parylene Polymer Surfaces

One of the main focuses of cyclophane research centers on poly-
meric poly(p-xylylene) coatings and their functionalized forms
formed by chemical vapor deposition (CVD) polymerization us-
ing PCP-based precursors as gas-phase monomers (Gorham
process).[#l The poly(p-xylylene) coatings are generally referred
to their trade name parylenes. CVD polymerization is a widely
used technology for making freestanding thin films or coatings
on almost any surface where reactive species from chemical pre-
cursors are pre-formed in vapor phase and spontaneously poly-
merize into conformal homogeneous polymer surfaces. CVD
polymers, because of their high purity, flexibility, and chemi-
cal inertness offer enormous potential of industrial importance

Adv. Funct. Mater. 2024, 2311828 2311828 (14 of 27)

ranging from microelectronics to photovoltaics, development of
sensors, microelectrochemical materials, and have demonstrated
technological utility as coatings of industrial products.®"! In con-
trast to the above described PCP-based layered-polymers pre-
pared by cross-coupling, electrochemical, and various polycon-
densation approaches, however, the co-facially stacked layered-
structure and planar chirality of the PCPs is lost during CVD
polymerization process as the PCP core is cleaved homolyt-
ically at the ethylene bridges in a custom-built CVD device
setup at high-temperature, and generates reactive intermediates
of 1,4-quinodimethane radicals (p-xylylene) in vapor phase that
spontaneously polymerize into homogeneous parylene polymer
coatings. The general concept of the Gorham process of PCP-
based CVD polymerization into poly(p-xylylene)s coating con-
sists of sublimation, pyrolysis, and deposition and is depicted
in Figure 9. A broad description of the fundamentals of poly(p-
xylylene)s via cyclophane-based CVD polymerization methods,
formation mechanism, structure controlling parameters and
characterization techniques can be found in earlier reports.>
For patterning on functional surfaces, techniques such as
microcontact printing, photopatterning, using photomask or
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lithographic techniques such as dip-pen nanolithography can be
combined with CVD approach. CVD polymerization and its ap-
plications have been the subject of extensive research which are
well-summarized in several recent focused-reviews, and book
chapters.[?]

5.1. Design Strategies of PCP Precursors for Structuring
Parylenes via Skeletal Composition and Post-CVD Fabrications

The chemical composition of a parylene polymer can be var-
ied by altering the polymer backbone itself or by adding func-
tional moieties as side-groups to tune their chemical, physi-
cal, and mechanical properties. For structuring parylene poly-
mers and their functionalized forms (via skeletal modification)
and their post-synthetic fabrications (via functionalization of the
skeleton), the synthetic design of the chemically-programmed
precursors, that is, CVD monomers is of fundamental relevance
that determine its application sphere. For instance, commercial
parylenes include parylene-N (42); the most common form is pre-
pared from non-functionalized PCP.[}! Parylene-C (43) is pre-
pared from mono-chloro-PCP, and parylene-D (44) is prepared
from dichloro-PCP precursors. Parylene-HT or AF, formed from
tetrafluoro-PCP (45), represent novel polymers with high thermal
and chemical stabilities.[*]

Although, PCP components employed in CVD process
are largely contain all-carbon backbones. By replacing one
or both benzene rings with heteroaromatics, skeletally novel
scaffolds consisting of two varying constituent units such
as  [2.2])(2,5)pyridinophane, [2.2](2,5)pyrazinophane, N,N-
dimethyl[2.2](2,5)pyrrolophane and pyridinophane deriva-
tives (46) useful precursors for developing an entirely new
class of functionalized polymers.”¥ A diversity-oriented syn-
thesis of perfluoro-PCP and brominated tetrafluoro-PCPs
as CVD monomers has been developed.’®] PCP precursor
bearing a stereogenic center as side-group, for instance,
(Sp,S)—1-(4-[2.2]paracyclophanyl)ethanol  and  (S,,R)—1-(4-
[2.2]paracyclophanyl)ethanol (47) have also been prepared.

Modular synthesis approach in design and optimization of
PCP as CVD monomers stands in the very center and remains
a powerful route to parylene-derived functional materials. PCP-
based precursors bearing synthetically tunable functional moi-
eties, for instance, alkyne, thiol, hydroxyl, carbonyl, fluorinated
groups, amino, ester, and anhydride components are compatible
with the CVD polymerization conditions that can serve as anchor-
ing sites for post-CVD surface engineering without alteration of
the skeletal formats and brings ample opportunities and new
capabilities.””) Some of the PCP monomers used in CVD poly-
merization and post-CVD fabrication of reactive poly(p-xylylene)s
are described in Figure 10. Molecular systems do not have to be
limited to the mentioned few examples of PCPs. There are di-
verse other structures that share similar structural and functional
features, which have been well-optimized for CVD process.

