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1.

The future of supramolecular
copolymers unveiled by reflecting on
covalent copolymerization

The results of this work are summarized in the perspective:

B. Adelizzi, N. J. Van Zee, L. N. ]. de Windt, A. R. A. Palmans, E. W. Meijer
Submitted



Abstract: Supramolecular copolymers are an emerging class of materials and in the last
year their potential has been demonstrated on a broad scale, from biomaterials to
electronics. Implementing non-covalent polymers with multiple components can bring
together useful features such as reversibility and new functionalities. However,
mastering and tuning the microstructure of these systems is still an open challenge. In
this introductory chapter, we aim to trace the general principles of supramolecular
chain copolymerization by analyzing them through the lens of the well-established field
of covalent copolymerization. Our goal is to delineate guidelines that classify and
analyze supramolecular copolymers in order to create a fruitful platform to design and
investigate new multicomponent systems.




Chapter 1

1.1 Introduction

While one-dimensional supramolecular polymers have long been employed by Nature
as a powerful structural motif, scientists have only recently begun to exploit their
dynamicity, directionality, and functionality. This confluence of properties makes them
promising for applications in pharmaceuticals, nanoelectronics and catalysis, but many
fundamental principles that dictate the structure of supramolecular polymers remain
unresolved. In 2009, we proposed to draw inspiration for future research directions by
carefully considering the maturation of its older sister, covalent polymerization.!
Following Carothers’s classic classification of covalent polymers, supramolecular
polymers have been categorized based on the process through which each aggregate is
formed. As a result, connections between the two fields became strikingly clear.
Isodesmic polymerization can be considered a non-covalent analogue of step growth
polymerization, characterized by high polydispersity and a degree of polymerization
that depends on the association constant of the supramolecular units. Ring-opening
supramolecular polymerization is similar to ring opening polymerization and depends
on the equilibrium between linear and cyclic aggregates. Finally, cooperative
supramolecular polymerization can be correlated to chain growth polymerization.
These connections helped to highlight the distinctions between covalent and
supramolecular polymerization processes, rendering underlying research needs into
tangible goals.

In this context, one of the directions that we identified was the fascinating challenge
to make well-defined supramolecular copolymers. At that time, in stark contrast to the
multitude of methods available to tailor covalent copolymers, there were few synthetic
strategies to control the microstructure of supramolecular copolymers. The origin of
this challenge is the inherent lability of non-covalent bonds, which are typically less
kinetically and thermodynamically stable than covalent bonds. However, in the past 10
years, considerable inroads have been made to reconcile the dynamicity of
supramolecular polymers with the demand for microstructural control. Many studies
and comprehensive reviewsz® have since been published focusing on nucleation-
elongation processes, kinetic control, competition, pathway complexity, and
supramolecular monomer design.

In this introductory chapter, we reflect on this progress through the lens of covalent
copolymerization to illuminate challenges and opportunities for the future. Considering
the ubiquity of well-defined covalent copolymers, we sustain that controlling the
structure of one-dimensional supramolecular copolymers is paramount to realize next-
generation functional materials. The objective of this introductory chapter is to
generate insight into urgent research directions by creating a strong link between
covalent and non-covalent copolymerization worlds. Although the first supramolecular
copolymers, as the one reported by Lehn and coworkers,” are based on isodesmic
mechanism and non-covalent interactions among complementary units, in this chapter
we mainly focus on cooperative copolymerization. As a point of reference, we chose to
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The future of supramolecular copolymers unveiled by reflecting on covalent copolymerization

structure this work based on the organization employed in the chain copolymerization
chapter of Odian’s classic textbook Principles of Polymerization.8 We particularly focus
on the synthesis of the copolymers and of the state-of the art of the structures today
achievable, discussing on the parallel roles of developing theoretical models and
characterization techniques fundamental for the development of the field.

1.2 Supramolecular chain growth copolymerization

1.2.1 Covalent and non-covalent copolymerization. Similarities and differences

We named supramolecular chain growth copolymerization (or cooperative
supramolecular copolymerization) as the direct analogue of covalent chain growth
copolymerization since the two classes share several similitudes. At first, the growth
mechanism requires a certain activation to obtain a cooperative fast growth of the
polymer. For covalent polymers, the presence of an initiator allows the activation of the
monomers, followed by the growth of the polymer (Figure 1a).? Similarly, cooperative
supramolecular polymers require the unfavorable formation of nuclei (formed by small
aggregates) to allow the growth of the polymers (Figure 1b).!

a) Chain Polymerization
*

’ —> Propagation
—_—
Monomer Growing covalent polymer \_’ Termination

b) Supramolecular Chain Polymerization

Nucleation Elongation

—_— ey —
— = T

Monomer Nucleus Supramolecular polymer

Figure 1: Growth mechanism for chain polymerization. (a) For covalent polymer, the
polymerization is activated by an initiator, then active chain ends attack sequentially monomer
after monomer creating a progressively longer polymer chain (propagation). The polymerization
is interrupted (termination) when the active chain ends is deactivated. (b) Supramolecular
polymers which are formed by a cooperative mechanism present a process comparable to the
chain growth. The supramolecular polymerization is activated by the formation of a nucleus
which then sequentially incorporates a growing number of monomers. The formation of the
nucleus (nucleation) is thermodynamically unfavorable, whereas the propagation of the
supramolecular polymer (elongation) is thermodynamically favorable. This leads to the
formation of few nuclei which evolve cooperatively into long supramolecular polymers
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Chapter 1

The polymerization process is in both the cases sensitive to the presence of
impurities,1011 co-solvents,12-14 differences in the reaction time and temperature. All
these factors strongly affect the chain length of the polymers and sometimes also of the
copolymer’s microstructure.’516 Nevertheless, once the polymer is formed,
macroscopic changes such as viscosity,16-18 or optical properties!82!l occur and the
aggregated states present new, interesting functionalities absent in the related
monomers.

Moreover, several synthetic strategies used to control structure in both covalent and
supramolecular chemistries share mechanistic similarities. However, before describing
those, the distinction in the Kinetics of polymerization has to be cited. Covalent chain
polymerization occurs upon a fast initiation step and a slow polymerization. Instead,
classic cooperative supramolecular polymerization has as rate determining step the
formation of nuclei, while the growth of the polymer occurs faster. Despite this
difference, the two classes share the possibility of using chain transfer agents and chain
stoppers to provide control over the average length of the polymers.22-24 [n addition, the
recent introduction of supramolecular living polymerization?2s by activation of dormant
supramolecular monomers with some molecular?é-28 or aggregated29-31 initiators
unlocked the possibility of achieving self-assembled polymers with controlled length
similarly to living chain copolymerization.

However, the nature of the bonds that hold supramolecular and covalent polymers
together are sharply distinct. In contrast to the thermodynamic stability of covalent
copolymers, supramolecular copolymers are dynamic and reversible because they are
held together by relatively weak non-covalent interactions (e.g., hydrogen bonding, r-
n stacking, and van der Waal’s forces). The monomers’ sequence of a supramolecular
copolymer is thus fluxional, as monomers can exchange their relative positions within
a given polymer chain or integrate into other chains. Consequently, supramolecular
polymers don't terminate in the way that covalent polymers do. These properties
impart unique adaptability and modularity to the resulting materials, but they render
the analysis of their structure a great challenge. Another striking difference is that
supramolecular polymerizations often show pathway complexity.32 Small differences
to the conditions of aggregation (e.g., variation in temperature or solvent) can cause a
given set of monomers to form different self-assembled structures.33-35 Covalent
polymerizations are also sensitive to changes in reaction conditions, giving rise to
fluctuations in, for example, polydispersity, tacticity, and monomer sequence. These
changes, however, are permanently encoded into the final covalent polymers. In the
case of pathway complexity of supramolecular polymers, the concentration of each type
of aggregate is not constant and dynamically responds to changes in reaction
conditions. The ability to tune aggregate structure at will highlights the extreme
sensitivity and potential utility of these structures.3¢
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The future of supramolecular copolymers unveiled by reflecting on covalent copolymerization

1.2.2. The non-innocent effect of solvents in supramolecular polymerization

Before proceeding, it is important to consider solvent in defining copolymer
compositions. In the case of covalent copolymerization, the choice of solvent can be an
important tool for tuning relative polymerization rates, which ultimately determines
the microstructure of a copolymer. The interaction between the solvent and the
propagating polymer species is frequently supramolecular in nature. For example,
solvent polarity dictates the strength of ion pairing in the anionic copolymerization of
vinyl monomers, which consequently modulates the reactivity of the propagating
carbanion chain-end toward different monomers depending on their respective
structures.? The resulting polymers are then typically represented in terms of their
polymerized monomer units. When dispersed in a solvent, the solvent interacts with
the polymer to some degree depending on the temperature and the reactivities of the
polymer and the solvent. However, these associated solvent molecules are generally not
included in the polymer’s chemical structure because they are not covalently bonded to
the polymer.

This distinction does not exist in the case of supramolecular copolymerization
because solvent molecules interact with the resulting supramolecular copolymer via
the same kind of non-covalent forces that hold the monomers of the aggregate together.
For this reason, a supramolecular “homopolymerization” of a single monomer may not
be a homopolymerization at all—solvent molecules could serve an essential role in
supporting the fiber’s supramolecular structure, and thus such a naming convention is
potentially misleading because it deemphasizes the importance of solvent molecules as
structural units. It is nevertheless difficult to unambiguously assign the role of solvent
in most supramolecular systems, and so we acknowledge the necessity of simplifying
supramolecular polymer structures by describing them primarily in terms of their
principle monomer component(s).

Solvent effects have been reviewed elsewhere,37:38 but here we would like to highlight
recent efforts to exploit the action of solvents as a means to control supramolecular
structure. The most common manifestation of this approach is to add a “good” solvent
(i.e., a solvent that competitively associates with the supramolecular units) to denature
supramolecular fibers, thereby controlling their average size. Aida and co-workers3?
recently expanded this principle by balancing denaturation with the self-association of
the denaturant to realize bisignated supramolecular polymerization as a function of
temperature. Others have shown that the helicity of one-dimensional fibers—usually
evaluated using circular dichroism spectroscopy—can be controlled through tuning the
interplay of structure and reactivity between both the supramolecular polymer and the
solvent. Our group and others#%4! have shown that the shape of the solvent can directly
influence the helicity of supramolecular fibers, suggesting that molecular packing of
solvent into the fiber’s corona gives rise to perturbations to the inner core of the fiber.
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Water must also be acknowledged for its importance as a structural element in
supramolecular polymers in bulk and in solution. In the bulk, Qi, Schalley, and co-
workers#? demonstrated that water acts as an essential structural component that
unlocks impressive adhesive properties to supramolecular polymers formed with
crown ether-functionalized benzene tricarboxamides. In aqueous media, Han, Stupp
and co-workers*3 establish a striking resemblance between the interaction of water and
synthetic peptide nanofibers with the interaction between water and natural
supramolecular materials such as proteins. Water in the interior of such fibers exhibit
rapid diffusion, while water at the surface of the fiber is essentially immobilized,
suggesting that these water molecules form hydrogen bonds with the fiber and serve
an integral role in supporting the fiber’s structure. In organic solvents as well, several
reports#4-50 point to the fundamental relationship between supramolecular structure
and the presence of water—even trace amounts in highly apolar solvents. Our group*®
recently reported that the monomeric nature of water in alkanes gives rise to a potent
thermodynamic driving force for it to bind to co-dissolved supramolecular polymers
and effect profound changes to their structures. We believe that this growing body of
research expresses both the complexity and import of solvent molecules as not merely
spectators but as active participants in one-dimensional supramolecular
polymerization.

1.2.3. Type of copolymers

Covalent copolymers are commonly categorized by their structure, which can be
block, blocky, periodic, random, or alternating (Figure 2). In addition, graft copolymers
are branched polymers where the backbone is constituted by one type of monomer
whereas the side-chains exclusively comprise the second type of monomers.

Random copolymers do not present a defined organization in the monomer
distribution within the polymer chains. Alternating copolymers, identified as poly(A-
alt-B), contain two monomers in a regular alternate distribution (AB)n, whereas in
periodic copolymers the two monomers are arranged in a periodic fashion. Block and
blocky copolymers contain both long sequences of each monomers in the copolymer
chain. Block copolymers, poly(A-b-B), are linear polymers with long sequences of each
monomers species (AmBn)p, while blocky copolymers show shorter sequences of each
monomer.

In supramolecular copolymerization, the formation of linear structures has been
prevalent, although some recent, outstanding works on nanocrystals are currently
initiating the grafting field.5152 Our focus is here centered on 1D copolymers (Figure 2c),
from the synthesis to the study of their composition and microstructure. Our ultimate
aim is to create the basis for drawing a direct relation between the molecular structure
of the monomers and the resulting copolymer microstructure.
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Figure 2: Analogies between covalent and supramolecular chain copolymerization. General
copolymerization mechanism for (a) covalent polymers and (b) supramolecular polymers. (c) List
of possible copolymer microstructures for both covalent and supramolecular (non-covalent)
copolymers. Polymers ordered from high reactivity ration (with no inter-reactivity: blend for
covalent and self-sorted for supramolecular polymers) to low reactivity ration, (with high inter-
reactivity: alternating copolymers).

1.3 Supramolecular copolymer composition

As in covalent copolymerization, theoretical models are essential for understanding
the composition of supramolecular copolymers. Theory is especially valuable here
because the inherent dynamicity of supramolecular copolymers makes it difficult to
experimentally determine the microstructure. For supramolecular copolymers which
are obtained under thermodynamic equilibrium, the model developed by ten Eikelder
and Markvoort,>3 aids the composition analysis by treating supramolecular
copolymerizations as a set of reversible reactions between monomers and polymers.
Similar to the terminal model of chain copolymerization, the equilibrium constant of a
reaction is assumed to depend only on the identity of the last-enchained monomer; an
added assumption is that monomers can only add to the end of a growing chain. For
example, the assembly of A and B to form supramolecular copolymer P can thus be
described by four reactions (Figure 3a) that provide the basis for deriving expressions
for the concentration and composition of the copolymers.

The concentration of copolymers is expressed in terms of the concentration of
polymerized monomer units ([M]po1), which in turn can be expressed in terms of the
total concentration of monomer ([M]twt) and the concentration of free monomer ([M]free,
Figure 3b, top). A similar equation can be derived for the fraction of polymerized
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monomers ¢pol (Figure 3b, bottom). To determine the concentration of free monomer
as well as the concentration and composition of the copolymers, the elaborated forms
of these mass balance equations are solved numerically with the input consisting of the
known [M]twt and the experimentally determined equilibrium constants Ka-a, Ka-, Ks-a,
and Kg-s (Figure 3a).

From this model and subsequent simulation, we can extract thermodynamic
parameters that help us to understand the supramolecular microstructure. As in
covalent copolymerization, reactivity ratios are a useful tool for comparing
microstructures when the monomers are less, equally, or more reactive in
copolymerization compared to homopolymerization. Here, the reactivity ratio R is
defined as the ratio of Gibbs free energy change of the homo-aggregation (AGa-a +
AGg-B) to the Gibbs free energy change of the hetero-aggregation (AGa- + AGs-a, Figure
3c). For values of R greater than unity, monomers preferentially interact with their own
type of monomer, while for values of R smaller than unity, the monomers tend to co-
assemble.

This behavior is reflected in the shape of the copolymerization curve obtained for each
class of R. As an example, we simulated the results for the temperature-induced
supramolecular copolymerization of A and B. We arbitrarily set the thermodynamic
parameters such that the elongation temperatures for poly(A) and poly(B) sit at 70
and 60 °C, respectively. We then varied the value of R by keeping the values of AGa-a
and AGg-B constant and modifying the values of AGa-p and AGg-a. In this way, we
modulate the tendency of the monomers to interact with each other while holding their
tendency to homopolymerize constant. The resulting copolymerization curves (from
black to light gray), as well as the fraction of polymerized A and B (red and blue,
respectively), are presented in Figure 3d. As R approaches infinity, two elongation
temperatures are clearly evident, consistent with self-sorted homopolymerization of A
and B. As the value of R is reduced, only one elongation temperature is evident,
suggesting some degree of copolymerization. This elongation temperature shifts
toward higher temperatures as the value of R is decreased—that is, the copolymer
forms at higher temperature as hetero-aggregation becomes more favorable. The
incorporation of A and B in poly(A-co-B) depends on R as well. A coinciding
incorporation of the two monomers is visible for alternating systems (R <1) whereas
increasing the value of R results in a greater disparity between the two curves.

A useful extrapolation is the calculation of the fraction of polymerized A as a function
of temperature (Figures 3e, 3f). For R > 1, at high temperatures, the copolymers are rich
in monomers of type A. As temperature decreases, monomers of type B enter into the
copolymers, and the composition of the copolymers approaches the composition of the
mixture of monomers. For R < 1, where alternating structures can be formed, at high
temperatures monomers B are already incorporated into the copolymers and the
copolymers’ composition already resembles the composition of the mixture. Thus, as
the value of R decreases, monomers enter into the copolymers more by interacting with
the other type of monomer and less by interacting with their own type of monomers.
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An important issue to keep in mind, as with all models, is that care must be taken to
evaluate the validity of the assumptions for the system at hand. This model strictly
considers the interactions between two monomers—complications due to solvent
interactions or pathway complexity are excluded. In cases where such factors strongly
influence self-assembly, one can either modify the model to account for new
interactions or use the base model without fitting to generate qualitative comparisons.

K
a) PA+A=%PAA b) c)
PA+B -—KA'“ P AB (M] pol = [M]“" = M. AG, , +AGy
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Figure 3. (a) Terminal model of the supramolecular copolymerization between two types of
monomers. The model assumes that the equilibrium constant (K) is dependent on the types of the
terminal monomer unit (P,A or P,B) and the polymerizing monomer (A or B). (b) The mass
balance defines the concentration of polymerized monomer [M],0 as the difference between the
total concentration of monomer [M]w: and the free monomer [M]see and the fraction of
polymerized monomer units as ¢l (c) The composition and microstructure of the copolymer is
dominated by the value R which is defined as the ratio of the sum of changes in Gibbs free energy
of interactions between the same types of monomer (AGa-a + AGs-g) to the sum of changes in Gibbs
free energy of interactions between different types of monomer (AGa-g + AGg-a). (d) The resulting
copolymerization curves as a function of R are reported. From left to the right, descending order
from R approaching infinite values for self-sorted systems (black curve) to R smaller than 1 (light
gray curve). The incorporation of the single monomers into the copolymer is also reported (red
lines for A and blue lines for B). (e) Equation defining the fraction of monomers A in the copolymer
and (f) related graph display how of Fa varies as a function of temperature and R.
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1.4 Microstructures observed in supramolecular copolymers

1.4.1 Sequence length distribution

The copolymerization equations for covalent copolymers define macroscopically the
composition of copolymers, namely, the overall composition of a copolymer obtained
from a specific co-monomer feed. However, two further details concerning the
copolymer at a molecular level can be unraveled. First, the exact arrangement of the
two monomers along the polymer chain, which eventually determines the copolymer
microstructure, and the difference in composition from one copolymer chain to
another.