5.2. Structuring Multi-Functional Parylene Surfaces via CVD
Copolymerization and Post-CVD Fabrication Strategies

Chemical modification of poly(p-xylylene)s surface by specific

functional moieties allows tuning surface properties through
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post-CVD fabrication while preserving the inherent polymer
backbone.[*] For post-CVD fabrication process via covalent
binding, employing chemical methods of azide—alkyne “click”
chemistry, light-induced thiol-ene/thiol-yne reactions, aldehy-
des/ketones with hydrazides or alkoxyamines, and other ap-
proaches have been developed for surface tailoring via post-
synthetic fabrications.”’] Lahann, Chen, and colleagues in their
independent reports have reviewed the most recent advances in
PCP-based CVD polymerization and post-CVD fabrication that
provide a comprehensive overview from the overall application
perspectives particularly for biointerfaces engineering.!®!

By employing multiple PCP monomers, each substituted
with a functional moiety of different chemical reactivity, en-
able CVD copolymerization to form multi-functional reactive
polymeric parylene surfaces with anchoring sites that can be
further fabricated in post-deposition surface engineering. For
instance, a two components copolymerization in a custom-
built CVD device setup by employing 4-N-maleimidomethyl-
PCP and 4-methyl-propiolate-PCP components generates
poly[(4-N-maleimidomethyl-p-xylylene)-co-(4-methyl-propiolate-
p-xylylene)-co-(p-xylylene)] functional polymer.®% Using 4-N-
maleimidomethyl-PCP and 4-methyl-propiolate-PCP compo-
nents in CVD copolymerization generates multicomponent
coating of poly[(4-N-maleimidomethyl-p-xylylene)-co-(4-methyl-
propiolate-p-xylylene)-co-(p-xylylene)]. Methyl propiolate and
maleimide attached to the CVD polymer enable biorthog-
onal click reactions with azide-terminated biomolecules,
and Michael-type thiol coupling reactions with maleimides
(Figure 11).°®! This approach has been adopted for structuring
various multifunctional parylene surfaces.[1%!

In a similar way, the concept of a three component CVD
copolymerization generates polymer surfaces with trifunc-
tional moieties. For instance, acetylene, maleimide, and ke-
tone (by employing three different precursors of 4-ethynyl-PCP,
4-N-maleimidomethyl-PCP, and trifluoroacetyl-PCP) has been
demonstrated.['! Trifunctional polymer surfaces could enable
specific functions via conjugation of Alexa Fluor-555 azide,
fluorescein-labeled cysteine, and Alexa Fluor-350 hydrazide, re-
spectively, as model reporter molecules (Figure 12). This concept
is well-optimized to control the immobilization of biomolecules
selectively under mild conditions similar to biological environ-
ments, their broad translational potential yet to be developed.

In a rather different strategy of CVD copolymerization using a
PCP component in combination with a non-cyclophanyl compo-
nent of cyclic ketene acetal (namely; 5,6-benzo-2-methylene-1,3-
dioxepane) forming polymer backbone bearing degradable ester-
linkages has also been developed.'?] The degradation kinetics
were dependent on the ratio of the PCP to the ketene acetal pre-
cursor. This concept combines interfacial multifunctionality with
hydrolytic degradability in CVD polymers, opening up new appli-
cation possibilities.

Beyond the conventional trends, dimensionally-organized
structuring of parylenes could bring new capabilities and oppor-
tunities in CVD polymerization. Integrating CVD polymeriza-
tion process with a template-driven fabrication techniques enable
to achieve topologically-defined structuring of parylenes (in 1D
to 3D dimensions) with tailored shapes, sizes, and chemistries.
To demonstrate the spatially organized thin-films fabricated by
CVD, Lahann and co-workers have investigated liquid crystals
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Figure 10. Generalized structural and functional design of the reactive poly(p-xylylene) coating/surfaces by CVD (co)polymerization.