The difference in composition from one copolymer chain to another represents a
crucial point in covalent polymer chemistry since it has been demonstrated that small
fluctuations in the monomer sequence (naturally present in the covalent copolymer
chains) can strongly influence the properties of the material.5% This uncontrolled
variation motivated the field to achieve sequence controlled polymers and eliminate
the chain-to-chain variation.>> Interestingly, this issue partly loses its importance in
supramolecular copolymers. The dynamicity of these systems and the constant
exchange of the monomers along the polymer chain, and especially among different
chains, tents to homogenize the composition for all the copolymer chains in the
system.56

However, the determination of the monomer arrangement along the polymer chain is
today a key challenge in supramolecular copolymers as it has been in covalent polymer
chemistry. In this case, the monomers’ exchange and the intrinsic dynamicity
complicate the characterization of the microstructure. Nowadays in supramolecular
chemistry examples of alternating, periodic and block copolymers have been described
and can be taken as guidelines to reconsider some seminal works (where the
microstructure determination was not possible) and rationalize the molecular designs
of supramolecular co-monomers.

1.4.2. Alternating copolymers

Alternating supramolecular copolymers were probably the first category of
supramolecular copolymers reported in literature. In 1990 Jean Marie Lehn and
coworkers presented seminal works on 1D (AB)n structures based on multiple
hydrogen-bonded complementary units.577 Few years later other examples of
complementary units®8¢% and organometallic supramolecular systemsé! were
proposed by several groups. Still today, the general strategy applied to form alternated
microstructures consists of using monomers with a high tendency to co-interact.
Together with complementary units, the other common strategy is the exploitation of
donor-acceptor monomers which copolymerize via charge transfer interactions.62-64
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Most recently, Besenius and coworkers demonstrated the formation of alternating
supramolecular copolymers in aqueous solutions,®523 (Figure 4a) and by sequential
growth from Au-surface.t¢67 Monomers based on benzene triamides bearing positively,
1, and negatively, 2, charged B-sheet encoded oligopeptides form alternating
copolymers poly(1-alt-2) via electrostatic interactions. Another example on peptide
assembly has been reported by Giuseppone’s group.®® Copolymerization in water
between bisurea domains functionalized with bioactive peptide or fluorescent cyanine
dyes resulted in fibers with an alternated fashion as sustained by fluorescence
experiments.58

Alternatively, Araki and coworkers in 2003 reported the formation in bulk of
alternating supramolecular copolymers between cyclohexane triamides (CHTA)
functionalized with linear (I-CTHA) and branched (b-CHTA) side chains.®® The bulky
side chains of b-CHTA do not allow the formation of stable hydrogen bonding with
analogous monomers preventing homopolymerization. However, b-CHTA can
intercalate into the hydrogen bonding network of 1-CHTA in an alternate fashion as
detected by IR spectroscopy.

Another interesting example is reported by Chen et al. in which the formation of an
alternating supramolecular copolymer is described with an [(A)eB] structure via
hierarchical organization (Figure 4b).7® The origin of the alternating position of the
monomers in the copolymer chain is because six monomers, 3, form a planar hexagonal
structure held by complementary hydrogen bonds. The so-formed hexagonal
supramolecular monomer 3¢ bears 6 Zn-porphyrins which are then coordinated by the
multivalent monomer, 4, resulting in the alternated supramolecular copolymer
poly[(3)e-alt-4].
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Alternating supramolecular copolymers

a) Coulombic interaction

= poly(1-aft-2)

poly[(3),-alt-4]

Figure 4. Examples of alternating supramolecular copolymers achieved with different strategies.
The alternate microstructure is obtained via (a) Coulombic interaction, (b) with complementary
hierarchical interactions.
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1.4.3. Periodic copolymers

Few examples of periodic supramolecular copolymers have been reported in the last
10 years. Wiirthner’s group described in 2009 the formation of [(A)2B] structured
copolymers via unconventional interactions between complementary monomers: a
perylene bisimide (6) and an azobenzene-functionalized melamine (5).7! They
reported that 5 and 6 do not form long organized structures in methylcyclohexane
(MCH) in a 1:1 ratio as expected by ditopic 3-folded hydrogen bonding complementary
units. Contrarily, the polymerization with a 2:1 ratio (in favor of 5) unexpectedly
formed organized copolymers poly[(5)z-per-6] characterized by J-type aggregates
(Figure 5a). Wiirthner and coworkers stressed the importance of the assembly
procedure to get organized structures, which required an equilibration time of 15 h at
20 °C. Atomic force microscopy (AFM) imaging showed the presence of tightly coiled
helical polymers with defined pitch (6 nm) and length (100-200 nm).

More recently, the same group reported how a similar distorted perylene bisimides,
bearing the imides protected with water-soluble chains (8) can copolymerize in a
(AmB2) fashion with a planar analogue (7).”2 The homopolymerization of 7 in water
followed an isodesmic path forming stiff short nanorods via m-m interaction. The
distorted 8 formed dimers which then created less-defined nanoworms via
hydrophobic interactions. The Kkinetically controlled copolymer was obtained by
injecting water in a molecularly dissolved tetrahydrofuran (THF) solution of 8 and 7 in
a 1:2 ratio, followed by the evaporation of THF under ambient conditions. By combined
optical, NMR and transmission electron microscopy (TEM) techniques they unraveled
the supramolecular structure as poly[(7)+-per-(8)z] in which 8 was dimerized and
intercalated into the polymer of 7 (Figure 5b). Interestingly, poly[(7)s-per-(8):]
showed long and thin flexible fibers which significantly deviated from the original
morphology of the two homopolymers. The flexibility of the dimers of 8 combined with
the rigidity of the block formed by 7 cooperated to form long and well-defined 1D
copolymers, similarly to covalent elastomers where soft and hard block alternate to
give new functionality.”3
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Periodic supramolecular copolymers

a) Unconventional hydrogen bonding
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poly[(7),-per-(8).]

Figure 5. Examples of periodic supramolecular copolymers achieved with different strategies.
(a) Stable helical copolymers with [(A)2B] pattern were obtain by unconventional hydrogen
bonding interaction between complementary units of malemine-funcitonalized azobenzene (5)
and perylene bisimide (6) resulting in poly[(5)2-per-6]. (b) Planar (7) and twisted (8) perylene
bisimide have found to copolymerize via kinetic control with [(A)m(B)2] sequence. Stable long
copolymers were obtained for 2:1 ratio giving poly[(7)as-per-(8)].

1.4.4. Block copolymers

The field of supramolecular block copolymers has attracted much interest in
multicomponent supramolecular copolymerization. The formation of defined block
structures can potentially offer a great platform for new functionalities and a direct use
in optoelectronics. However the non-covalent nature of the bonds, the intrinsic
reversibility of the polymerization and the rapid exchange of monomers among
different polymer chains represent great challenges. Seminal works in the field leaded
by Winnik, Manners and Aida overcame the issue of random mixing using kinetic
control in the form of sequential addition of the monomers.

In 2007, Winnik, Manners and coworkers published the first block co-micelles with
A-B-A structures made of polyferrocenyldimethylsilane (PFS) block copolymers as
monomeric units.”* Via a kinetic process named living crystallization (closely related to
the living polymerization previously mentioned) they were able to create short homo-
micelles. These were found to show uniform growth upon the addition of further
monomers, and maintained a narrow length distribution. Upon addition of a different
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dissolved polymer, they achieved the formation of triblock copolymers with controlled
length. This strategy exploited the low dynamicity of the homo-aggregates and the
sequential seeding of the second monomer.

The living nature of these supramolecular micelles allows the formation of a great
variety of supramolecular block copolymers. The extensive work on PFS block
copolymers included the formation of regular crossed co-micelles,” di- and tri- block
comicelles,’¢ fluorescent multi-block micelles?7.78 and co-micelles between linear and
brush units.”? In the last years, photocleavable units were introduced to add
responsiveness to the system,80 and different multidimensional micelles were
synthesized.51528! Lately, the universality of this approach has been further proven by
the possibility of using different conjugated, crystallizable units. A-B-A co-micelles
were reported by Choi’s group with photoswitchable poly(p-phenylvinylene)8Z and by
Friend, Whittell and Manners’s groups with poly(di-n-hexylfluorene).83 The latter,
based on electronpoor (9) and electronrich (10) poly(di-n-hexylfluorene) block
copolymers poly(10-b-9-b-10), displayed long range exciton transport (Figure 6a).

Recently, joint efforts of the groups of Pavan, Takeuchi and Sugiyasu led to the
application of the seeded-growth copolymerization strategy on small molecules
achieving dynamic supramolecular block copolymers.8* Their work showed that zinc
based porphyrins (11) can copolymerize with copper based analogues (12) under
kinetic control using a living seeded-growth strategy by a solvent mixing protocol. The
obtained supramolecular A-B-A block copolymers poly(12-b-11-b-12) displayed
controlled length and narrow polydispersity (Figure 6b). Remarkably, the block
copolymer imparted additional stability to the poly(11) mid-block, which resulted
stabilized against the presence of denaturant agents.

Another remarkable example was presented by Aida’s group, who described the only
supramolecular diblock copolymer so far reported.8> Similarly to the examples
described above, the block copolymerization of hexabenzocoronenes-based monomers
was achieved by sequential steps (Figure 6c). The hexabenzocoronenes terminated
with bipyridine units (13) homopolymerized in MeOH, giving poly(13) which created
bundles. Consecutive metalation of the dangling bipyridine units with copper resulted
in the creation of dispersed charged assemblies poly(13*). These latter were then
dispersed in acetone and fragmented to create seeds for the growth of the electronpoor
analogue (14). The mixture of seeds of poly(13*) and 14 were assembled by cooling
from 50 °C to 25 °C, giving mainly A-B and few A-B-A copolymers, poly(13*-b-14) and
poly(14-b-13*-b-14), respectively. As results, similarly to covalent block copolymers,
the majority of the supramolecular block copolymers is achieved via a kinetic approach
with highly stable (with slow-exchange rate) supramolecular polymers which can be
fed with different monomers forming block structures.
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Supramolecular block copolymers

a) Living seeded cocrystallization of block copolymers
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Figure 6. Examples of block and multiblock supramolecular copolymers achieved with different
strategies. A-B-A block copolymers can be obtained under kinetic control via supramolecular
living (a) cocrystallization or (b) copolymerization. Living homopolymers as poly(9) or poly(11)
are fed with analogous monomers achieving poly(10-b-9-b-10) and poly(12-b-11-b-12) with
controllable length. (¢) A-B and A-B-A block copolymers are obtained by multistep non-covalent
synthesis using electronrich (13) and electronpoor (14) hexabenzocoronene-based monomers
(c). Bundled homopolymers poly(13) are formed in methanol upon equilibration. Addition of
copper salt allow the complexation between Cu?* and the peripheral biprydirines group of 13
causing the de-agglomeration of the single homopolymers into poly(13*), now positively
charged. The copolymerization occurs in acetone via the growth of 14 blocks on the dispersed
seeds of poly(13*) giving mainly poly(14-b-13).
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1.4.5. Random and unresolved structures

Unlike the examples above described, which represent outstanding exceptions, the
majority of the work on supramolecular copolymers so far reported has not resulted in
the detailed elucidation of the obtained microstructures. In fact, already at the origin of
supramolecular polymer field, mixing experiments were performed by taking direct
inspiration from the work on covalent analogues developed by Green et al.86-88 Mixing
experiments performed on chiral, enantiomerically related monomers (majority rules
experiment),89-93 mixtures of achiral monomers and optically pure, chiral monomers
(sergeants and soldiers experiment)?1.94-104 or even mixing enantiomers in different
ratios in the presence of an achiral counterpart (diluted majority rules experiment)105-
107 are, in fact, examples of supramolecular copolymerizations. Typically, these
monomers comprise identical cores and only differ in the nature of their side chains.
Their copolymerization is typically assumed to be random.

These mixtures have been predominantly characterized using spectroscopic
measurements such as fluorescence, UV-Vis spectroscopy and especially circular
dichroism (CD). Apart from some notable exceptions,1%8 very few studies have
corroborated the spectroscopy results with other types of characterization techniques.
The non-proportional increase of the chiroptical activity (quantified by CD
spectroscopy) as a function of the enantiomeric excess (e.e.) or percentage of chiral
sergeant in these systems—referred to as amplification of chirality—typically arises
from helical superstructures in which one helical sense is more preferred than the
other. Because of the identical spectroscopic features of the monomers once
copolymerized, the investigation of the copolymer’s microstructure is often not
performed and assumed random.

Interestingly, several supramolecular copolymer systems revealed linear responses
when optical activity was measured as a function of the enantiomeric excess (e.e.) or
percentage of chiral sergeant added. This lack of amplification of chirality is indicative
of self-sorting, and points to the helical supramolecular homopolymers co-existing
rather than mixing into copolymers. Detailed investigations by the groups of Wiirthner,
Sanchez and our group indicated that these systems were often kinetically trapped and
either heat!99-111 or the addition of a co-solvent!!?2 was required to attain sufficient
mobility and monomer exchange for copolymerization. Over time, some copolymers
slowly segregated back into more blocky structures, as evidence by a reduction in the
degree of chiral amplification.’® In some cases, however, the steric bulk of the
stereocenter in the side chains was too demanding, precluding mixing of the two
monomers in one copolymer, and resulting in the formation of homopolymers only.
This behavior has been observed, for example, in BTA monomers with bulky siloxane-
based side chains and porphyrin-based monomers (15 and 16) (Figure 7a).105114 |n a
way, such systems resemble conglomerate behavior in crystallizations.

More recently, unresolved structures were also reported for monomers that have
different supramolecular units,’® or have different cores.?3113115 For example, the
copolymerization of a chiral benzene tricarboxamide with an achiral benzene trisurea
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showed the formation of kinetically trapped copolymers which spontaneously evolve
into self-sorted homopolymers after 1 h.%° In contrast, the copolymerization of N-
centered and CO-centered BTAs resulted, mostlikely, in an alternating copolymer based
on their donor-acceptor structure and chiral amplification studies.?3 Finally, mixtures
of copolymers of oligo(p-phenylvinylene) with different sizes and opposite chirality
(ROPV3 and SOPV4) showed the formation of homopolymers with either preferred P-
helicity (for ROPV3) or M-helicity (for SOPV4) at room temperature. Heating followed
by slow cooling induced the formation of copolymers with the helical sense bias
depending on the composition of the mixture.!15

Copolymers with unresolved structure
a) Majority rules 3

£

Mix, Dilution
—_—

OH OH

0 18
Ny "
" % oH K& poly(17-co-18)
H feed ratio 2:1
HO

Figure 7. Example of supramolecular copolymers with unresolved structures. (a) Majority rules
upon dilution based on S and R (15 and 16) zinc porphyrins. (b) Copolymerization of linear (17)
and dendronized (18) water-soluble BTA.

Supramolecular copolymers in water, however, present other challenges. Water
induces hydrophobic interactions, which in many supramolecular (co)polymerizations
are the dominant driving force for aggregation.116117 Recent work from our group
showed that dendronized pegylated BTA (18), that does not form supramolecular
homopolymers, forms stable aggregates poly(17-co-18) when mixed with linear
pegylated (17), (Figure 7b).118 Experimental studies (UV-Vis, hydrogen-deuterium
exchange, cryoTEM) on the copolymer (feed ratio 2:1) revealed a higher degree of
order, slower dynamics and higher stability compared to poly(17) homopolymer.
Although a complete elucidation of the copolymer structure at a molecular level
remained impossible, molecular dynamic simulations indicated that a periodic 2:1

Page | 18



The future of supramolecular copolymers unveiled by reflecting on covalent copolymerization

copolymer composition allowed an optimal compromise between steric hindrance of
the dendronized side chains and the formation of a structure stabilized by
intermolecular hydrogen bonds. This behavior can be considered the supramolecular
equivalent of covalent styrene-maleic anhydride copolymers.

In addition, another elegant system based on bipyridine-derived BTAs has been
described by Brunsveld and coworkers.119.120 Multicomponent mixtures were created
comprising monomers with charged groups, fluorescent dyes and biotine residues in
water, using the auto-fluorescence of the bipyridine-based core as a read-out, even in
cells. However, detailed information on the sequence and actual incorporation of the
different monomers remained very challenging to obtain.

The examples described above highlight the need for a broad spectrum of adequate
characterization techniques in combination with mathematical models to permit a
complete elucidation of the formed supramolecular copolymers.

1.5 Characterization challenges

The growing interest in developing non-covalent copolymers requires the parallel
progress and standardization in characterization techniques. The analysis reported
above suggests that such uniformity remains elusive. Other established fields, such as
covalent copolymers, teach us that having a systematic, universally applied
characterization routine is crucial to achieve concrete progresses. However, the high
dynamicity of supramolecular polymers, and the non-covalent nature of the bonds
between monomers makes the characterization of the microstructure and the sequence
analysis extremely challenging. Nevertheless, nowadays a clear trend on the
characterization routine of the supramolecular homopolymers can be identified. This
combines spectroscopy measurements (especially useful for variable temperature or
variable solvent measurements), microscopy (the most used are AFM, TEM or cryoTEM,
super resolution microcopy), light scattering techniques, molecular dynamics
simulations, complemented with the application of mass balance models.

The outstanding work on supramolecular copolymers in which a detailed structure
analysis is reported,8553121 adapts and combines these techniques to resolve the
supramolecular copolymer microstructure. Spectroscopy measurements (UV, CD,
fluorescence, etc.) are powerful tools to unravel both copolymerization mechanism>3
and composition!?2 of the system by quantifying the changes in the spectroscopic
features. Thereafter, spectroscopic results can be used in combination with theoretical
modeling to predict the microstructure and the relative stability of the copolymer with
respect to the homopolymers.53122 The microstructure analysis obtained theoretically
can then be confirmed by judicious use of microscopy techniques. If applicable TEM has
been proved to be excellent technique to unravel the structure.85> Otherwise, recent
development on super resolution techniques demonstrated to be helpful in unravelling
the polymer growth!23,its dynamics!2456 and copolymers’ structure.125-127
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What emerges from these seminal works is the lack of a leading technique to
determine unambiguously the copolymer’s structure and a need of bridging this gap
with a combination of multiple techniques. This differs from covalent copolymers,
where 'H and 13C NMR have proved to be the primary tools for the determination of the
secondary structure of covalent polymers. We believe that further studies for
developing techniques which allow similar analysis for supramolecular analogues are
needed and will permit a most efficient growth of the field. Microscopy and modeling
so far resulted to be promising strategies. More progress in these directions could lead
towards the possibility of analyzing in detail the block length of supramolecular
copolymers.

1.6 Application and future perspectives

The introduction and the development of covalent copolymers (from block to
alternating copolymers) resulted to be invaluable in time. The realization of copolymers
made with different monomers gave great technological advancements and
opportunity to get properties completely not achievable just by homopolymers or
blending.

Evaluating supramolecular copolymers by this model, we can just guess the great
advancements we could achieve by mastering these dynamic multicomponent
structures. The potential applications for these systems are exceptionally broad.
Mastering the microstructure of supramolecular copolymers permits to achieve control
in systems where complexity is required. Looking at bio-applications, the prospect of
including multiple units (ie., sensors, bio-active molecules, recognition units) in non-
covalent systems in a defined order can be a breakthrough to achieve complex bio-
responses which intrinsically requires a cooperative action of multiple units.128129,119
This may enable for example adaptive multivalency. The same cooperative effect can be
exploited in organic electronics where tuning the arrangements of dynamic copolymers
can modify the optoelectronic properties of the systems thereby high performing
photoelectronic switches, sensors or chiral devices could be achieved.130-132

The analysis of research reported here is meant to be a first step toward a joint effort
to advance in this new and fascinating field. Despite the great progresses achieved in
the last years, much more have to be expected. A key point which would bring the field
notably ahead is a deeper comprehensive understanding of the relation between
molecular design and copolymer microstructure. It would give the opportunity to set a
priori the multiple functionalities in the right place and achieve nano-controlled
architectures. Strictly related to this argument, another goal is getting closer to having
a molecular view of the supramolecular copolymers. We believe that, in order to soar,
the supramolecular copolymer field needs a growth all-round, from strategic molecular
design, to the exploitation of theoretical models through the development of powerful
characterization techniques. This, achievable by collaborative works and a more
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standardize analysis routine, can lead supramolecular copolymers to be competitive in
the high-tech market.

1.7 Aim and outline of the thesis

From the analysis above, the great potential yet also the large complexity of
supramolecular (co)polymers emerges. The progress achieved in the fundamental
understanding of supramolecular polymerization aided to push the field towards a real
exploitation of these systems into applications. However, combining both structural
control and functionality in supramolecular polymers is still an open challenge. Highly
controllable supramolecular polymerizations are achieved with monomers which lack
functionality, while functional monomers often present a complex assembly behavior
which renders their control less straightforward.

The research presented here aims to explore functional supramolecular polymer and
copolymers and to exploit them in opto-electronic applications. In a stepwise growth in
complexity, the thesis begins with fundamental studies on controlling the
polymerization and concludes with the development of multicomponent
supramolecular systems and their use in solar cells.

For this purpose, Chapter 2 reports on the design and the study of a family of C3
symmetric supramolecular monomers which possess as core a classic functional unit
used in organic electronics: triarylamine. Variable temperature spectroscopic
measurements displayed a comparable behavior for triphenylamine and
tripyridylamine systems revealing the complexity of the homopolymerization. The
systems exhibit exceptional properties in their assembling such as their ability of
sharply inverting the helicity of the supramolecular polymers formed in a range of few
degree Celsius. Through a combination of DFT calculation and spectroscopy analysis,
we revealed the fundamental role that water molecules (co-dissolved in alkane
solvents) play.

In parallel to the fundamental study, the use of these functional supramolecular
polymers in optoelectronic devices has been investigated. In Chapter 3, in a
collaborative effort with Ron Naaman and coworkers, at the Weizmann Institute of
Science (IL), we studied the positive effect of functionalizing water-splitting dye
sensitized photoelectrochemical cells (DS-PECs) with chiral supramolecular polymers.
The deposition of chiral supramolecular polymers on the anode (TiOz based) of the
water-splitting cell enhances the performance due to a physical effect called chiral
induced spin selectivity (CISS effect). In detail, the chiral supramolecular polymers used
as sensitizers cause not only an increase of the device’s current but, more interestingly,
the depletion of the water peroxide formed as byproduct of the reaction.

Subsequently, Chapter 4 aims to improve the chiral-functionalized water-splitting
devices combing the results earlier described with a more classical design of DS-PECs.
The chapter is focused on confirming the reproducibility of the effect and improving
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efficiency and stability of the cells. A standardize protocol for the fabrication of porous
TiO2 anodes has been introduced together with an optimized procedure for the
deposition of supramolecular polymers. Consecutively, the issue of stability overtime
was addressed including supramolecular anchors as linkers between the inorganic
surface and the chiral polymers. The effect of the addition of the anchoring layer,
studied via multiple techniques, evidenced the enhancement of chiral order in the
supramolecular layer. Device testing proved an increase of the stability of few minutes.
Finally, the possibility of creating chiral supramolecular polymers able to act as
photosensitizer for visible light was investigated. Classic triphenylamine based D-m-A
dyes were modified to assemble into chiral supramolecular polymers. Supramolecular
characterization and initial testing displayed promising results as increase in device
current, this time possible under a source of visible light.

In Chapter 5, we return to fundamental research investigating multicomponent
supramolecular systems in solution. In particular, a detailed study of the
copolymerization between triphenylamine- and tripyridylamine-based monomers is
investigated. The study focuses on unveiling the composition and microstructure of the
copolymers through a combination of spectroscopic techniques, mathematical
modelling and super resolution microscopy. The formation of supramolecular block
copolymers and their thermodynamic stability overtime has been demonstrated giving
a fundamental background for further copolymer characterization.

Finally, Chapter 6 aims to develop and study supramolecular copolymers with new
emerging functionalities. In collaboration with Shigehiro Yamaguchi’s group, Nagoya
University (JP), we aimed to study possible boron-nitrogen supramolecular
copolymers. Triarylborane-based supramolecular monomers and triphenylamine
analogues were designed and studied individually and mixed. Spectroscopic techniques
confirmed the formation of boron-based supramolecular polymers and their suitability
to interact with triphenylamine-based analogues. Mixing experiment between boron
and nitrogen monomers originated new emerging fluorescence properties in the
polymerized state.
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2.

Study of triarylamine-based
supramolecular homopolymers

The results of this work are summarized in:
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Abstract: Two families of Cs-symmetrical triarylamine-triamides comprising a
triphenylamine or a tri(pyrid-2-yl)amine core are presented. Both families assemble in
apolar solvents via cooperative hydrogen-bonding interactions into helical
supramolecular polymers as evidenced by spectroscopic measurements, and
corroborated by DFT calculations. The introduction of stereocenters in the side chains
biases the helical sense of the supramolecular polymers formed. Compared to other C3-
symmetrical compounds, a much richer assembly landscape is observed. Temperature-
dependent spectroscopy measurements highlight the presence of two assembled states
of opposite handedness. One state is formed at high temperature from a molecularly
dissolved solution via a nucleation-elongation mechanism. The second state is formed

below room temperature through a sharp transition from the first assembled state. DFT

calculations indicate that the change in helicity can be attributed to two different

conformations in the assembled state. In addition to this, we observe that co-dissolved

water in alkanes plays a fundamental role in the transition between the two assembled

states. In fact, we find that other supramolecular polymers that possess conformational
flexibility also show a high sensitivity to the amount of co-dissolved water.
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Chapter 2

2.1 Introduction

The continuous growth of high-tech products relying on organic semiconductors
demonstrates the notable technological maturity and competitiveness of these
materials compared to their inorganic analogues. The relatively cheap fabrication, easy
processing, and intrinsic flexibility are the leading qualities of organic electronics.
However, although great progress has been achieved in this regard, the improvement
of their conductive properties is still an open challenge. It has been demonstrated that
exerting full control during the formation of the desired nanostructures minimizes
defects and localized electronic states and enhances the performance of the material.12
A smart strategy to achieve control over the molecular organization is to include a
supramolecular approach in the preparation of functional materials.3° For example,
Giuseppone and co-workers studied in detail the self-assembly of N-centered
triphenylamine-triamide in apolar solvents and the photo-induced supramolecular
polymerization upon oxidation of triphenylamine into triphenylammonium in the
presence of chloroform.1011 The improved conductive properties, in combination with
easy processability, highlight that self-assembly is an attractive strategy to achieve
well-performing supramolecular electronics.'213 In addition, Seu and Kim have
demonstrated that opposite helical senses in photo-oxidized triphenylamine stacks can
be induced by applying circularly polarized light of opposite handedness, opening a
new route towards the formation of supramolecular chiral conductors.14

However, programming supramolecular interactions into the monomers’ structure is
not trivial. Often supramolecular interactions do not result in the formation of one
single aggregate state. This effect, commonly called pathway complexity, has recently
been reported for several systems and highlights the fundamental importance of
controlling complex self-assembly processes.!>18 Conversely, the ability to access
different assembled states and the quantification of the energetic barriers of a complex
supramolecular landscape creates opportunities to realize living supramolecular
polymerizations.19-22 Understanding and mastering the complexity of these systems, as
initially envisioned by Mukhopadhyay and Ajayaghosh,?8 can be a powerful tool to
design functional materials and can represent a step forward to high-performance soft
electronics.

In this chapter, we present a study on the control and pathway selection on the
supramolecular homopolymerization of two triarylamine families and report the
importance of conformational flexibility. The triarylamines-based monomers are
selected because of their importance in organic electronics and their versatile
properties.2?40 [n addition, the intrinsic flexibility of the core gives interesting new
properties to these assembling system. Here, we show how a small energetic gap in the
molecular conformation can play an essential role in the resulting supramolecularly
polymerized state, leading to a fast inversion of helical bias as a function of the
temperature. After a fundamental study on the polymerization, we also report how the
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presence of multiple assembled state is governed by co-dissolved water in alkane
solvents.

The two selected cores, i.e. classic triphenylamine and tri(pyrid-2-yl)amine, possess
the same geometry but differ in electronic properties and intermolecular interactions.
The monomer structures are designed with a standard €3 symmetry, similar to the
1,3,5-benzenetricarboxamide (BTAs),*143 with an aromatic core, C=0 centered amides
as three-folded H-bonding unit and alkyl solubilizing chains (Scheme 1). The
conjugation between the central donating nitrogen and the amide moieties is enhanced
in the triphenylamine whereas the electron-poor pyridyl group partially reduces the
conjugation. Unlike the triphenylamine core, the assembly properties of tri(pyrid-2-
yl)amine are unexplored. The high flexibility of the molecule is known and exploited in
various metal complexes and chiral molecular organic nanotubes (MONTs)#446 making
it interesting to explore its application in supramolecular chemistry.
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o NHR
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Scheme 1. Chemical structures of tri-5-carboxamides tri(pyrid-2-yl)amine (with achiral n-
dodecyl chain, a-1, and with (S)-dimethyloctyl chain, $-1) and tri-p-carboxamides triphenylamine
(with achiral n-dodecyl chain, a-2, and with (S)-dimethyloctyl chain, $-2).

2.2 Results and discussion

2.2.1 Synthesis
The synthetic approach to access trialkyl-substituted carbonyl-centered
tripyridylamine-triamides (TPyAs, 1) and triphenylamine-triamides (TPAs, 2) is
depicted in Scheme 2. The carboxylic acid precursors were synthesized using
procedures described in literature.474> The amide coupling was performed with both
achiral n-dodecylamine (a-1 and a-2) and chiral (S)-3,7-dimethyloctylamine (S-1 and
S-2).
The triphenylamines a-2 and S-2 were obtained via first converting the tricarboxylic
triacid into the triacid trichloride using oxalyl chloride, followed by coupling to the
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desired amines (n-dodecylamine and (S)-3,7-dimethyloctylamine).*® For a-1 and $-1, in
contrast, the acyl chloride intermediate was unstable and therefore the amide coupling
was achieved through activation of the triacid via 1,1'-Carbonyldiimidazole (CDI)
coupling.45 After purification by column chromatography and recrystallization, 1 and 2
were obtained in high purity as verified by 'H and 13C NMR spectroscopy and mass
spectroscopy (MALDI-TOF-MS). Bulk analysis with differential scanning calorimetry
(DSC) and temperature-dependent infrared (TD-IR) spectroscopy completed the
molecular characterization.
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Scheme 2. Amide coupling of 1 and 2 with achiral n-dodecyl (a-1 and a-2) and chiral (5)-3,7-
dimethyloctyl chains ($-1 and S-2).

2.2.2. Assembly in methylcyclohexane

Supramolecular polymerization processes are often studied via optical spectroscopy.
Variations in the molecular environment, such as a assembling process, perturbs the
electronic transitions of the monomers and can be detected by UV-Vis spectroscopy in
solution. The study of both triamides is performed using temperature-dependent
spectroscopic measurements in methylcyclohexane (MCH) and chloroform (CHCI3). In
CHClI3, all triarylamines are molecularly dissolved, whereas non-polar solvents, such as
MCH, promote self-assembly at room temperature via directional H-bonding. This is
evidenced by changes in the optical properties upon cooling as a result of
supramolecular polymerization in MCH; effect not present in CHCl3 at these
concentrations.%4
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The absorption and emission spectra of $-2 and S$-1 in MCH (¢ = 50 uM) were
measured in a temperature range between 100 °C and 25 °C (Figure 1). Upon cooling
UV-vis spectra show a blue-shift of the main absorption band and the rise of a blue-
shifted shoulder (Figure 1a, 1c). The emission spectra of both the molecules at 25 °C
display red-shifted emission compared to the ones at 100 °C or 90 °C (Figure 1b, 1d).
These variations can be attributed to an aggregation process that affects the energy
levels of the entire molecule. However, it is arduous to understand the aggregation
processes involved based only on absorption and emission spectra. Often,
supramolecular polymerization mechanisms can be unraveled by following the
intensities of the absorption and emission maxima upon cooling, but $-1 and S-2 exhibit

non-standard trend upon cooling which further complicates the analysis (Figure 1
insets).
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Figure 1. Absorbance and emission spectra for (a, b) §-1 and (c, d) $-2 and related cooling curves
followed at absorption and emission maxima (insets). Spectra recorded in MCH (¢ = 50 uM,
cooling rate = 60 °C h1). Spectra of molecularly dissolved solution at 100 °C or 90 °C (black dotted
line) and at the assembled state at 25 °C (purple line), grey steps recorded every 5 °C.
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With the aim of better understanding the processes, we acquired circular dichroism
(CD) spectra over a broad temperature range (Figure 2). Owing to the chirality of the
monomers that impose a preferred helicity to the supramolecular aggregate, CD allows
the investigation of the supramolecular polymerization of these macromolecular helical
assemblies. Both systems display no CD effect at high temperature while, upon cooling
and assembly, a strong positive Cotton effect is recorded in the triarylamine absorption
bands around A = 347 nm for $-2 and A = 331 nm for S-1. The positive Cotton effect
recorded upon aggregation for both samples indicates that the chirality of the chains
dominates the sign and shape of the CD regardless of the structure of the central core.
This finding, in combination with a blue shifted UV, suggests that the main driving force
of the polymerization is the H-bonding interaction. In order to probe the evolution in
detail, the CD in the maximum Cotton effect was monitored as a function of
temperature. The experimental melting curves were recorded starting at high
temperature in a molecularly dissolved solution and cooled down at 60 °C h-1.
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Figure 2. CD spectra of (a) $-1 and (c) $-2 as a function of temperature. Spectra acquired from
the molecularly dissolved state (black dotted lines) every 5 °C (grey lines) till 25 °C (purple lines).
CD cooling curves recorded at the respective CD maxima for (b) S-1 (A = 331 nm) and (d) for S-2
(A =347 nm). Measurements in MCH, ¢ = 50 pM, cooling rate 60 °C h-1.
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The melting curves recorded show two regimes, an initial phase at high temperature
where no long aggregates are formed, characterized by no CD effect, followed by a rapid
transition to positive CD values that occurs at 75.2 °C for $-2 and 95.0 °C for S-1. The
transition temperature, commonly called elongation temperature Te, reveals that S-1
shows the formation of supramolecular polymers, poly(S-1), very close to the boiling
point of the solvent (cs1 = 50 pM) while S-2 polymerizes into poly(S-2) at a
temperature 20 °C lower than S-1. The melting curves were also recorded at different
concentrations and a shift of the Te to lower temperatures was observed upon
decreasing the concentration (Figure 3a, 3b). The recorded cooling curves indicate that
both $-1 and S-2 exhibit a strongly cooperative supramolecular polymerization in
alkane solvents. The van 't Hoff plot for $-2 and $-1 (Figure 3¢, 3d) showed a larger
thermodynamic gain upon aggregation of S-1 to poly(S-1) than $-2 to poly(S-2), which
is in agreement with the higher Te observed at c = 50 puM.
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Figure 3. CD cooling curves recorded at different concentration followed at (a) A = 331 nm for S-
1 at (b) A =347 nm for S-2; related van’t Hoff plots for (c) $-1 and (d) §-2. Measurements in MCH,
cooling rate of 60 °C h-1.
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In addition, we fitted the melting curves to the nucleation-elongation model
developed by Ten Eikelder and Markvoort*® to calculate the released enthalpy upon
elongation. Interestingly, we observe that for both the triarylamines the model does not
fit properly showing a significant deviation in the multicurve fit®* (data not shown). The
deviation from a classic cooperative model is coherent with the trends recorded in the
temperature-dependent UV-Vis and fluorescence measurements and clearly indicates
that a second process competes with the nucleation-elongation mechanism at lower
temperatures.

2.2.3. Assembly behavior below room temperature

We further investigated the self-assembly behavior in MCH solution by reducing the
temperature to -10 °C. UV-Vis and emission spectra at -10 °C are then compared with
the data recorded in the first assembled state at 50 °C and in the monomerically
dissolved state (100 °C for $-1 and 90 °C for $-2) (Figure 4). The comparison shows
resembling spectra at -10 °C and at 50 °C for poly(S-1) and only a net decrease in
intensity is recorded (Figure 4a, 4b). In contrast, UV-Vis spectrum of poly(S-2) at -10
°C shows an evident increment of the red-shifted shoulder at 350 nm while the main
peak and the blue-shifted shoulder decrease (Figure 4c). Similarly, the fluorescence
displays a 20 nm red-shift of the aggregate peak while the monomer fluorescence
almost completely vanishes (Figure 4d).

We repeated the analysis by measuring the evolution of the CD as a function of
temperature. The CD effect was probed at A = 331 nm for S-1 and A = 347 nm for S-2,
the data were recorded starting at high temperature in a molecularly dissolved solution
and cooling the solution at 60 °C h-1. After equilibrating the system at -10 °C, the
following heating ramp was performed (rate: 60 °C h-1) (Figure 5). The CD cooling-
heating curve of poly(S-1) displayed a small decrease of the CD intensity below room
temperature combined with a small red-shift in the CD spectrum (Figures 5a, 5c). The
following heating run exhibits a large hysteresis that disappears just above 77 °C,
displaying the reversibility of the system.
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Figure 4. UV-vis and emission spectra of (a, b) $-1 and (c, d) $-2 in MCH (¢ = 50 uM) at the three
states observed, monomerically dissolved (dotted black lines, T = 100 °C for $-1 and 90 °C for S-
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Figure 5. CD spectra of (a) poly(S-1) and (c) poly(S-2) in MCH (¢ = 50 uM). CD spectra recorded
at 50 °C (red lines) and at -10 °C (blue lines). Melting curves of (b) poly(S-1) and (d) poly(S-2) at
a cooling-heating rate of +60 °C h'}, cooling curve (blue lines) and heating curve (red lines).