(LCs) as template for CVD polymerization to prepare nanohe-
lices of parylene polymers on surfaces with tunable length, pitch,
and higher-order mesoscale morphologies by varying the chiral-
ity of the template.['®] Straight fibers were obtained by using ne-
matic LCs, while nanostructures with pores of 500 nm in diam-
eter were yielded by using blue-phase LCs (Figure 13). By using
cholesteric LCs, the helicity could be transferred to the nanofibers
in the form of a spiraling of the fiber in the ym range. Upon re-
moval of the LCs template, the morphology and structural regu-
larity of the template remain preserved.

As mentioned earlier, the co-facially stacked 3D structure
and stereochemical features (element of the planar chirality)
of the chiral PCPs cannot sustain during CVD polymeriza-
tion process at high-temperature. However, by incorporating
an additional stereogenic center (for instance, by adding cen-
tral chirality) in the side-group attached to the PCP precur-
sors can transcript conformational features of the monomers
into the corresponding CVD-based polymeric materials. PCP
precursor bearing a stereogenic center as side-group (47), for
instance, (S,,,S)—1-(4-[2.2]paracyclophanyl)ethanol and (S,,,R)—
(4-[2.2]paracyclophanyl)ethanol enable the formation of chirality-
defined superhierarchical arrays of nanohelices via CVD poly-
merization into supported films of LCs (Figure 14).[1% The CVD
fiber reflects twists (S or R) depending on the PCP-monomer

Adv. Funct. Mater. 2024, 2311828 2311828 (16 of 27)

handedness, and this opposite helicity shows a mirrored signal
in the CD spectrum. In contrast, templated CVD polymerization
of the achiral PCP precursor under identical conditions resulted
in straight nanofibers rather than nanohelices. These findings
outline a new approach toward polymer nanostructures, as mor-
phological design features can be templated aiming for 3D soft-
matter architectures. The chiral information is directly encoded
into the PCP precursors rather than the templating LCs medium.
Using carefully chosen reaction parameters and synthesis routes:
that is, i) regioselective functionalization of the PCP, ii) followed
by chiral resolution step, and iii) successive transformations af-
ford optically active planar and central chiral PCP precursors in
an enantioenriched form.1%]

The CVD polymerization of chiral PCP precursor ranging
from 0% e.e. to 100% e.e. of the S-configured precursor was
studied. SEM revealed that the morphology of the resulting
nanofibers prepared with different % e.e. of chiral precursor
was markedly different. With 0% e.e. chiral precursor, the re-
sulting nanofibers were mostly un-twisted. Strong bisignate CD
signals were found for twisted nanofibers at 247 nm. It is hy-
pothesized that as the molecular size of the chiral center in-
creases, the degree of the steric effect should increase and thus
the degree of twisting should increase as well. Demirel and col-
leagues have reported poly(p-xylylene) containing free-standing,
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Figure 11. Top: a) Schematic illustration of a two-sourced CVD copolymerization used to prepare the multicomponent coating. b) CVD copolymerization
of a 1:1 molar ratio of 4-(N-maleimidomethyl)-PCP (1) and 4-methyl-propiolate-PCP (2) to form poly[(4-N-maleimidomethyl-p-xylylene)-co-(4-methyl-
propiolate-p-xylylene)-co- (p-xylylene)] (3). Bottom: Schematic illustration of multicomponent coating and immobilization of multiple biomolecules
by biorthogonal approach. An azide-alkyne click immobilized the Alexa Fluor-555 azides, and a thiol-maleimide coupling was used to immobilize
fluorescein-labeled cysteines. The process of uCP was used to confine specific conjugation to selected areas. a) The red-channeled fluorescence mi-
croscopy image illustrates the immobilization of the Alexa Fluor-555 azides. b) The green-channeled fluorescence microscopy image reveals the immo-
bilization of the fluorescein-cysteines. c) Overlaid images of (a) and (b). Schemes and images are reproduced from ref. [99b] Copyright 2014, Wiley-VCH.
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Figure 12. a) Representation of three component CVD copolymerization and tri-functional coating homogeneously deposited and subsequent immo-
bilization molecules of Alexa Fluor-555 azides (red), fluorescein-labeled cysteines (green), and Alexa Fluor 350 hydrazides (blue). Schemes and images

are reproduced from ref. [101] Copyright 2013 Royal Society of Chemistry.

slanted, parallel columns.[1%] Recently, using a 3D porous tem-
plate of metal-organic framework crystals for poly(p-xylylene)s
via CVD polymerization with implementation of 3D spatial ar-
rangements establishes a new platform for the synthesis of func-
tional parylene polymer particles with structurally controlled
morphologies, where molecularly imprinted structuring can be
modulated by the choice of both the template and the CVD
precursors.'%”] To exploit this approach, a large diversity of crys-
talline porous-framework materials is available with variable crys-
tal sizes, shapes, and pores that can serve as confined templates
for the synthesis of 3D polymer nanostructures, as has been
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demonstrated successfully in liquid-phase polymerization.!1%8!