Interestingly, the effect observed for poly(S-1) is amplified in the case of poly(S-2).
The cooling curve of poly($-2) exhibits a pronounced inversion of the Cotton effect at
0 °C leading to negative values at -10 °C. Upon heating, the curve is not superimposable
with the cooling curve. The negative Cotton effect persists for 10 °C and shows a drastic
inversion around 0 °C. Above 25 °C the two curves are superimposable again (Figures
5b, 5d). Fascinatingly, the shape of the CD spectra at 50 °C and -10 °C temperatures are
nearly mirror images displaying a shift of a few nanometers only. The changes in the CD
spectra and the other spectroscopic measurements suggest that a transition within the
aggregated state occurs below room temperature. Whereas poly(S-1) displays distinct
changes in all spectra, the thermal treatment on poly($-2) promotes even an inversion
of handedness. Due to the similarities between the two triarylamines, we speculated on
the possibility of having an analogous behavior with poly(S-1). Therefore, we studied
the supramolecular polymerization of $-1 in decalin (mixture of isomers) in order to
decrease the strength of the interaction among monomers. The solubility of §-1 in
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decalin is better than in MCH and the thermodynamic parameters of poly(S-1) in
decalin are closer to the values of poly($-2) in MCH (From van 't Hoff analysis on §-1 in
decalin: AH =-92.38 k] mol-1, AS = -0.16 k] mol-1, to be compared with $-2 in MCH Figure
3d). The recorded spectra and the cooling-heating curve of S$-1 in decalin are indeed
more similar to §-2 in MCH (Figure 6). The absorption peak of S-1 in decalin shows a
general broadening below 0 °C with an evident increment of the blue-shifted shoulder
and a decrease of the main peak (Figure 6a). Similarly to what was observed in MCH,
the fluorescence is half-quenched (Figure 6b). The CD melting curves at A = 333 nm
display the same handedness and cooperativity than those in MCH but, below room
temperature a sharp inversion results in opposite CD values like $-2 in MCH (Figures
6¢, 6d).
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Figure 6. Recorded spectra of poly(S-1) in decalin isomers mixture (¢ = 50 uM), (a) UV-vis, (b)
fluorescence, (c) CD spectra and (d) related cooling-heating curve followed at A = 333 nm at a
cooling-heating rate of 15 °C h'l. Dotted black lines represent the CD spectrum of the
monomerically dissolved solutions recorded at 100 °C. Red lines are the spectra recorded at 50
°C, blue lines are the spectra recorded at -10 °C.
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The hysteresis recorded in the heating curve is around 30 °C. Nevertheless, in contrast
with poly(S-2), the CD spectra of poly(S-1) below and above room temperature are not
mirror images: the inversion of the bisignated CD is only partial, the high-energy
couplet displays just a small decrease while the peaks above A = 300 nm are inverted.
Moreover, the low temperature spectrum shows a small positive Cotton effect at A =
350 nm that can probably be assigned to the presence of large aggregates that scatter
the light since almost no absorption is recorded in that region. This hypothesis is
supported by DLS data (Figure 7) which show much larger aggregates at -10 °C
compared to 50 °C, as visible by the larger decay and higher countrates’ intensity.
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Figure 7. DLS (a) decay and (b) countrates for poly($-1) (decalin ¢ = 100 uM) recorded in State
I (red lines, recorded at 50 °C) and State II (blue lines, recorded at -10 °C).
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2.2.4. State analysis

The thermal analysis performed on both systems highlights a general behavior. A first
assembled state (state I), with positive CD extrema (A = 333 nm for poly(S-1) in decalin
and A = 347 nm for poly(S-2) in MCH) is cooperatively formed at higher temperature
from the molecularly dissolved solution. A second state begins to take part in the
assembly process upon gradually lowering the temperature. Below a certain threshold,

it dominates leading to a second state (state II), which shows a negative CD extremum,
indicative of an inverted handedness.

For both systems, melting curves were measured at different concentrations (range:
10 uM - 100 uM) to investigate how the inversion temperature (Ti) depends on the
concentration. Whereas Te is, as expected, highly concentration-dependent, we
observed that Ti is roughly invariant with the concentration (Figure 8). This result
indicates that the conversion from state I to state II is a concentration-independent
process. Typically such concentration-independent processes are related to intra-
helical conformational changes or a transition between two types of assembled

states,3839.52-55 making bundling of supramolecular assemblies a less likely explanation
for rationalizing the changes in the CD spectra.>®
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Figure 8. Diagram of states as a function of temperature and concentration. Elongation
temperature (Te, red squares) and inversion temperature (7;, blue squares) of (a) poly(S-1) in
decalin (mixture of isomers) and (b) poly(S-2) in MCH recorded at different concentrations.

Depending on temperature, both systems assemble in distinctly different aggregates which show
opposite handedness.
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2.2.5. Computational analysis

In order to further analyze the systems, DFT calculations were performed by Ivo Filot.
To reduce the computational time, calculations were performed on oligomers and
infinite chains of Me-1 and Me-2, in which the aliphatic chains are replaced by methyl
groups (Figure 9a). Upon supramolecular aggregation, Me-1 and Me-2 can assemble in
such a way that the H-bonding dipoles either align in a parallel or in a quasi-antiparallel
fashion. The dipole moments are oriented from the carbonyl oxygen of one discotic to
the amide hydrogen of a neighboring discotic. Herein, we refer to these two different
conformations as 3:0 (where all three dipoles are parallel) and 2:1 (two parallel and
one antiparallel), respectively.>? The calculated structures of poly(Me-1) and poly(Me-
2) for these two possible conformations are reported together with a schematic
representation (Figures 9 and 10).64
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Figure 9. (a) Chemical structures of Me-1 and Me-2 used for the computational calculation in 3:0
state (parallel orientation of the dipoles). Three-dimensional structures of (b) poly(Me-1), and
(c) poly(Me-2) in 3:0 conformation. On the left, DFT calculated structures. The interdiscotic
distance, dp, and interdiscotic angle, a, the hydrogen bond length, du, and the carbonyl-aryl
dihedral angle, 0, are given. On the right, a schematic representation of the structures is reported
to represent the molecular organization.
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Figure 10. (a) Chemical structures of Me-1 and Me-2 used for the computational calculation in
2:1 state (antiparallel orientation of the dipoles). Three-dimensional structure of (b) poly(Me-1),
and (c) poly(Me-2) in 2:1 conformation. On the left, DFT calculated structures. The interdiscotic
distance, dp, and interdiscotic angle, a, the H-bond length, du, and the carbonyl-aryl dihedral angle,
6, are given. On the right, a schematic representation of the structures is reported to represent
the molecular organization.

Interestingly, for poly(Me-1) the inversion of the amide between 3:0 and 2:1 occurs
with a coherent torsion of the pyridine ring in order to maintain the antiparallel
orientation of the pyridine dipole and amide dipole. Thus, the conformation 2:1 of
poly(Me-1) loses the C3 symmetry of the triarylamine core. In both the conformational
states, poly(Me-1) shows a carbonyl dihedral angle (6) moderately larger compared to
poly(Me-2) and BTA.5! The greater rotational mobility of the carbonyl group is
rationalized by the deactivation of the conjugated m-system by the presence of the
nitrogen in the pyridyl ring. As the pyridyl nitrogen withdraws electronic density from
the m-system, less overlap between the latter and the carbonyl group results in an
enhanced rotational flexibility. This greater torsion is reflected in a smaller
interdiscotic angle (a) and hydrogen bond length (du) compared to poly(Me-2).
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Therefore, the carbonyl groups of poly(Me-1) have a higher out-of-plane rotation
resulting in a more favorable conformation for hydrogen bond formation leading to a
stronger interaction energy (Figures 5, 6, 11). Regardless of the number of monomers
in the supramolecular chain and the conformation assumed, the binding energy is
larger (ie., more stable) for poly(Me-1) compared to the poly(Me-2), corroborating
our experimental observations (Figure 11, Figure 3c, 3d). Furthermore, the binding
energy analysis reveals that the supramolecular polymerization is cooperative, i.e., the
consecutive addition of monomers to the supramolecular aggregate results in an
increasingly stronger binding energy between the monomers. For both the molecules,
the antiparallel conformation (2:1) in the oligomer is more stable. The infinite chain
calculation follows the same trend.
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Figure 11. Average binding energy per monomer of poly(Me-1) for both the 3:0 and 2:1
conformations (up-facing triangles, red for 3:0 and bordeaux for 2:1) and poly(Me-2) (down-
facing triangles, light green for 3:0 and dark green for 2:1). Energy calculated for the dimer up to
and including the pentamer. The dotted lines depict the asymptotic value of the average binding
energy of the periodic chains. All energies are given in k] mol-L.

2.3. The discovery of the effect played by water dispersed in oil

Coinciding with this reseach,* Van Zee et al. investigated another conformationally
flexible supramolecular monomer, biphenyl tetracarboxamide, $-3.65 §-3 has been
selected for its intrinsic axial flexibility®® and its close resemblance to the model BTA.*!
Interestingly, supramolecular polymerization studies on $-3 (Figure 12a) in MCH were
strikingly similar to those of $-1 and $-2. §-3 displays a cooperative transition from
molecular dissolved state to a first, CD positive, state named state I. Then, around 25 °C
a sharp transition leads $-3 to state II, which presents a shifted positive CD signal.
Further cooling of the sample results in a second drastic transition to state III, this time
with opposite helicity (Figure 12b). Similarly to poly(S-1) and poly(S-2), the T. (that
marks the transition from $-3 to poly(S-3) state I) follows normal concentration
dependence for cooperative systems, while the transitions state I-state II and state II-
state III are concentration independent (Figure 12c).
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Detailed studies on poly(S-3) unveiled that the transitions state I-state II and state
II-state III are governed by the presence of co-dissolved water in alkanes (Figures 12c,
12d). As is well known, water is only sparingly miscible in these solvents—typical
alkanes contain less than 0.01 per cent water by weight at room temperature.t!
However, a commonly overlooked feature is that water is essentially monomeric in
0ils.6263 As such, water molecules in alkanes possess potential enthalpic energy in the
form of unrealized hydrogen bonds. As a results, this energy is a thermodynamic driving
force for water molecules to interact with co-dissolved hydrogen-bond based
aggregates in oils. By using a combination of spectroscopic, calorimetric, light-
scattering and theoretical techniques, Van Zee et al. demonstrated that this interaction
can be exploited to modulate the structure of one-dimensional supramolecular
polymers.65
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Figure 12. (a) Chemical structure of enantiopure biphenyltetracarboxamide functionalized with
(8)-3,7-dimethyloctyl chains, $-3. (b) CD cooling curves in which the concentration of §-3 was
varied while the water content was held constant (¢ = 59 M (darkest shade), 49 uM, 40 uM, 33 uM,
20 puM and 10 pM (lightest shade); [H20] = 35 + 2 p.p.m.). (c) Schematic representation of three
cooperative, competitive pathways. (d) CD cooling curves in which the water content was varied
while the concentration of S-3 was held constant ([H20] = 47 + 3 p.p.m (darkest shade), 35 + 2
p.p-m., 24 + 4 p.p.m, 8 + 1 p.p.m (lightest shade); c = 30 uM). All water content measurements are
reported as mean + s.d. (n = 2).
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In detail, for $-3 the formation of state I is dominated just by the formation of
hydrogen bonds among S-3 molecules, while state II and state III are essentially
copolymers of $-3 with water molecules which intercalate in the supramolecular
polymer structure. The transition temperatures where copolymerization with water
occurs (state I-state II and state II-state III) are modulated by the concentration of co-
dissolved water (Figures 12c, 12d).

To prove the generality of this effect, and confirm that also the transition state I-state
II observed for S-1 and S-2 is dictated by the water content of the alkane solution, we
performed cooling curves maintaining the molecular concentration constant (¢ = 50
uUM) and varying the concentration of water co-dissolved in MCH. Consistent with what
was reported for poly(S-3), poly(S-1) and poly(S-2) show dependence on the water
concentration in the Ti. Therefore, it is possible to drift the Ti at higher temperatures
with high water content solution, or to lower temperatures with dried MCH solutions
(Figure 13).
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Figure 13. CD cooling curves of (a) poly(S-1) and (b) poly(S-2) in which the concentration of
S-1 or S-2 was held constant and the concentration of water was varied. Measurements in MCH, ¢
=50 uM. All water content measurements are reported as mean + s.d. (n = 2).
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A common feature of $-1, §-2 and $-3 is their axial flexibility; we propose that this
conformational freedom positively contributes to accommodate water molecules
within the supramolecular polymers and allow the formation of multiple assembled
states. However, the presence of monomerically dissolved water in alkanes likely
influences more rigid supramolecular polymers as well. To address this, we re-
examined the self-assembly of chiral benzene tricarboxamide (BTA) $-4 (Figure 14a)
as a function of water concentration. S-4 has been the subject of many previous
studies*! and can be considered as the reference model for supramolecular polymers in
MCH. Although variation of the water content does not affect the helicity of poly(S-4),
aggregates of S-4 prepared in wet MCH scatter more light than fibers formed in dry
MCH.%5 Measurements by atomic force microscopy (AFM) suggest an important role for
water in modulating the lateral interaction between poly($-4) fibers. Single-chain
fibers are imaged via AFM when §-4 is drop-cast under wet conditions (Figure 14b),
whereas coils of several chains are detected in samples prepared under dry conditions
(Figure 14c).
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Figure 14. (a) Molecular structure of benzentricarboxamide functionalized with (§)-3,7-
dimethyloctyl chains, S-4. AFM of poly(S-4) dropcasted under (b) wet and (c) dry conditions with
relative fiber analysis. Samples prepared in MCH (¢ = 30 uM) and dropcasted on mica.
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2.4. Conclusions

In conclusion, we showed that triarylamines bearing threefold H-bonding units
supramolecularly polymerize in a strongly cooperative manner due to H-bonding
interactions. In spite of the core differences, both molecules follow a general path
leading to helical supramolecular polymers, at high temperature. Interestingly, the
peculiar assembly of these triarylamines cannot be explained simply with the classical
nucleation-elongation model due to the presence of a second process that becomes
more accessible at low temperatures, and results in a second assembled state with
opposite handedness.

We hypothesized that a plausible reason for the presence of two aggregate states is a
change of molecular conformational coupled to a helical inversion. At high temperature,
the free monomers can easily rotate around the single bonds and no conformation is
defined. Consecutively, with the decrease of the temperature and the nucleation and
elongation of the polymers, the molecular conformation settles to allow the formation
of the H-bonding network. DFT calculations evidenced that triarylamines can form two
different polymerized states which are both stable. One with high symmetry, with
parallel amide dipoles, 3:0, and one with a lower level of symmetry which has one amide
dipole in anti-parallel fashion, 2:1. We argued that the transition between the two
assembled states is closely related to this conformation change and is reflected in the
spectroscopy signature of the two molecules

This hypothesis has been further demonstrated and upgraded by the subsequent
work by Van Zee et al. %> We discovered that the transition between the two assembled
states, which is allowed by the intrinsic conformation flexibility of the molecules, is
caused by the singular effect of co-dissolved water in alkanes. The monomeric state of
water in alkanes acts as driving force for itself to copolymerize with the H-bonded
polymers present in solution. The incorporation of water is possible because of the
rotational freedom of the supramolecular monomers which modify their conformation
to accommodate the water molecules. This generates a reorganization of the
supramolecular conformation causing the helical change.

Although that monomer’s flexibility is fundamental to achieve a rapid handedness
inversion upon copolymerization with water, we here propose that the monomeric
nature of water in alkanes has a general influence on co-dissolved H-bonded
supramolecular polymers. As example, we demonstrated that water affects the later
forces of the model BTA system. We propose that many other unidentified structural
transitions or unexpected behavior observed in H-bond-based aggregates in oils arise
from this fundamental effect and we anticipate that controlling this additional
interaction will bring further advances in the field.
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2.5. Experimental section

2.5.1. Methods and materials

All solvents were obtained from Biosolve, Acros or Aldrich. All other chemicals were obtained from Aldrich.
Dry DCM, THF, and DMF were tapped off a distillation setup which contained molsieves. CHClz was dried over
molsieves and triethylamine was stored on KOH pellets. (S)-(-)-Citronellol was purchased from Aldrich and
converted into the corresponding (S)-3,7-dimethyloctan-1-amine according to a described procedure.56 1,1'-
Carbonyldiimidazole (CDI) was vacuum-oven dried before use. $-3 and $-4 were synthesized by other
members of the group and the synthesis reported elsewhere, $-365 and $-4.41 All other chemicals were used
as received. Synthesized compounds were vacuum-oven dried before use.

IH NMR and 13C NMR measurements were conducted on a Varian Mercury 200 MHz and/or a Varian Gemini
400 MHz (100 MHz for 3C). Proton chemical shifts are reported in ppm downfield from tetramethylsilane
(TMS). Carbon chemical shifts are reported using the resonance of CDClz as internal standard. MALDI-TOF-
MS were acquired using a PerSerptive Biosystem Voyager-DE PRO spectrometer using o-cyano-4-
hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile
(DCTB) as matrices. IR spectra were recorded on a Perkin-Elmer spectrum two FTIR spectrometer. Variable
temperature IR spectra were recorded on a Bruker Tensor 27 GladiATR with temperature controller.
Polarization optical microscopy (POM) measurements were done using a Jenaval polarization microscope
equipped with a Linkam THMS 600 heating device, with crossed polarizers. The thermal transitions were
determined with DSC by using a Perkin-Elmer Pyris 1 DSC under a nitrogen atmosphere with heating and
cooling rates of 10 °C min-1. Dynamic light scattering analysis was performed with ALV/CGS-2 MD-4 DLS.
Three scans of 20 seconds have been recorded setting the angle at 80°. AFM was performed using an Asylum
Research MFP-3D system in non-contact tapping mode. Images were processed using Gwyddion 2.49.
Samples were prepared by dropcasting pre-assembled structures from diluted conditions (¢ < 50 pM, details
in related images) onto mica.

UV/Vis and circular dichroism (CD) measurements were performed on a Jasco J-815 spectropolarimeter,
for which the sensitivity, time constants and scan rates were chosen appropriately. Corresponding
temperature-dependent measurements were performed with a Jasco PFD-425S/15 Peltier- type temperature
controller with a temperature range of 263-393 K and adjustable temperature slope. In all experiments the
linear dichroism was also measured and in all cases no linear dichroism was observed. Separate UV/Vis
spectra were obtained from a Perkin-Elmer UV/Vis spectrometer Lambda 40. Fluorescence spectra were
measured with Jasco FM0-427S/15 fluorimeter implemented in the CD spectrometer. For all spectroscopic
measurements, cells with an optical path length of 1 cm were employed and spectroscopic grade solvents
were employed. Stock solutions (1 mM) were prepared by weighing the necessary amount of compound for
the given concentration and transferring it to a volumetric flask that was filled up to its meniscus. The stock
solutions were heated up and sonicated till complete dissolution every time before the preparation of diluted
sample solutions. All the spectroscopic measurement were performed with freshly prepared solutions (max.
1 week after the preparation of the stock solution).

CD experiments related to the water effects were performed using special precaution to control the
humidity. Cuvettes equipped with a screw cap and a Teflon-lined septum were found to be best suited for
these measurements. To determine the water content after analysis by CD spectroscopy, dilute samples were
directly injected into the Karl Fischer titration instrument after withdrawing from the sealed cuvette by
syringe. All Karl Fischer titration measurements were performed in duplicate and expressed as mean * s.d.
unless otherwise stated. At the ambient humidity in the laboratory in which this research was carried out, as-
received MCH contained 20 # 2 p.p.m. H20 (mean # s.d. of four measurements). MCH was dried by sparging
with argon and then storing over activated 3 A molecular sieves overnight in a sealed bottle. After bringing
into a nitrogen-filled glovebox, the MCH was passed through a 0.2 pm Whatman Anatop 10 syringe filter. The
typical water content for dry MCH prepared in this way was <0.1 p.p.m. (that is, below the level of detection
of the Karl Fischer titration). Dry samples were prepared in a nitrogen-filled glovebox with dry MCH, taking
special care to use oven-dried glassware and Teflon-lined caps for vials. Wet MCH was prepared by layering
MCH (around 20 mL) over water (around 1 mL) that was purified with an EMD Millipore Milli-Q Integral
Water Purification System. After allowing to set overnight, wet MCH was carefully withdrawn with a syringe
from the top layer without disturbing the bottom water phase. Wet samples were prepared on the benchtop;
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care must be taken to minimize exposure of the solvent to the atmosphere by quickly sealing the sample vials.
Wet MCH transferred in this way contained approximately 60 p.p.m. water.

2.5.2. Synthetic procedures
0. H Oy NHR
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NH: Br Cu, K, 1) KMn©,. NaOH, H,0 1) CDI, DMA,
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Scheme 3. Synthetic routes for 1 and 2.

Tris[2-(5-methylpyridyl)Jamine (3)

In an oven-dried round bottom flask under argon atmosphere 2-bromo-5-methylpyridine (3.18 g, 18.49
mmol), 5-methylpyridin-2-amine (1.00 g, 9.25 mmol), potassium carbonate (2.94 g, 21.27 mmol), potassium
iodide ( 0.154 g, 0.925 mmol), potassium bromide (0.110 g, 0.925 mmol), and copper powder (0.470 g, 7.40
mmol) were dissolved in p-cymene (15 mL) and refluxed for 3 days under continuous stirring. The mixture
was filtered hot over celite, and the solids were washed with ethanol. The filtrate was evaporated in vacuum.
The product was purified by SiO2 column chromatography (CH2Cl./MeOH/DIPA 98/1.6/0.4 v/v/v) and
recrystallized from acetone/hexane (2/98 v/v) affording 3 as yellow-green crystalline product (800 mg,
30%).

'H NMR (CDCls,200 MHz) & (ppm): 8.18 (s, 3H,), 7.42 (d, 3H, ] =8 Hz), 6.95 (d, 3 H,] =8 Hz), 2.28 (s, 9 H); m/z
(TOF-MS): Calcd. for [C1sH1oN4]* [M+H]* 291.16; found 291.16.

Tris(2-nicotinic acid)amine (COOH-1)

In a round bottom flask tris[2-(5-methylpyridyl)]amine 11 (670 mg, 2.307 mmol) was suspended in water
(70 mL). A solution of NaOH (831 mg, 20.77 mmol) in water (20 mL) was added to the suspension and stirred,
then KMnOs (3.03 g, 19.15 mmol) was slowly added. The reaction mixture was stirred at 60 °C for 4 h. Then
a second portion of KMnOs (2.50 g, 15.85 mmol) was added. The reaction was continued at 60 °C for 16 h. The
reaction mixture was filtered on a paper filter to remove the brown precipitate (MnO3). The aqueous phase
was acidified with concentrated HCI (37%) to pH = 2 and cooled to 5 °C. The resulting white precipitate was
filtered and dried under vacuum affording COOH-1 (750 mg, yield 85%) as a white powder.

1H NMR (MeOD, 200 MHz) & (ppm): 8.90 (s, 3H), 8.34 (d, 3H, /=8 Hz), 7.27 (d, 3H, ] = 8 Hz); m/z (ESI*): Calcd.
for [C1s8H13N4O6]* [M+H]* 381.08; found 381.17; IR (cm) 2941, 1741 1727, 1712, 1644, 1585, 1550, 1476
1448, 1414, 1366, 1329, 1301, 1263, 1215, 1188, 1145, 1120, 1023, 962, 946, 899, 873, 849, 761, 673, 656,
619,551,531, 520, 494.
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General synthesis of 6, 6, 6"-nitrilotris(N-dodecylnicotinamide) (a-1) and 6, 6, 6 -nitrilotris(N-(3,7-
dimethyloctyl)nicotinamide) (S-1)

In a round bottom flask under argon atmosphere a solution of COOH-1 (2.97 mmol) and CDI (1.59 g, 9.81
mmol) were dissolved in dry dimethylacetamide (40 mL) and stirred at 60 °C for 40 min. In a separate round
bottom flask under argon atmosphere a solution of the appropriate alkylamine (10.4 mmol) and EtsN (1.32
g, 13.07 mmol) in dry dimethylacetamide (2 mL) was prepared. Then, the amine solution was collected by a
syringe and dropwise added to the CDI activated solution of COOH-1. The reaction mixture was stirred and
heated at 60 °C for 16 h. The mixture was concentrated (reaching a volume of 5 mL) under reduced pressure
and precipitated in acetonitrile (§-1) or directly precipitate in acetonitrile (a-1). The crude product was
purified by neutral Al203 column chromatography (CHCl3/MeOH 97/3 v/v) and recrystallized from
acetonitrile ($-1) or ethanol (a-1) attaining a white solid (yield 35%).

S-1:1H NMR (400 MHz, CDCl3) 6 (ppm): 8.69 (d, 3H, ] = 4 Hz), 8.05 (dd, 3H, J1 = 12 Hz, ] = 4 Hz), 7.12 (d, 3H,]
=12 Hz), 6.05 (t, 3H, ] = 6 Hz); 3.53-3.44 (m, 6H); 1.66-1.20 (mm, 30H); 0.94 (d, 9H, ] = 8 Hz); 0.86 (d, 18H, ]
= 8 Hz); 13C NMR (CDCl3,100 MHz,) § (ppm): 165.03, 158.24, 147.30, 137.12, 126.95, 118.33, 39.19, 38.31,
37.11, 36.71, 30.78, 27.93, 24.66, 22.68, 22.57, 19.50; m/z (MALDI-TOF) Calcd. for [CssH76N70s]* [M+H]*
798.60 ; found 798.62; IR (cm) 3280, 3087, 2953, 2925, 2868, 1628, 1590, 1547, 1470, 1385, 1366, 1307,
1277, 1170, 1145, 1099, 1021, 945, 841, 778, 698, 537, 478. UV-Vis spectra (CHCIz, 50 uM) Amax = 327 nm,
Emission spectra (CHClz, 50 pM) Amax = 372 nm.

a-1: 'H NMR (CDCls, 400 MHz,) & (ppm): 8.70 (dd, 3H, ] = 2 Hz), 8.07 (dd, 3H, J1 = 2 Hz, ]> = 8Hz), 7.15 (d, 3H, ]
=8 Hz), 6.05 (t, 3H, ] = 6 Hz), 3.49-3.44 (m, 6H), 1.63-1.58 (m, 6H), 1.34-1.17 (mm, 54H,), 0.88 (t, 9H, ] = 9 Hz);
13C NMR (CDCl;,100 MHz,) § (ppm): 165.12, 158.23, 147.35, 137.15, 126.99, 118.34, 40.20, 31.91, 29.65,
29.63, 29.60, 29.57, 29.35, 29.32, 27.00, 22.69, 14.12; m/z (MALDI-TOF) Calcd. for [CssHgsN;03] * [M+H]*
882.69 ; found 882.71; IR (cm-1) 3279, 2921, 2852, 1629, 1589, 1539, 1470, 1379, 1314, 1276, 1170, 853,
775, 714, 570.

4, 4', 4"-Triacetyltriphenylamine (4)

Triphenylamine (0.5 g, 2.04 mmol) was dissolved in anhydrous CHzCl, (10 mL) in a three-neck round bottom
flask under argon atmosphere. Slowly AICls (0.84 g, 6.32 mmol) was added under stirring, then the whole
mixture was cooled to 0 °C by ice-water bath. Then acetyl chloride (0.5 g, 6.32 mmol) was added dropwise at
0 °C. After the addition was complete, and the reaction was stirred and allowed to reach room temperature
overnight. The reaction mixture was poured into ice water (125 mL), the organic layer was extracted with
CHzCl: (3 x 50 mL), dried on MgSO0s, collected and evaporated. The yellow green solid was purified by column
chromatography (EtOAc/heptane v/v 1/9) to give 4 (700 mg, yield 92%).

1H- NMR (400 MHz, CDCl3) 6 (ppm): 7.91 (d, 6H, ] = 8 Hz), 7.16 (d, 6H, ] = 8 Hz), 2.59 (s, 9H); m/z (ESI MS)
Calcd for [C24H21NOs3]** [M]*+, 371.5; found 371.10

4, 4', 4"-Tricarboxyltriphenylamine (COOH-2)

4,4'4"-triacetyltriphenylamine 12 (450 mg, 1.21 mmol) was dissolved in 1,4-dioxane (12.5 mL) in a three-
neck round bottom flask. Meantime, in a beaker Brz (0.62 mL, 12.12 mmol) was added dropwise to an aqueous
(7.5 mL) solution of NaOH (1.59 g, 40 mmol) cooled by ice bath. After the addition, the solution was stirred
for 20 min at room temperature. The solution was transferred in a dropping funnel and dropped into the
solution of 4. The mixture was stirred and heated at 45 °C overnight. Then, the mixture was cooled at 0 °C
using an ice bath and saturated under stirring with hydroxylamine HCl to deoxidize the excess of formed sub-
bromo-sodium (NaBr02). The solution was acidified by HCI (37%) till pH = 1.5. The pale yellow precipitate
was filtered and dried under vacuum. The crude product was recrystallized from acetic acid to afford pure
COOH-2 as a white solid (400 mg, yield 87%).

H NMR (DMSO0-d6, 400MHz) & (ppm): 12.19 (s, 3H), 7.89 (d, 6H, ] = 8 Hz), 7.12 (d, 6H, ] = 8 Hz); m/z (ESI MS)
Calcd for [C24H16NO6]* [M-H]*: 378.10, found 378.08; IR (cm): 3183.6, 2984.9, 2826, 2543, 1675, 1592, 1509,
1424,1314,1277,1221,1174,1131, 1107, 1016, 932,852, 801, 770, 697, 669, 661, 628, 548, 521, 479
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General synthesis of 4, 4', 4"-nitrilotris(N-dodecylbenzamide) (a-2) and 4,4'4"-nitrilotris(N-((S)-3,7-
dimethyloctyl)benzamide) (S-2)

4,4',4"-tricarboxyltriphenylamine COOH-2 (250 mg, 0.66 mmol) was dissolved in THF (9 mL) in an oven-
dried round bottom flask under argon atmosphere and cooled to 0 °C with ice-bath. In a second oven-dried
round bottom flask oxalylchloride (303 mg, 2.358 mmol) was dissolved in THF (2 mL) with a drop of diluted
DMF (1% in THF) under argon atmosphere. The oxalyl chloride solution was collected with a syringe in order
to avoid air exposition and added dropwise to the cooled solution of COOH-2. The stirred mixture was
allowed to reach room temperature. After 3 h, the mixture was checked by IR to assess if the CO vibration of
the acid disappeared. The solvent and the excess of oxalyl chloride was evaporated and the acyl chloride
derivative dissolved in DCM (7 mL). In a separate round bottom flask under argon atmosphere the
appropriate alkylamine (2.186 mmol) was dissolved in DCM (2 mL) with EtsN (235 mg, 2.31 mmol) and
cooled at 0 °C by an ice-bath. The solution of triphenylamine tris-acylchloride was collected with a syringe
and slowly dropped into the amine. After the addition was complete, the stirred mixture was allowed to reach
room temperature and stirred for 5 h. The mixture was diluted in DCM (50 mL), washed with HCI (1 M, 1 x
40 mL) and brine (2 x 40mL). The organic layer was collected, dried over MgS04, and evaporated. The crude
product was purified by silica chromatography (CHCls3/MeOH 98/2 v/v). The product was further
recrystallized affording a white powder. Recrystallization with ethanol for a-2, (383 mg, yield 66%), and
diethylether for $-2 (212 mg, yield 40%).

S$-2: 1H NMR CDCls, 400 MHz) § (ppm): 7.67 (d, 6H, ] = 16 Hz), 7.10 (d, 6H, J = 16 Hz), 5.98 (t, 3H, / = 10 Hz),
3.50-3.43 (m, 6H), 1.66-1.13 (mm, 36H), 0.94 (d, 9H, ] = 12 Hz), 0.86 (d, 18H, J = 16 Hz); 13C NMR (CDCls, 100
MHz) 8 (ppm): 166.65, 149,26, 129,95, 128,33, 123.90, 39.23, 38.27, 37.81, 36.81, 30.81, 27.95, 24.66, 22.70,
22.60,19.27; m/z (MALDI) Calcd. for [CsiH7sN+03]* [M-H]*:795.61 found 795.62; IR (cm): 3311, 3071, 2953,
2926, 2868, 1632, 1599, 1548, 1499, 1499, 1467, 1379, 1366, 1297, 1280, 1187, 1146,1111, 1016, 959, 847,
766,734, 681, 662, 627, 537. UV-Vis spectra (CHCls, 50 pM) Amax = 341.5 nm, Emission spectra (CHCls, 50 pM)
Amax = 392 nm.

a-2: 'H NMR (CDCl3, 400 MHz) & (ppm): 7.67 (d, 6H, ] = 8 Hz), 7.10 (d, 6H, ] = 8 Hz), 6.01 (t, 3H, ] = 6 Hz), 3.47-
3.42 (m, 6H), 1.60 (q, 6H, ] = 8Hz), 1.37-1.26 (mm, 54 H), 0.87 (t, 9H, ] = 8 Hz); 13C NMR (CDCls, 100 MHz) &
(ppm): 166.66, 149.24, 129.94, 128.32, 123.88, 40.12, 31.98, 29.72, 29.62, 29.61, 29.57, 29.54, 29.32, 27.00,
22.67,14.10; m/z (MALDI) Calcd for [Cs7Ho1N4Os]+* [M-H]+ 879.71, found 879.71; IR (cm-1): 32891, 3073, 2955,
2920, 2851, 1630, 1600, 1539, 1498, 1467, 1368, 1311, 1296, 1277, 1179, 1154, 1108, 1015, 947, 839, 766,
722,692, 626, 564, 500, 480.
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2.5.3. Bulk analysis

Table 1. Bulk analysis of a-1, §-1, a-2, §-2

TD-IR vibrations of amide units of $-1 and S-2 in solid and
DSC datalel L
liquid state. [
Molecule T [K]®! Thmeit [K] VnH [emT] Ve=o [cm] vnnap [em]
a-1 344.6 487.5 3279l 1629l 1589Lel
32801 16271 158911
- [c]
51 4062 4333 3330 (3454) @ 1641 (1670)l 15851l
3292l 1629l 1598lel
a2 3580 4744 3349 (3456) [ 1643 (1668)lsl 1594
32931 162911 15981
52 3913 3344 (3456) & 1637 (1666) L& 15941l

[a] DSC and TD-IR heating cooling cycles: 10 K min-l. DSC data reported for third cycle, temperature
dependent infrared spectroscopy (TD-IR) data reported for first cycle. [b] Transition solid-mesophase.
[c] Cold crystallization. [e] Measured at 25 °C for untreated samples. [f] Measured at 25 °C after slow
cooling from melted state. [g] Measured in a melted solution.

2.5.4. Computational section
Computational details:

Plane-wave DFT (PW-DFT) electronic-structure calculations were performed for the monomer up to and
including the pentamer using the Vienna Ab Initio Simulation Package (VASP). Structures larger than the
pentamer were found to be too computationally demanding. All DFT calculations were performed using the
PBE exchange-correlation functional that has been shown to reproduce hydrogen-bond lengths and energies
with high accuracy. A cutoff energy of 500 eV was used and the VASP precision parameter was set to high.
Additional computational details as well as the Cartesian coordinates of the atoms and the unit cell
dimensions, are given in the supporting information.

Computational analysis

Supramolecular polymers are rather flexible and small deviations of the geometric parameters were found
between the individual discotic and side groups. The geometric flexibility corresponds to a relatively flat
potential energy surface (PES) around the conformational minimum as shown for similar benzene tris-
amides aggregates (BTAs) earlier. Therefore, the reported values are the average for the abovementioned
parameters. Both 3.0 aggregates show the same average interdiscotic distance (dp) of 4.8 A (Figures 9, 10).
Otherwise, the pyridyl-carbonyl dihedral angle (8) of Me-1 was found to be moderately larger (6 = 41°)
compared to the phenyl-carbonyl dihedral angle of Me-2 (6 =30°). The greater rotational mobility of the
carbonyl group is rationalized by the deactivation of the conjugated m-system by the presence of the nitrogen
in the pyridyl ring. As the pyridyl nitrogen withdraws electronic density from the m-system, less overlap
between the latter and the carbonyl group results in an enhanced rotational flexibility. This greater torsion is
reflected by the interdiscotic angle (o) and the hydrogen bond length which are both rather smaller for Me-
1 compared to Me-2. Therefore, the carbonyl groups of Me-1 can have a higher out of plane rotation resulting
in a more favorable conformation for hydrogen bond formation. This leads to a shorter hydrogen bond
lengths (du) and, consequently, to a stronger interaction energy. Otherwise, compared to parallel
conformation, both systems in the 2:1 fashion show a slightly larger dp of 5 A (Figure 10). For Me-1 the
dihedral angle is not affected on the alignment of the three dipole but « results decreased by half and du rather
longer reaching 1.90 A. The parallel conformation of Me-2 shows an increment from 30° to 36° in the out of
plane rotation of the carbonyl group (8) that leads to a smaller interdiscotic angle («) and a shortened
hydrogen bond length (du).