Chen and colleagues have envisioned a multifunctional CVD
copolymerization on sublimating ice particles as template at the
dynamic vapor—solid interface to fabricate a porous and multi-
functional poly-p-xylylene material.[1%] The vapor-phase sublima-
tion and deposition occurs simultaneously, where the deposition
of the poly(p-xylylene)s occupies the space vacated by the subli-
mating ice (Figure 15).

Poly(p-xylylene)s surfaces containing ester alkyne and
maleimide functionalities were used to demonstrate the concept
of multifunctional porous poly(p-xylylene)s by immobilizing

Polymer
nanofibres

—»

Figure 13. Templated synthesis of polymeric nanofibres using surface-anchored LC phases as templates. A) CVD of 4-hydroxymethyl-PCP to yield the
respective polymer; B) Fabrication of polymer nanofibres via CVD into homeotropically aligned LCs; C) Scanning electron microscopy (SEM) image
of nanofibres after LC removal; D) Optical micrograph (cross polarisers) of a nanofiber, where A and P are the orientations of the polarisers; E, F)
Micrographs of a nanofiber with a quarter-wave plate with its slow axis; G) Alignment of the polymer chains along the axis of the fiber. Reproduced with
permission from ref. [103] Copyright 2018 Science, American Association for the Advancement of Science (AAAS).
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Figure 14. Template-driven synthesis of polymer nanohelices via PCP-based (47) CVD polymerization into a nematic LC film. A) Top; Templated synthesis
of polymer nanohelices via CVD polymerization into a nematic LC film. Inset: Chemical representation of CVD polymerization of chiral and achiral
precursors. B-D) SEM images of nanohelices S and R and achiral nanofibers A prepared by CVD polymerization of 15 (B), 1R (C), and 1A (D), respectively
(the LC is homeotropically anchored on a surface before polymerization and was removed prior to SEM). E) High-resolution C1s XPS spectra of S and R
confirming identical chemical composition for nanohelices with opposite handedness; these spectra are identical to the achiral nanofibers. F) Circular
dichroism spectra of nanohelices S (blue) and R (green) and achiral nanofibers A (black). Bottom; Influence of enantiomeric excess on fiber helicity shown
as SEM images. SEM images of the nanofibers and the induced mesoscale chirality of (+)-(S,,,S) and (+)-(S,,R)-PCP with varying % enantiomeric excess
upon polymerization into nematic E7. (blue) S-configured or (red) R-configured into a thin film of LC (MDA-98-1602). LC was removed prior to imaging.

Reproduced with permission from ref. [104a] Copyright 2021, Wiley-VCH.

the fluorescence probes, Alexa Fluor 555-labeled azide, and
fluorescein-labeled (FITC) cysteine. Huisgen 1,3-dipolar cycload-
dition to click azides and terminal alkynes, and the maleimide
moiety provides an efficient pathway toward the conjugation of
a thiol group via Michael-type addition with the formation of a
stable thioester bond. Templated CVD opens a new platform for
designing PPX with programmable geometry, alignment, and
chemistry.

6. Cyclophanediene Precursors Design Strategies
and Poly(p-phenylenevinylene) Polymers by
Ring-Opening Metathesis Polymerization

Cyclophanediene and related strained cyclophanes have emerged
as useful precursors for ring-opening metathesis polymerization
to prepare poly(p-phenylenevinylene)s (PPV)s conjugated poly-
mers for electronic and optical applications.['!®) PPVs, a class

Adv. Funct. Mater. 2024, 2311828 2311828 (19 of 27)

of the conductive polymers consist of alternating alkene and
phenyl groups in conjugation.'!!l [2.2]Paracyclophane-1,9-diene
(49) has gained attention as a monomer in PPVs (via ROMP)
obtained with cis/trans configuration which could be isomer-
ized to the all-trans polymers upon photochemical stimulation
as documented in literature.''?] The development of functional-
group tolerant and robust olefin-metathesis catalysts has enabled
the use of diverse cyclophane monomers in ROMP, with the
possibility of block (co)polymerization and end-group modifica-
tion due to its living nature.'"*! In 2006, Turner and colleagues
reported pioneering research describing the polymerization of
tetraoctyloxy-[2.2]paracyclophane-1,9-diene by ROMP to prepare
soluble poly(dioctyloxy-p-phenylenevinylene).[''* This approach
has been investigated for over a decade, amongst others, by
Turner and colleagues have intensively studied the chemical re-
activity of various catalysts-types (50-53), monomer-to-catalyst
ratio in combination with varying PCP-ds featuring different