Page | 51



Chapter 2

Rotation Penalty estimation:

The approximated rotation penalty for one carbonyl in a free Me-1 monomer and in an assembled stack
has been calculated. The “rotation penalty” is defined as the difference between the most stable structure and
the most unstable structure while keeping the spatial coordinates of all the other atoms away from the
reactive center constant. This rotation penalty is then a rough approximation of the activation energy for
rotation.

The rotation penalties measured for a free monomer is 3 k] mol-?, while for a bound monomer (i.e. inside a
chain), the energy barrier is of 46 k] mol-1. The latter number is in good agreement with the (non-covalent)
scission of two hydrogen bonds as the carbonyl rotation results in the elimination of two such hydrogen
bonds. Note that within the molecules as studied in this article, the approximated H-bond strength is ~20 k]
molL.

Computational settings

All DFT calculations were performed using VASP. The PBE exchange-correlation functional was used in
conjunction with the projector augmented wave approach. All structures were optimized to their local
minima using the conjugate gradient algorithm as implemented in VASP. Optimization and other electronic
settings are given below.

Settings
Parameter INCAR setting value
Cutoff energy ENCUT 500
Precision PREC High
Smearing type ISMEAR 0 (Gaussian mearing)
Smearing width SIGMA 0.0005
Electronic convergence threshold ~ EDIFF 1E-5
lonic relaxation threshold EDIFFG 1E-4
K-point grid

For all calculations, only the I' -point was used.
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3.

Chiral supramolecular polymers
suppress hydrogen peroxide
formation in water-splitting
solar cells

These results are obtained in close collaboration with Ron Naaman’s group
and are summarized in:

W. Mtangi, F. Tassinari, K. Vankayala, A. R. Vargas Jentzsch, B. Adelizzi, A. R. A. Palmans,
C. Fontanesi, E. W. Meijer and R. Naaman
J. Am. Chem. Soc., 2017, 2794-2798



Abstract: The production of hydrogen through water-splitting in a
photoelectrochemical cell suffers from an overpotential that limits the efficiencies. In
addition, hydrogen-peroxide formation is identified as a competing process affecting
the oxidative stability of photoelectrodes. We propose that a modification of the
photoelectrochemical cells with molecules able to exert chiral induced spin-selection
reduces these side effects. Here we impose the spin-selectivity by coating the anode
with chiral supramolecular polymers which act as sensitizers; Zn-porphyrins and
triarylamines. Photoelectrochemical measurements demonstrates that the hydrogen
peroxide formation is dramatically suppressed, while the overall current through the
cell, related with the water-splitting process, is enhanced. Evidence for a strong spin-
selection in the chiral semiconductors is presented by magnetic conducting AFM
measurements, in which chiral and achiral Zn-porphyrins are compared. These findings
contribute to our understanding of the underlying mechanism of spin selectivity in
multiple electron-transfer reactions and pave the way towards better chiral dye-
sensitized photoelectrochemical cells
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Chapter 3

3.1 Introduction

Since it has no carbon, has the highest specific enthalpy of combustion of any chemical
fuel, and generates water as its oxidation product, hydrogen has been referred to as the
fuel of the future.! Although significant progress has been made,? the generation of
hydrogen by green, sustainable methods on a global scale remains a challenge, both
scientifically and technologically.3-8 Indeed, whereas technologies for the production of
H: (as electrolysis or photo-electrochemical splitting of water) exist,® the processes
involve some overpotentials and the formation of peroxides and superoxide radicals.
These by-products have the tendency to adsorb onto the photo-catalyst, poisoning it,
thereby reducing its stability and lifetime.1® Although it has been proposed to use
specific catalysts which exploit peroxides as intermediates,!! this solution requires
higher voltages. Therefore, a fundamental solution for the off-pathway products is
essential.

Water-splitting is a four-electron process that generates hydrogen molecules, which
are in singlet ground states, and oxygen molecules, which are in triplet ground states.
Commonly, the artificial water-splitting process requires an overpotential of about 0.6
V vs. normal hydrogen electrode (NHE), to drive the oxygen evolution reaction.!2-14 The
importance of electron-spin correlation of electrons in generating Oz has been debated
for biological photosynthesis. Particularly the chemistry associated with the oxygen
evolution reaction in photosystem II has been examined.15-17 Nevertheless, the details
of the mechanism of the 0=0 bond formation remain unresolved.18-20

Although the spin state of the electrons involved is rarely discussed in works
exploring artificial photosynthesis, recent theoretical studies suggest that the
overpotential required to split water is linked to the restrictions on the electrons’ spin
in generating a ground state triplet oxygen molecule.2122 In recent experimental work,
it has been shown that when the anode in the water-splitting cell is coated with chiral
molecules, the overpotential is reduced.23 It has been proposed that the effect is due to
spin filtering (obtained through an effect called chiral induce spin selectivity) occurring
when electrons are conducted through chiral systems.2*. However and very
importantly, the possible role of the spin control in suppressing the formation of
hydrogen peroxide has not been discussed nor experimentally addressed.
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3.1.1. Electrons and the chiral induced spin selectivity effect

Before continuing, we briefly describe the underlying physical concepts of the chiral
induced spin selectivity (CISS) effect discovered by Ron Naaman and coworkers.24 26-28
The CISS effect defines the ability of chiral molecules and molecular layers to filter
electrons based on their spin (Figure 1a). In this section we give a general introduction
of the effect and some fundamental background, without aiming to demonstrate the
operating mechanism in detail.

The spin (§) is an important quantum mechanical property of electrons, and it is
defined as the intrinsic angular momentum of the particle. Its projection along an axis
(S,) is quantized and is given by the product between the quantized angular momentum
(ms), where -s < ms < s with s being the spin of the particle (s = % for electrons), and the
reduced Planck constant (h).F! As fermions, electrons follow the Pauli exclusion
principle, hence two electrons cannot occupy the same quantum state. This means that
in order to have two degenerate electrons they have to possess ms as +1/2 and -1/2,
respectively. Moreover, since electrons are negatively charged particles with spin, they
possess also a magnetic dipole moment () similarly to a rotating electrically charged
body in classical electrodynamics. Due to the spin, electrons have an intrinsic magnetic
moment p directly related to the spin angular momentum (f) as well as proportional to
the ratio between charge and mass of the electron.F2 Besides the spin angular moment
(5), electrons are in motion within orbitals, thus they have an orbital angular
momentum (Z). As a consequence, in addition to the spin magnetic dipole moment (s)
an electron has also an orbital magnetic dipole moment (pL). For molecules with low
symmetry, p. is generally negligible and the magnetic behavior can be described just by
the intrinsic magnetic moment (us). In some cases, however, the orbital magnetic
moment of the electron can be significant and can interact with the spin magnetic
momentum in the so-called spin-orbit coupling (SOC). This effect is usually relevant for
magnetic materials or systems containing heavy atoms where large spin polarization
can occur. Systems with high SOC are often exploited in spintronics for spin-selective
transport.

Despite the great success of inorganic-based spintronic devices, the need of working
with cheaper and more abundant materials is increasing. Between 1999 and 2011
Naaman and coworkers studied and reported the discovery and the experimental
validation that the probability of transmission of electrons through chiral molecules
depends on the electrons’ spin.2* They named this effect chiral induced spin selectivity
(CISS). Since then, a number of groups are working in creating a complete theoretical
framework for describing this effect, however the theories used to describe this effect
are multiple, which include for examples tight-binding models to describe the electron
transmission through helical molecules and spin-dependent scattering theory.

F) S, = hmg, where ms is the secondary spin quantum number, h = h/2n =6.52 10-1¢ eV-s rad-!
), = g% S, where g is the g-factor, a dimensionless number, q the charge and m the mass of the electron
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Nevertheless, all the models consider a SOC larger than what is normally reported for
organic molecules.?4

Giving a simplistic description of the CISS effect, the spin selectivity originates by the
interaction between the chirality of the system and the spin of the electron transmitted
through it.28 When an electron moves along a chiral molecule it experiences the
electrostatic potential of the molecule which is chiral as well (this is strictly related to
the electrons and nuclei of the molecules itself). Considering a given position within the
traversed path, the transmitted electron is subjected to a magnetic field that depends
on the electrostatic potential of the chiral molecule and the Fermi speed of the electron
itself.F3 Because the electron possesses a magnetic dipole which is related to its spin via
a SOC relation, the two spin states—degenerated with no magnetic field present—are
now split.

The chiral potential causes a significant coupling between the linear momentum and
the spin of the electron, and has an important implication for the charge transport in
the helix. A freely propagating electron has four states associated with its motions
which are related to the direction of the motion and the spin, respectively. This can be
denote as |+, +), |+, =), |—, —),|—, +). As a result of the CISS effect, and considering an
electron moving in the positive direction through an M helix, the state with positive spin
[+, +) will be stabilized, while the one with spin down |+, —) will be destabilized (Figure
1b). The opposite stands for an electron moving in the opposite direction. As result, the
backscattering of electron with stabilized states (i.e. |+, +) in a M helix) is unlikely since
it requires a change in both spin and momentum?28

a) b) Free electrons M Helix
. [~
I+F;J+)}_\ > A+ -
o0 ®e o @ o -
.1 90 ps S| oo
; o o
|+,_):|_/O |+, +)
v, v,

Figure 1. (a) Schematic representation of the CISS effect and (b) the related energy scheme for
the states of the electrons, described as [momentum, spin>, moving with a certain speed (v,)
within a chiral potential. For opposite chirality, or opposite momentum the energy level inverts.

) B= (V/CZ) X Echiral
V  is the Fermi velocity, which is normally in the range of 105-106 m s°};
is the speed of light: 3 108 m s*

(e

Echiral is the potential that confines electrons to move in the helix (estimated in the range of 1011 V. m-1).
It is a property of the molecule and arises from the electron and the nuclei that comprise the chiral molecule.
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Although several questions on the mechanism of the CISS effect are still open,
numerous experimental proofs have been reported in support of the existence of this
effect. Researchers in the field aim both to understand how the CISS effect is operative
in the chiral natural world, and to exploit this effect for creating spin-controlled devices
made out of organic molecules

Here, we hypothesize that hydrogen peroxide is produced due to uncontrolled spin
alignment of the generated radicals25 and contributes to the high overpotentials. Hence,
controlling the spin state of the electronic potential on which the reaction occurs should
result in more efficient oxygen production and limited production of hydrogen
peroxide. Although, we do not strive to achieve the highest production of hydrogen and
oxygen, the results presented show an unprecedented control of chemical kinetics
through spin selection.

3.2. Results

3.2.1. Chiral supramolecular polymers

To explore our hypothesis, we investigated the performances of water-splitting solar
cells functionalized with two families of molecules able to assemble into helical
supramolecular polymers. For this, we selected tri(pyrid-2-yl)amine triamides, chiral,
$-1, and achiral a-1 (as reported in Chapter 2)2° and Zinc porphyrins, chiral, $-2, and
achiral a-2 (Scheme 1).3° The molecules bearing chiral side chains, $-1 and $-2, are
known to form supramolecular polymers with a preferred handedness defined by the
chirality of the side chains. The molecules bearing achiral side chains, a-1 and a-2,
instead, are proposed to form racemic supramolecular polymers with an equal
population of P and M helices. The synthesis of 1 is described in Chapter 2, while the Zn
porphyrins 2 were synthesized by Helmich et al. and described elsewhere.303! To
evaluate the effect of the chirality on the water-splitting devices, we functionalized the
TiO2 anode with both chiral and achiral supramolecular polymers based on 1 and 2.
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Scheme 1. Molecular structures of the supramolecular monomers used to functionalize the TiO2
electrodes. Chiral and achiral tripyridylamine triamide, S-1 and a-1, and chiral and achiral Zn
porphyrins, §-2 and a-2. Chiral systems bear enantiopure (S)-3,7-dimethyloctyl side chains.
Achiral systems bear n-dodecyl (a-1) or n-octyl side chain (a-2).

The assembly of both 1 and 2 was evaluated in solution and once deposited on TiO2
substrate by optical spectroscopy. In the case of 2, the Soret band at A = 390 nm
confirms the formation of H-aggregated supramolecular structures in solution (Figure
2a),3031 which are retained when transferred to the surface (inset of Figure 2a). In a
similar manner, the band at A = 317 nm is indicative of the formation of a
supramolecular assembly for 1 (Figure 2b).2° For both molecules, the chiral analogues
show a strong CD response which is not observed for the achiral version (Figures 2c,
2d). UV spectroscopy displays that both chiral and achiral derivatives form
supramolecular polymers in alkane solvents and maintain their structure once
deposited. Additionally, as expected, CD reveals the presence of supramolecular
aggregate with defined handedness for S-2 and $-1, and confirms the absence of helical
bias for the achiral analogues. This means that electrons are transmitted into the TiO2
substrate through the same molecular system, which only differs in its molecular
organization; either one helical sense (P or M, for -1 and S$-2) or a mixture of both (P
and M, for a-1 and a-2).
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Figure 2. (a, b) Absorption and (c, d) CD spectra of the aggregated state in solution and adsorbed
on the surface (inset). (a, ¢) Spectra of $-2 and a-2 (¢ =17 pM in MCH) and (b, d) spectra of $-1
and a-1 (¢ =23 pM in MCH). Purple lines for $-2 and S-1, black lines for the achiral a-2 and a-1.
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3.2.2. CISS effect evaluation via magnetic conducting atomic force microscopy

The CISS effect was first evaluated by magnetic conductive probe atomic force
microscopy (mc-AFM) by Naaman and coworkers. Samples for mc-AFM measurements
were prepared by drop-casting 5 pL solutions of assembled S-2 and a-2 (¢ = 17 uM)
onto freshly cleaved highly oriented pyrolytic graphite (HOPG) substrate and dried
under controlled humidity. The AFM images obtained from dropcasted 2 on HOPG
displays micrometer-long, nanometer-thick fibers (Figure 3). By contacting the fibers
with the magnetic iron AFM tip, we performed mc-AFM measurements and verified the
spin selectivity of electron transmission through the supramolecular polymers (Figure
4a).32

5.0 nm 5.0 nm
» »

—5.0 nm i -5.0 nm
Figure 3. AFM images of (a) $-2 and (b) a-2 dropcasted on HOPG from MCH (¢ = 17 uM, MCH)

The current measured contacting $-2 fibers shows dependence on the orientation of
the magnetic field at the mc-AFM tip. This signifies that one spin is preferred over the
other (Figure 4b). It is important to realize that the ratio between the two spin currents
is affected by the non-ideal spin injection from the magnetic tip. Since the spin
polarization of the tip is only about 35%, it means that the actual spin filtering of the
molecular system is about 4:1, in other words only about 20% of the electrons
conducted through the chiral molecular aggregates in this experiment have the “wrong”
spin. Mc-AFM on a-2 (Figure 4c) does not display any preference on the orientation of
the magnetic field. The magnitude of the current measured as a function of applied bias
does not depend on the orientation of the magnetic field; hence the conduction through
this system with equal amount of right and left handed helices is not spin specific.

These results indicate that the supramolecular structures formed from chiral
porphyrins can efficiently filter spins. This is consistent with previous reports in which
chiral molecules have been observed to be efficient spin filters.33
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Figure 4. (a) Schematic representation of magnetic conducting atomic force microscopy (mc-
AFM) measurements on drop-casted supramolecular polymers. Current as a function of the
applied voltage obtained from (b) S-2 and (c) a-2. The insets show corresponding histograms of
currents obtained at 3 V for the two opposite magnetic orientations of the tip.

3.2.3. Water-splitting photoelectrochemical cells

Next, water-splitting dye-sensitized photoelectrochemical cells (DS-PECs) were
assembled to test the CISS effect on the water-splitting process (Figure 5a). To do so,
photoelectrochemical measurements were conducted in a three-electrode cell, with
Ag/AgCl (saturated KCl) as reference electrode and Pt wire as cathode (Figure 5b). A
0.1 M NazSO4 (pH = 6.56) aqueous solution was used as electrolyte (25mL). TiOz anodes
were fabricated on FTO/glass substrates using electrophoretic deposition and
functionalized with supramolecular polymers (dropcasting from MCH ¢ = 23 uM for 1
and ¢ = 17 puM for 2). The devices were then tested both in the dark and under
irradiation by monitoring the current as a function of the potential. The current is then
related with the amount of water split and hence with the production of Oz at the anode
and H: at the cathode (Figure 5).23
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Water-splitting: 2 H,O = 0,+2H,

Oxidation: 2H,0 = 0,+4H +4e
Reduction: 4H'+4e = 2H,
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Figure 5. (a) Water-splitting reaction and corresponding semireactions. (b) Schematic
representation of a dye sensitized photoelectrochemical cells for water-splitting and (c) the
related working mechanism.

[-V curves obtained by varying the voltage and measuring the respective current were
performed in dark condition, with light irradiation (Figure 6a, 6¢), and by chopping on
and off the light (Figure 6b, 6d). Consistently we observed that higher photocurrent
densities were recorded for photoelectrodes functionalized with chiral supramolecular
polymers, compared to those coated with supramolecular polymers formed by achiral
molecules (Figure 6 purple lines vs. black lines). This is remarkable, given that the
chemical compositions of the chiral and achiral molecules for the two sets used in this
study are very similar, except for the stereo-center present in the chiral molecules. In
support to the similarity, absorption measurements in solution and in film (Figure 2)
display comparable light adsorption for chiral and achiral analogues; Mott Schottky
measurements confirm that the analogues have equal electronic properties exhibiting
identical flat-band potential for a-1 and S-1 as well as for a-2 and S$-2 (data not
shown).50 This control confirms that the differences measured in the photocurrents
must be attributed only to the chirality of the molecules. It has to be remarked that the
photocurrent densities of 1 are reasonably high, since UV light is used for the
illumination of the cell (Hg lamp); while the low magnitude of the photocurrents
obtained with 2 is typical for porphyrin systems as also been observed by Moore et al.34
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Figure 6. (a, ¢) [-V curves obtained in the dark (solid lines) and under illumination (dotted lines)
for 2 and 1, respectively. (b, d) I-V curves obtained while chopping the light for 2 and 1,
respectively. All measurements were performed at a scan rate of 10 mV s-%. Purple lines for chiral
S-2 and $-1 and black lines for achiral a-2 and a-1. Current densities are measured as i/A where
i = measured current and A = active area of the electrode (approximately 1 cm?).

After showing the difference in water-splitting for the chiral versus racemic
aggregates, we tested the beneficial effect of electrons’ spin control by evaluating its
effect on the H202 formation. The quantification of the H202 produced during
photoelectrochemical = water-splitting was  conducted via an indirect
spectrophotometric titration of the electrolytes used during the photo-catalyzed water-
splitting test. The titrations were performed using o-tolidine as redox indicator.353¢ The
amount of peroxide formed was quantified through Ellms-Hauser method calibrating
the system with commercial H202.37 The presence of H20:2 oxidizes the indicator which
oxidized product can be monitored by the appearance of an absorption peak at about A
=436 nm and visually by the change in color of the solution from transparent to yellow.
This peak is characteristic for the complete two-electron oxidation product of o-tolidine
formed by the reaction with hydrogen peroxide.38
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Figure 7. Control of the H202 production. UV-vis spectra from the titration of the electrolyte after
the reaction (0.1 M Na:SO4) with o-tolidine of bare TiO2 (grey line) and TiO: electrodes
functionalized with (a) a-2 (black line), $-2 (purple line) or with (b) a-1 (black line), S-1 (purple
line). The control (a, black dotted line) refers to the titration of unused Na2S04 with o-tolidine. (c)
Schematic representation of the CISS effect through the supramolecular polymer with opposite
helicity and consecutive oxidation of OH-. Highest occupied molecular orbital of the species
involved displayed for clarity. (d, e) Schematic representation of the CISS effect on
photoelectrochemical cells. (d) When the electrons transfer to the anodes though achiral systems
the transfer is non spin-specific and the spins of the two OH* are aligned antiparallel. Their
interaction is hence on a singlet surface that correlates with the production of H202. (¢) When the
electron transfer to the anode through a chiral system, the transfer is spin specific. The two OH*

interact on a triplet surface that forbids the formation of H20: and facilitates the production of
oxygen in its ground state.
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For the measurements for the detection of H202, chronoamperometry under
illumination at 0 V vs. Ag/AgCl for 40 minutes is executed. The electrolyte is then
collected and titrated with o-tolidine. UV-vis measurements of the electrolyte obtained
from the bare TiOz and from electrodes functionalized with achiral dyes showed the
characteristic peak at A = 436 nm, indicating the production of H202 during water
oxidation (Experimental section, Table 1). Fascinatingly, no detectable amount of
hydrogen peroxide was observed for electrodes with the chiral molecules physisorbed
(Figure 7a, 7b). Quantitatively, the comparison of H20:2 is plausible just considering the
amount of absorbed light for each system. Therefore, the amount of produced H202
obtained from bare TiOz cannot be compared with functionalized electrodes, whereas
a comparison between analogue molecules can be drawn. Noticeably, after 40 mins of
irradiation, 43 + 5 uM of H202have been produced with a-2 functionalized system, while
non-detectable levels of peroxide were found using the chiral analogue S-2. The
electrolyte solutions of the devices functionalized with 1 show low absorbance
intensity at A = 436 nm upon addition of o-tolidine. This relatively low level of H202 in
the case of a-1 may result from performing electrochemistry measurements under
illumination with UV light, which might have led to the disproportionation of the
peroxide before titration. However, also in this case, much less H202 is produced with
the chiral molecules $-1 than with the achiral a-1. Additional evidence is obtained by
using achiral 3-mercaptopropionic acid and the chiral oligopeptide [(COOH)-(Ala-Aib)7-
NH-(CHz2)2-SH].50 Only the latter decreases the H202 production. These results further
indicate that the observed elimination of the hydrogen peroxide production is general
for all chiral molecules.

3.3. Discussion

The results presented here in the quantification of H202 production together with the
electrochemistry data show a strong correlation between the electrode’s activity, the
formation of H202, and the electron’s spin alignment. During water-splitting, two OH~
species must combine to form molecular oxygen in its triplet ground state. In the
process, an electron from each OH™is transferred to the anode (Figure 7c-e). This leaves
the two OH* radicals in their doublet ground state, namely each OH* has one unpaired
electron (Figure 7c). When there is no spin control and the interaction electronic
potential has a singlet character, the formation of H20: is possible (Figure 7d). However,
when the electron’s spins are aligned in a parallel fashion, the two electrons interact on
the triplet potential surface which correlates with the formation of the ground state
molecular oxygen and on which the formation of H202 is symmetry forbidden (Figure
7€).

The formation of Oz and H202 are anti-correlated; i.e., the formation of one is coming
at the expense of the other. This is what the present results indicate. However, it is
difficult to draw a quantitative relation between the change in the current and the
hydrogen peroxide formation, since the change in the current reflects the change in the
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threshold potential for the process while the decrease in the hydrogen peroxide
formation is an indication for the extent of spin polarization. Of course, the substrate
(the catalyst) may induce spin-orbit coupling that will mix the spin states of the OH*
radical. However, for TiOz and other relatively light materials, the spins of physisorbed
molecules are expected to be conserved, as observed by XPS studies.3? Note that
substrate-induced spin-orbit coupling may explain the low overpotential observed for
some oxides,*0-42 magnetic catalysts*3-4¢ or catalysts made from heavy atoms. For these
systems, the side products are not significantly suppressed. Indeed, no investigations
were performed in the past aimed at controlling the formation of HO..

3.4. Conclusions

The experimental results observed in the current study further verify the validity of
the CISS effect and demonstrated that spin selection can be achieved with chiral
supramolecular polymers. The adaptation of DS-PECs to incorporate chiral
supramolecular polymers demonstrated the possibility of applying the CISS effect on
functional devices. The functionalization of water-splitting DS-PECs with chiral
supramolecular polymer resulted in higher current compared to the achiral analogues
and in the depletion of the unwanted production of water peroxide. This proof-of-
principle highlights the great potential of exploiting the CISS effect for controlling spin
reaction and provide a new path for improving the efficiency of the water-splitting
process.

Although the system presented in this chapter is just a primitive model to test the
concept, the results obtained are highly promising. For this reason, we propose that a
careful optimization of the devices can lead to competitive water-splitting cells and
stimulate the interest in implementing spin control in various devices.
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3.5. Experimental section

3.5.1 Preparation and characterization of TiOz surfaces
TiO: electrode fabrication

TiO2 nanoparticulate films were deposited on fluorine-doped tin oxide, FTO (surface resistivity of ~7 Q1/sq,)
coated glass, purchased from Sigma Aldrich Co., using the electrophoretic deposition (EPD) technique. This
technique has been used previously to deposit TiOz nanoparticles.*’” A suspension of TiOz nanoparticles (NPs)
was prepared by dispersing 0.4 g TiO2 NPs (< 25nm in diameter and 99.7% trace metals, purchased from
Sigma Aldrich Co.) in 40 mL of de-ionized water. Prior to making dispersions, TiO2 nanoparticle powders were
heated at 570 K for 1 h. The mixture was stirred overnight to ensure homogeneity. Prior to nanoparticle
deposition, the FTO substrates were boiled in isopropanol for 15 minutes, followed by 15 minutes of boiling
in ethanol, and finally rinsed with de-ionized water. After rinsing, the substrates were dried using nitrogen
gas and annealed for 15 minutes at T = 570 K. EPD was then performed with a Princeton potentiostat using
the galvanic pulses mode technique with two pulses (Pulse 1 and Pulse 2). Pulse 1 was set to 0 mA for 200
ms for depolarization. Pulse 2 was varied between 0.50 to 0.95 mA to obtain a maximum potential of 10.0 V.
Pulse 2 was applied for 1000 ms in each cycle for polarization, and the number of iterations (pulse 1 followed
by pulse 2) was set to 1500. Various cycles were used to prepare films of required thicknesses. The samples
were annealed in between cycles at 570 K for 15 minutes in air. During EPD, the suspension was continuously
stirred using a magnetic stirrer. After completion of the last cycle, the electrodes were annealed again for 8 h
at570 K.

To confirm the surface coverage of the EPD-deposited TiO2 NP on FTO, high-resolution scanning electron
microscope (SEM) measurements were performed using In-lens-detector imaging with a LEO-Supra 55 VP.
The SEM image (Figure 8) shows a high surface coverage of the TiO2 NPs on FTO substrates deposited using
the EPD technique. An average film thickness of around 5.0 pum was measured, using a Dektak stylus
profilometer.

Figure 8. SEM images of EPD TiO2 nanoparticles on FTO.
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Preparation of the solutions and functionalization of the TiO: electrodes

The porphyrin solutions were obtained dissolving $-2 or a-2 in methylcyclohexane (MCH) to a
concentration of 17 uM. Dissolution was obtained by multiple cycles of heating-sonicating, and after complete
dissolution, the system was let equilibrate overnight to form H-aggregated supramolecular polymers.3°
The tripyridylamine solutions were prepared by dissolving $-1 or a-1 in MCH to a concentration of a 23 uM.
Dissolution was obtained by multiple cycles of heating-sonicating, and after complete dissolution, the system
was brought to 100 °C and cooled to 25 °C (cool rate: 15 °C h'1) to form supramolecular polymers.°
Absorbance and CD measurements were conducted on all the solutions to confirm the formation of
supramolecular structures.
TiO: electrodes were functionalized by drop casting 30 pL of the solutions of §-2 or a-2 on a 1.5 cm? area and
leaving them to dry overnight under dark and controlled humidity conditions. Structural characterization of
the TiO2 modified electrodes was performed using SEM (Figure 9). 2 form supramolecular structures with
lengths of approximately 1 pm on the TiO2 substrate surfaces. Differently, the functionalization of the TiO:
electrodes with 1 was performed by dropcasting 150 pL solution on 1.5 cm? substrate surfaces and leaving
them to dry overnight.

Mag= 30.00KX 1mm EHT = 3.00 kV
—

Figure 9. SEM obtained from S-2 functionalized TiO: electrode.

Conductive AFM measurements

Naaman and coworkers carried out mc-AFM experiments. Large area topography scans were recorded in
PeakForce TUNA (PF-TUNA) mode prior to I-V spectroscopy measurements. I-V measurements were carried
out using Multimode AFM with Nanoscope V controller (Bruker-Nano, Santa Barbara, CA, US.A). I-V
measurements were performed by recording voltage ramps at an applied force of 12 nN, with which the tip
contacts the surface. For each spectroscopy measurement the tip was retracted and placed in a new position,
which prevents the damage to the sample by the tip. A total of around 2% of the traces were shorts and 5-
8% of the traces show insulating behavior, which were not considered for the analysis. Around 50 I-V traces
were recorded and averaged for each magnetic field orientation (magnet UP and DOWN). A magnetic Fe tip
(MESP-LC, Bruker) with nominal spring constant 2.8 N/m was used to acquire I-V curves. The tips are
magnetized using a permanent magnet.*84° The force constant of each probe used was calibrated using the
thermal tune procedure of the software.
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3.5.2 Photoelectrochemical measurements

Photoelectrochemical measurements were conducted in a three-electrode cell, with an Ag/AgCl (saturated
KCI) electrode as the reference and a Pt wire as the cathode. A 0.1 M NazSO4 (pH = 6.56) aqueous solution was
used as the electrolyte (25mL). Electrodes were prepared with a total surface area of approximately 1.5 cm?
and active area is calculated to be approximately 1 cm2. Areas for each electrode has been recorded (data not
shown) and used for calculate the current density (Figure 6). The activity of the photoelectrodes was
characterized by measuring the open circuit potential (OCP) in the dark and under illumination at zero
current (data not reported). For the measurements on 2-modified electrodes, a commercial Xe lamp with an
intensity of 80 mW cm-2 was used. For the measurements on 1-modified electrodes, a mercury lamp with an
intensity of 110 mWcm2 was used. The electrodes show intense response to the illumination confirming their
photo-activities.>® The response of the photoelectrodes was also examined using linear scan voltammetry by
switching the light on and off. It is interesting to note that these photoelectrodes have high sensitivity to
illumination.50

Mott-Schottky measurements

The electronic properties of the photoelectrodes were characterized using Mott-Schottky measurements
(data not shown).5° The measurements were performed in the dark, while sweeping potentials from -0.60 to
0.60 V versus the Ag/AgCl reference electrode. An AC voltage with amplitude of 20 mV was superimposed
onto the DC voltages in the defined potential window with frequencies ranging from 200 Hz -200 kHz. 0.1 M
Na2SO0s was used as the electrolyte with a Pt wire as the counter electrode. The flat band potential of each
modified electrode was determined by fitting the lower linear part of the data to the equation,

1 _ 2 (E v kT)
€2 egoqNp Mg

where C is the capacitance, Np is the net doping density of TiOz which can be calculated from the gradient, E
is the applied potential, and Vui is the flat band potential. The flat band potential was obtained as an intercept

to the horizontal axis where 1/C2 = 0. The flat band potential was obtained as -0.51 V versus Ag/AgCl for

both the a-2 and $-2 modified electrodes, and as -0.70 V versus Ag/AgCl for both the a-1 and $-1 modified
electrodes. This indicates that the electronic properties of the TiOz are not affected by molecular organization
for each class of molecules used in this study.
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Hydrogen peroxide quantification

Seven different sets of electrodes were used during this experiment; bare TiOz, TiO2 modified with a-2, §-
2, a-1, §-1, mercaptopropionic acid (MPA) and an oligopeptide (Al7). In this case, MPA and Al7 were chosen
so as to comprehend the observations obtained with the supramolecular aggregates. Electrochemistry in the
chronoamperometry mode was performed under illumination with a 0.1 M Na.SO4 aqueous solution as the
electrolyte (25mL) and an Ag/AgCl (saturated KCl) reference electrode. A potential was chosen and applied
to the bare TiO: electrode so that hydrogen and oxygen were evolved on the Pt and working electrodes,
respectively. For the functionalized systems potential was set at 0 V vs. Ag/AgCl. Bubbles were observed on
both the Pt and TiO: electrode during the electrochemical measurements. Chronoamperometry
measurements were conducted for 40 minutes. The presence of H202 was verified in a colorimetric test
titration experiment of the used electrolyte, with o-tolidine as a redox indicator (Scheme 2). For the
colorimetric measurements, 0.8 mL of an o-tolidine solution prepared according to the Elmms-Hauser
method37 (purchased from Sigma Aldrich Co.) were added to 4 mL of the electrolyte solution obtained from
the electrochemical cell and left to react for 30 minutes. In the presence of H20: a yellow color was observed
with an absorption peak at around A = 436 nm from UV-vis absorption spectroscopy. To estimate the
concentration of the hydrogen peroxide produced during electrochemical measurements within a specified
period of time, a calibration curve was determined using 30% w/w commercial H202. Calibration curve has
been done following the standard procedure measuring known H202 concentrations between 10 mM and
0 puM.#7 Results of the calculated concentrations are presented in Table 1. The amount of H20: for Al7, §-2, S-
1, a-1is not reported because the concentration is close or below the detection limit of the method. However
qualitative differences can be observed by the absorption measurements (Figure 7). Note that the amount of
H20: produced is related to the current generated which is a function of the absorbed light. Therefore the
values of bare TiOz cannot be compared with the functionalized devices. Similarly, 1 and 2 cannot be
compared since the light source used is different and the molar extinction coefficient of the two families is
not comparable.

— —-2"

Scheme 2. Reaction scheme between H20: and o-tolidine, spectrophotometric redox indicator.

Table 1: Concentration of H20: calculated from the electrolyte solutions used in
electrochemistry with TiO2 coated with different molecules.

Molecule Ti0O MPA  Al7 a-2 S-2 a-1 S-1
[H202] / uM 22.3 2.7 --a 42.7 -2 -2 --a
a H,02 not quantifiable with the current method applied
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Abstract: Recent developments on water-splitting dye-sensitized
photoelectrochemical cells demonstrated that their performance can be improved by
exploiting the chiral induced spin selectivity effect (CISS). Functionalization of these
cells with chiral supramolecular polymers resulted in higher current and suppression
of the water peroxide co-produced during the water oxidation. However, the promising
seminal work reported in Chapter 3 was achieved with an embryonal not-optimized
system. Improvements on the fabrication and functionalization of the photoelectrode
are required to bring chiral functionalized water-splitting solar cells to a competitive
level. In this chapter, we address a number of important issues that are required to
enhance the photoelectrochemical cell’s performance. First, we focus on optimizing the
stability and the order of chiral supramolecular polymers used for the electrode
functionalization. Hereto, we design anchoring molecules that are capable of covalently
binding to the TiO2 electrode, and non-covalently interact with the supramolecular
polymers. A careful selection of the anchoring molecule resulted in greatly improved
chiral order in the supramolecular polymer layer. Secondly, we design a novel
generation of chiral supramolecular polymers based on molecules frequently used in
dye-sensitized solar cells. We exploit their chiral assembly and sun light harvesting
properties to obtain water-splitting solar cells able to operate under visible light. The
promising results reported here, demonstrate once more the positive effect gained by
using chiral systems, and establish the robustness of the CISS effect, which occurs for a
variety of molecules and different conditions
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Chapter 4

4.1 Introduction

In Chapter 3, we reported the implementation of chiral supramolecular polymers into
a water-splitting dye sensitized photoelectrochemical cell (DS-PEC). We found that the
chiral induced spin selectivity (CISS) effect induced by chiral supramolecular polymers
effectively reduces hydrogen peroxide production,! opening the way towards a next-
generation of water-splitting solar cells. Although our prototype cells allowed us to
rapidly verify the hypothesis that CISS can indeed be exploited to control
photoelectrochemical reactions, these cells were not optimized to efficiently harvest
solar light nor designed to ensure a high stability of the cell over time. These issues have
been tackled in the field of solar cells,2 and nowadays strategies and procedures to
obtain good performances are well-established.

The scope of this chapter is to merge the knowledge previously acquired on spin-
filtering with a classic DS-PEC design3. In this way, we aim to bring the model device
reported in Chapter 3 to a fully operating level. This chapter is therefore divided in two
major sections. In first place, we outline methods to increase the order and the stability
of the chiral supramolecular polymeric system when absorbed on the TiO: electrode. In
the second part, we turn our attention to the development of new chiral layer which
acts both as spin-filter and photosensitizer for visible light.

4.2 Optimization of order and stability of the chiral
supramolecular layer

The photoelectrochemical generation of Hz is an appealing technique to produce
green energy. However, the photoelectrochemical devices used for this scope have to
be stable under continuous irradiation and use. During the study reported in Chapter 3,
we observed that upon prolonged irradiation time the devices showed decrease in
current. We attributed this effect to the lack of an efficient chemisorption of the chiral
supramolecular polymers onto the TiO2. The electrodes were indeed functionalized just
via drop-casting and the permanence of the chiral layer on the surface was attributed
only to the scarce solubility of the molecules in aqueous solution.

In classic dye-sensitized solar cells (DSSCs) and DS-PEC, the stability problem has
been tackled through the use of dyes which can covalently link the TiO2 via a metal-
organic bond.* These covalent links, besides increasing the persistency of the dyes on
the inorganic surface, can also enhance the electron injection into the TiO: layer.24 A
wide variety of anchoring groups has been reported in literature such as carboxylic
acid, boronic acid, phosphonic acid, sulfuric acid, pyridine, etc.*5 Often these groups act
both as ligands (able to bind the Ti atoms) as well as electron-withdrawing groups
(EWG). In fully conjugated dyes, this ensure an excited state localized on the EWG and
hence a direct injection into the TiO2 conduction band.?4% However, for the scope of
this section, we aim to introduce the anchoring groups mainly to increase the stability
of the system.