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 15. Multifunctional CVD on ice template: A) Reaction scheme using ester alkyne- and maleimide-functionalized p-xylylenes for copolymerization
and deposition on the same ice template substrate to fabricate a porous and multifunctional poly-p-xylylene material; B) Fluorescence micrograph
showing the specific conjugation of Alexa Fluor 555-azide (red channel) toward the ester alkyne groups on the interface of the porous material; C)
Fluorescence micrograph showing a second and specific conjugation of FITC cysteine (green channel) toward the maleimide groups on the same
porous material; D) Paralleled conjugations of the two fluorescence molecules (overlaid image). Scale bars: 250 um. Reproduced with permission from

ref. [109a] Copyright 2020, American Chemical Society.

regiochemistry and substitutes attached to the (hetero)aromatic
core for modulating soluble PPVs (Scheme 2).1%! The driving
force for ring-opening and polymerization is strain relief. Attach-
ing alkyle or alkoxy side-chains to the PPV polymer backbone
increase solubility. In ROMP the chemical nature of the PCP-
d substituents on the monomer also have an influence on the
kinetics of the reaction. Choi and Zentel's investigated the reac-
tivity behavior and the polymerization process of four isomeric
alkoxy-substituted PCP-ds (e.g., 57) in combination with several
catalysts in ROMP.M®ITHNMR spectroscopy was used for mon-
itoring the initiation process via the carbene signals. The chem-
ical shifts of the initiated species vary depending on the NHC
ligand and the coordination of the aryl-ether (2-ethylhexyloxy or
methoxy). The coordination of the monomer repeating unit to the
Ru-catalyst during the polymerization process was envisioned. It
was revealed that the introduction of aromatic ethers should be
applied especially to monomers of low reactivity to obtain a long-
living catalyst species with increased stability and enable poly-

Adv. Funct. Mater. 2024, 2311828 2311828 (20 of 27)

merization even under harsh conditions of high temperatures
are needed. A detailed investigation of the ROMP of alkyl- and
alkoxy-substituted PCP-ds were carried out by Turner and col-
leagues. Complexation of the ruthenium center by the oxygen
of the alkoxy substituent was observed in 'THNMR and *PNMR
spectroscopy of the reaction and leads to significantly slower
rates of propagation than those observed for the alkyl derivative.
The effects of differing arene size on the structure, strain en-
ergy, and chemical reactivity of the cyclophanediene have been
examined by Weck and colleagues.!'”] Conjugated block copoly-
mers can be prepared by sequential monomer additions. Elacqua
and colleagues have introduced programming donor-acceptor
sequence-defined ROMP approach by using unsymmetrical
PCP-ds.!18] By incorporating an electron-rich dialkoxyphenylene
and electron-deficient benzothiadiazole rings within the PCP-d
monomers (58 and 59) represents an ideal platform to investi-
gate the combined impact of steric and electronic effects, thus
ROMP using ruthenium carbene initiators give donor-acceptor
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Scheme 2. General synthetic routes toward some PCP-d derivatives and the concept of ROMP using PCP-d and its photoisomerization into all-trans
PPV polymer.
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alternating poly(p-phenylenevinylene) benzothiadiazole copoly-
mers that can be photoisomerized in dilute solution to the corre-
sponding all-trans derivatives.!''] The donor-acceptor polymers
were well-defined (D = 1.2, M,, > 20 k) and exhibited lower en-
ergy excitation and emission in comparison to polymers formed
from other processes.

ROMP generates (co)polymers featuring alternating cis/trans-
poly(p-phenylenevinylene)s.['?”) Michaudel and colleagues have
recently introduced the synthesis of stereo-defined all-cis poly(p-
phenylene vinylene)s with living characteristics and exquisite
control over the polymer chain growth via stereoretentive ROMP
approach using PCP-d bearing either a linear alkyl or a branched
alkoxy substituent.['?!] The level of control enabled by stereore-
tentive dithiolate-chelated Ru-based catalysts (52) (first prepared
by Hoveyda and colleagues)!!?] provides a new platform for syn-
thesizing PPVs with excellent solubility in organic solvents (in-
cluding THF, C,D,, CH,Cl,, and CDCl,). The phototunable na-
ture that can be isomerized with UV light, could possibly allow
the synthesis of all-cis PPVs embedded in complex polymeric ar-
chitectures might find broad applications as stimuli-responsive
materials.

Weck and colleagues have envisioned living/iterative ROMP
containing terminal recognition sites for hydrogen bonding
or metal-driven coordination to fabricate supramolecular block
copolymers that can mimic covalent rod—coil-rod architectures
featuring orthogonal stacking. The directional self-assembly
approach enables the achievement of semiconducting block
copolymers and can combat conjugated polymer aggregation.!1?3]
Azide-functionalized PPVs enables to incorporate any desired
moiety to PPV in post-polymerization modifications through
alkyne—-azide click reaction which is a commonly employed strat-
egy that has already been reported for PPVs synthesized by non-
living methods.!'?#] This strategy represents a key advance in ma-
terials for potential applications.

There are of course other important research contributions
made in cyclophane chemistry that are quite relevant to the par-
ticular theme of this report. Herein some pioneering research in
cyclophane chemistry is highlighted and representative articles
are enlisted. My apologies! if any studies in cyclophanes chem-
istry might be unintentionally overlooked. All such efforts to the
progress of this field are greatly acknowledged.

7. Summary and Outlook

One of the most fundamental and principal aspects of [2.2]paracy-
clophane chemistry will remain the development of planar chiral
ligand and catalyst systems as useful toolbox for stereo-controlled
synthesis. With ever-growing numbers of diverse chiral ligands
and catalysts being reported, exploring new concepts, and de-
signing strategies based on planar chirality as a viable alternative
to the most conventional central/point chirality offer the oppor-
tunity for improvements to further progress. For chemists who
are pleased by manipulation of symmetry properties, the cyclo-
phanes provide an art form. Cram in his famous article entitled
“Cyclophane Chemistry — Bent and Battered Benzene Rings”
published in Accounts of Chemical Research in 1971 concludes
with the following: “The chemistry of the PCP will be completed
only when chemists tire of tinkering with them” (D. J. Cram, J.
M. Cram, Acc. Chem. Res. 1971, 4, 204). After almost 75 years

Adv. Funct. Mater. 2024, 2311828 2311828 (22 of 27)
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since the discovery of PCP “Preparation and Structure of Di-p-
Xylylene,” experimental and theoretical efforts still continue to
establish how and why para-quinonedimethide is converted into
[2.2]paracyclophane and polymeric parylene (di-p-xylylene) as re-
cently reported by Sherburn, Coote, and colleagues on “Compu-
tational and Experimental Confirmation of the Diradical Char-
acter of para-Quinonedimethide” J. Am. Chem. Soc. 2023, 145,
16037.11%51 After 75 years of research and developments, it still
holds many surprises due to unusual chemical reactivity. Even in
certain cases the results may not be predictable under the estab-
lished classic reaction conditions.

We have learned in the course of our journey in cyclophane
chemistry that synthesizing some specific PCPs for a particular
purpose to show their useful utility in materials fabrication can be
a tedious endeavor because regioselective functionalization and
resolution strategies pose certain synthetic challenges due to the
unusual reactivity of PCP, especially when larger quantities of
enantiomerically pure PCPs are needed which is often viewed as
limiting steps in expanding this class of monomers/precursors
for materials fabrication. Hence, developing efficient synthesis
methods for selective derivatization of the PCPs, and their reso-
lution would contribute to further progress in this field.

PCPs chemistry combines traditions of classics with innova-
tions to enable new functions. Chemists collaborate with ex-
perts from other areas of chemical science and materials engi-
neering. In this spirit, capitalizing on collaborative research ef-
forts within the chemistry community and ensuing holistic ap-
proaches of interdisciplinary research that may cut across several
inter-related disciplines at the chemistry—materials science inter-
face could be rewarding in countless ways to open up new hori-
zons. Conceptually-novel and technologically-relevant emerging
materials could be realized by capitalizing on collaborative re-
search efforts within the chemistry community, as this report
also highlight some of our personal experiences in cooperative re-
search efforts and sharing mutual experiences in synthetic chem-
istry, molecular electronics, polymer chemistry, and materials en-
gineering. The chemistry of cyclophane is under active investiga-
tions, and cyclophane chemistry will continue to blossom.
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