Page | 80



Strategies to improve chiral-functionalized water-splitting solar cells

We identified carboxylic acids as the most promising anchoring groups. These groups
are widely used in DSSCs for good binding properties and good stability. Importantly,
they can be easily introduced in the molecular design due to easy synthetic accessibility.
However, the design of the chiral supramolecular monomers that we typically apply
includes carboxamides to direct the supramolecular polymerization. The incorporation
of carboxylic groups in each monomers may bring competition between the amides and
the acids and consequent disruption of the chiral order. For this reason, we opt for a
multilayer design, in which the anchoring molecules act as bridge between the TiO2 and
the chiral supramolecular polymer layer. Our strategy consists of the introduction of an
organic anchoring monolayer that covalently binds to the TiO2 surface and
subsequently non-covalently interacts with the chiral supramolecular polymers
(schematic representation in Scheme 1).

In order to ensure good pairing between the anchoring layer and the chiral
supramolecular polymers, we utilized the same aromatic core for the two systems. We
selected C3 symmetric tripyridylamine triamide 1 (as reported in Chapter 3) as core,
and we optimized the design for the scope of each layer. The anchors were designed to
bear both supramolecular units and anchoring groups. Tripyridylamine triamides were
hence decorated with peripheral carboxylic acid end groups. In particular, we tested
glycine-functionalized tripyridylamine triamide (Gly-1) and tripyridylamine triamide
functionalized with y-aminobutirric acid (BA-1). Two and four carbon spacers between
the supramolecular unit and the anchoring group, respectively (Scheme 1). The length
of the spacer between the amide and the anchoring group influences the geometry and
the flexibility of the molecules and may result in a different binding geometry to the
TiOz and a different effect on the organization of the supramolecular layer. The two
anchoring molecules were additionally compared with tripyridylamine triacid (COOH-
1) which has no amide and no peripheral flexibility.

For the chiral supramolecular monomers, we selected a chiral side chain based on 2-
aminooctane, with the stereogenic center at the a-position of the amide, because these
typically show a reduced solubility compared to side chain based on 3,7-
dimethyloctylamine.” The introduction of enantiomerically pure 2-octyl chains into the
design of tripyridylamine triamides (2S-1 and 2R-1) should further improve the
device’s stability. As achiral analogue, we maintained the n-dodecyl functionalized
tripyridylamine triamide, a-1, used in Chapter 3.
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Scheme 1. Molecular structures of the library of 1 designed for the anchoring monolayer (COOH-
1, Gly-1, BA-1) and for the chiral supramolecular layer (2R-1, 25-1). Analogous achiral molecule

(a-1) used as reference compound.
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4.2.1. Synthesis and characterization in solution

The synthesis of COOH-1 was performed following the procedure reported in Chapter
2.8 Conversely, the synthesis of the tripyridylamine triamide has been optimized. This
time, amide coupling was performed via activation of the carboxylic acid with
pentafluorophenyl trifluoroacetate and consecutive substitution with the required
amine (Scheme 2).° This route allows the synthesis of all molecules of the library in high
yield and purity after recrystallization from acetonitrile. The installation of the side
chains for Gly-1 and BA-1 was performed with the y-methylester protected amine
giving the methyl-protected products Me-Gly-1 and Me-BA-1. The hydrolysis of the
ester was performed with LiOH as it is selective for the ester groups and does not affect

the amides.10.11
F
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Scheme 2. Synthesis of tripyridyl triamine derivatives 1. Gly-1, BA-1, 25-1 and 2R-1 were
synthesized from COOH-1 via activation of the acid with pentafluorophenyl trifluoroacetate and
consecutive addition of the desired amine to afford the amide. Gly-1 and BA-1 were synthesized
with methyl ester protected functionalities (Me-Gly-1, Me-BA-1) which were deprotected by
selective hydrolysis with LiOH.
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All the molecules synthesized were molecularly characterized via 1H-NMR, 13C-NMR,
and mass spectrometry. Bulk and thermal characterization was performed via infrared
spectroscopy (FT-IR) and differential scanning calorimetry (DSC). The anchors BA-1,
Gly-1 and COOH-1 decompose, probably by decarboxylation, before melting. 25-1 and
2R-1 display bulk properties similar to S-1 (experimental section, Chapter 2).
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Figure 1. (a) CD spectra of 2R-1 (solid line) and 25-1 (dotted line) at 100 °C (left, red lines), 40

°C state I (center, purple lines), and 0 °C state II (right, blue lines).(b) CD cooling curves recorded

at A =332 nm for 2R-1 (dots) and 25-1 (crosses). (c) AFM height image of 2R-1 dropcasted from
toluene (¢ =50 uM) on mica and (d) relative profile analysis.

In addition, 25-1 and 2R-1 were investigated for their self-assembling behavior in
organic solvents. The formation of chiral supramolecular polymers was demonstrated
in decalin, toluene and o-dichlorobenzene (0-DCB). Circular dichroism (CD)
spectroscopy confirmed that 25-1 and 2R-1 form chiral supramolecular polymers,
poly(2R-1) and poly(25-1), with opposite handedness directed by their molecular
chirality. In decalin, poly(2R-1) exhibits supramolecular polymers with the same
handedness of poly(S-1) reported in Chapter 2 and 3 (Figure 1a, comparison with
Chapter 2 Figure 6).8 Variable temperature CD (VT-CD) demonstrated also that
poly(2R-1) and poly(2S-1) are subject to the same pathway complexity reported for
poly(S-1) (Figure 1b, comparison with Chapter 2 Figure 5). Upon cooling, both 25-1
and 2R-1 display the cooperative formation of a first assembled state, which converts
to a second state with opposite helicity most probably as consequence of the interaction
with co-dissolved water molecules.!2
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Atomic force microscopy (AFM) microscopy on dropcasted poly(2R-1) onto mica
(Figures 1c, 1d) verified the formation of 2-5 pm long, 1.5 nm thick 1D fibers.

4.2.2. Fabrication of TiO: electrodes and functionalization with anchors

Often DSSCs and DS-PECs, utilize porous anodes made of sintered TiO2 nanoparticles.3
The high porosity permits greater surface area, more coverage of the dyes and a better
electron conductance.!3-17 In Chapter 3 instead, we used electrochemically grown TiO2
which is very compact.! In order to improve the performances, here we fabricate
standardized Ti-based electrodes adopting the DSSC procedures. The TiO: electrodes
were prepared on glass/FTO (fluorine doped tin oxide) substrates following the
procedure reported for Solaronix T/SP paste® (commercially available TiO: paste,
anatase 20 nm nanoparticle).!® Anodes so prepared were then characterized via XRD,
ellipsometry and SEM to assess if their crystallinity, thickness and porosity are suitable
(experimental section).

Similarly, the functionalization of the TiO: electrodes with the anchor molecules was
performed by adapting standard procedures from DSSCs.1” The functionalization was
carried out via dip casting the TiOz plates in a dry ethanol (EtOH) solution containing
the anchoring molecules (¢ = 0.1 mM) and allowing the plates to equilibrate overnight
at 20 °C. The functionalization was done with COOH-1, Gly-1, BA-1 and the results were
compared with the methyl-protected Me-Gly-1 and Me-BA-1 which cannot covalently
bind to TiO2. Because TiOz: is very hygroscopic,'? precautions were taken to ensure the
absence of water during the functionalization. After the functionalization, the plates
were washed with EtOH and dried. This procedure removes physisorbed molecules and
ensures the presence of only covalently-bound molecules onto the TiO2 surface.

The functionalized plates were characterized using FT-IR (Figures 2a, 2b). Carboxylic
group can be easily detected by the characteristic stretching band of C=0. Based on the
IR signature, it is possible to verify the successful functionalization and to obtain insight
into the binding geometry. The IR spectra display C=0 stretching band for each tested
anchor proving the chemisorption of COOH-1, Gly-1 and BA-1 (Figure 23, top). The
comparison with methylester protected analogues, Me-Gly-1 and Me-BA-1, shows that
the functionalization procedure guarantees the removal of physisorbed molecules.
Plates functionalized with Me-Gly-1 and Me-BA-1 do not display any signal
attributable to the organic molecules (Figure 2a, bottom) and the only vibration peaks
detected are attributed to TiOz, chemisorbed water and EtOH (used for the washing
procedure).

Further evidence of the covalent binding of the carboxylic acid groups onto the TiO2
surface were obtained by comparing the IR spectra of the anchors chemisorbed onto
TiO2 with the ones measured in bulk (Figure 2b). The vibrational frequencies display
changes in intensity and energy, in agreement with reported data.2® For example, the
stretching frequency of free C=0 of BA-1 in bulk is recorded at v=1692 cm-! while upon
binding to TiOz, the band shifts to v = 1734 cm! and decreases in intensity (Figure 2a
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left, top vs bottom). For BA-1/TiOz, the increase of bands at 1560 cm! and 1413 cm-!
are attributed to the asymmetric and symmetric stretching bands of COO- due to the
splitting of carboxylate groups complexed with surface Ti centers. The distance
between these two bands suggests a bidentate binding.21.22 Similar conclusions can be
drawn for Gly-1/TiOz and COOH-1/TiOz (Figure 2b).

Although we achieved successful binding, the presence of just a monolayer of anchors
on a 5 um thick TiOz does not permit the use of IR to investigate whether the anchors
are bound to the surface with one, two or three carboxylic acid groups. Qualitatively,
the presence of the band of free -COOH suggests that not all three carboxylic acids are
bound to the surface.?’ BA-1/TiOz, compared to Gly-1/TiOz and COOH-1/TiOz,
displays a more intense change between bulk and chemisorbed molecules indicating a
better binding.

For more detailed investigations, X-ray photoelectron spectroscopy (XPS) was
performed. When comparing Ti 2p and O 1s XPS spectra for functionalized surfaces
with the ones of bare TiO2, we observed that the functionalized systems show lower
binding energy and lower intensity (i.e., Ti 2pyw: 459.18 eV for TiOz and 456.63 eV for
BA-1/TiOz; O 1s: 530.38 eV for TiOz and 529.88 eV for BA-1/Ti0z2;), in agreement with
literature reports (Figure 2c, top).23 This indicates that the TiO2 surface is more
electronrich as a result of chemisorption of the anchors. The effect is larger for BA-
1/TiO2z supporting the hypothesis that BA-1 binds more efficiently than Gly-1 and
COOH-1. The C 1s spectrum shows peaks for C-C/C=C and C-0/C=0 at 285 eV and 289
eV, respectively. The C=0 peak is diagnostic for the covalent binding to Ti02.2324 Both
COOH-1 (black line, 288.48 eV) and BA-1 (blue line, 288.48 eV) display a shift to lower
energy compared to bare TiOz (gray line, 289.08 eV), while Gly-1 (green line, 289.08 eV)
does not show significant changes. The shift is consistent with the binding reaction of
carboxylic groups which are transformed into C-O-Ti units.23.24

All taken together, these results indicate that triacids can be chemisorbed to the TiO2
surface, although presumably not all three carboxylic acids are bound to the surface. In
addition, BA-1 shows the more efficient binding, making it the anchor molecule of
choice for further studies.
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Figure 2. (a) IR spectra, comparison of (a, top) anchors chemisorbed onto TiOz and (a, bottom)
methyl-protected anchors which cannot bind covalently TiO2. (b) Comparison of IR spectra of
anchors chemisorbed onto TiOzand in bulk. (c) XPS spectra for Ti 2p (left), O 1s (center), C 1s

(right). Comparison of XPS results for (top) the three anchors and (bottom) for Me-BA-1 vs.
BA-1 vs. bare TiO2.
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4.2.3. Functionalization with chiral supramolecular polymers

After the successful binding of the anchoring monolayer to the TiO3, the next step is
to functionalize the anchor-TiOz electrodes with the supramolecular polymer layer
(Figure 3). Energy dispersive X-ray analysis (EDX) and ellipsometry on fully
functionalized surfaces demonstrated that both the anchoring monolayer and chiral
supramolecular layer penetrate through the entire thickness of the porous TiO2
(experimental section). The presence of a chiral layer permeated into the TiO: layer
differs from Chapter 3 (where the chiral supramolecular polymers where deposit on
top of compact TiO: electrodes) but moves the system closer to classic DS-PECs.

A screening of functionalization procedures varying casting methods, solvents, and
annealing steps, was performed to obtain reproducible results and good surface order.
The deposition of the supramolecular polymer layer (made with 2R-1 or a-1
monomers) was tested both on bare TiO: (giving for example: 2R-1/TiOz), and on
anchor functionalized surfaces (giving for example: 2R-1/BA-1/TiOz). The so
functionalized systems were then studied by CD spectroscopy, SEM (not shown) and
AFM microscopy.

TiO

2R-1/BA-1 ITiO2
Supramolecular polymers

2

Porous TiO,

BA-1 2R
—>
dip coating spincoating
annealing
Glass/FTO Glass/FTO Glass/FTO

Figure 3. Schematic representation of the functionalization of the TiO: electrodes.

To account for small variations in the functionalized electrodes, all CD spectra were
measured for n = 5 and the average of the measurements is reported with its standard
deviation (Figure 4a-d). Based on the preparation method used, larger or smaller
variation of the surfaces were observed. Spincoating 2R-1 from CHCIz (¢ = 0.5 mM, 1000
rpm) and annealing for 30 minutes (Figures 4b-d) gives the best results in CD intensity
and reproducibility. The effect is particularly strikingly when comparing the CD spectra
obtained by dropcasting on bare TiOz vs. spincoating (Figure 4a vs. Figure 4b, grey
lines). Most important, depositing 2R-1 on anchor functionalized TiO2 instead of bare
TiOz strongly affects the final result. The nature of the anchoring layer also affects the
final CD spectra. The surface BA-1/TiOz reproducibly shows the most effective surfaces
for increasing CD intensity of the chiral supramolecular layer—in spincoated system
the CD is almost doubled compared to bare TiOz (Figure 4b). Conversely, surfaces based
on Gly-1/TiOz and COOH-1/TiOz reduce the intensity of the CD (Figure 4b vs. Figure
4c).
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Figure 4. (a-d) CD spectra of 2R-1 deposited on bare TiO2 and on anchors functionalized TiOz2. (a)
CD spectra obtained via dropcasting from CHCIz and annealing (¢ = 0.5 mM) compared with (b)
the ones obtained via spincoating from CHCIz and annealing (¢ = 5 mM, 1000 rpm). CD amplified
when 2R-1 is deposited on BA-1/TiOz (blue line) compared to bare TiO: (gray line). (c) CD
spectra of 2R-1 spincoated on Gly-1/TiOz (green line) and COOH-1/TiO: (black line) and (d) on
reference compounds. (e) Loading of 2R-1 on bare TiO2 and BA-1/TiO: (spincoated, CHCl3, c =5
mM, 1000 rpm). (f) AFM height images of 2R-1 on bare TiO: (left) and BA-1/TiO: (right) and
related particles profiles (y axis represent high z in nm, scale 0-20nm).
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The higher CD intensity signifies either a greater order of the supramolecular polymer
layer or a higher loading of the molecules. To evaluate whether the anchor is facilitating
the ordering of the surface or the deposition of the chiral layer, we quantified the
loading of 2R-1. Interestingly, we noticed that the loading of 2R-1 is lower for BA-
1/TiOz surfaces compared to bare TiO: (Figure 4e). This indicates that the BA-1
positively affects the order of the 2R-1 layer.

Control experiments were performed spincoating 2R-1 on TiO: functionalized with
reference molecules. These reference molecules are selected to represent molecular
fragments of the anchor BA-1 that represent one of the non-covalent interactions. We
select N-acetylglycine (AcGly) for representing the hydrogen bonding part, 4-
(dimethylamino)benzoic acid (DABA) and nicotinic acid (NicA) for the m-interactions,
and propionic acid (PA) for van der Waals interactions (Figure 4d). As expected, only
AcGly/TiOz showed amplification of the CD intensity confirming that the ability of the
surface to form hydrogen bonds is of great importance for the ordering of
supramolecular polymers on the surface. However, differently from BA-1/TiOz, Gly-1
and COOH-1 do not improve the chiral order of 2R-1 even if they bear the same H-
bonding units. We propose that careful tuning of the molecular geometry, together with
hydrogen bonding, is fundamental to have a positive effect on the supramolecular
order. We hypothesize that the rigidity of this two cores does not allow the correct
binding geometry on TiOz and a favorable angle to interact with 2R-1.

We performed AFM microscopy to further evaluate the enhancement of the
supramolecular order. Due to the high porosity of TiOz layer, performing AFM proved
to be challenging and the resolution of the images does not allow visualization of fibers
deposited on the surface. However we noticed that 2R-1/BA-1/TiOz displays a uniform
texture given by the uniform coverage of 2R-1/BA-1 on the sintered nanoparticles. In
contrast, AFM imaging performed on 2R-1/ TiOz shows particles of non-uniform sizes,
from small hard particles to larger aggregates (Figure 4f).

The positive results obtained by the anchoring strategy can be a fundamental
achievement to improve the deposition and the adhesion of supramolecular polymers
onto inorganic surfaces. It indeed demonstrates the importance of non-covalent forces
at the interface between hard and soft materials and suggests a possible strategy to
increase order in hybrid systems.
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4.2.4. Device testing

Photoelectrochemical measurements were conducted in a three-electrode cell, with
the Ag/AgCl (saturated KCI) as the reference electrode and a Pt plate as the cathode
(Figure 5a). A 0.1 M NazSO4 (pH = 6.56) aqueous solution was used as the electrolyte.
The devices were tested both in dark conditions (not shown, positive current at 1.75 V
vs. Ag/AgCl) and under irradiation (LED, 1 A, A = 365 nm). The magnitude of the
measured current, as a function of the potential, is then correlated with the amount of
water split hence with the production of Oz produced at the anode and H: at the cathode
(Figure 5).2° The measurements were recorded for chiral, 2R-1, and achiral, a-1,
supramolecular polymers spincoated (c =5 mM, CHCl3, 100 rpm) both on bare TiO2 (2R-
1/TiOz and a-1/TiO2, respectively) and on the anchoring monolayer (2R-1/BA-
1/TiOz, and a-1/BA-1/TiOz, respectively) (Figure 5b).

Current-voltage (I-V) measurements were performed with the aim to test the
reproducibility of the effect observed in Chapter 3 and to assess the effect of the
anchoring monolayer. Experiments were reproduced 5 times and reported as average
with standard deviation. The measurements in the dark do not show any current in the
voltage range of interest, while, under LED illumination all the devices display water-
splitting. Higher photocurrent densities were consistently recorded for those
photoelectrodes functionalized with chiral 2R-1 polymers, compared to those coated
with achiral a-1 polymers (Figure 5b left, pink line vs. orange line; Figure 5b right, blue
line vs. green line). This is valid for devices obtained on bare TiOz and on BA-1/TiOz.

Comparing then the two chiral functionalized cells as a function of the presence of the
anchoring monolayer (Figure 5b left, pink line vs. Figure 5b right, blue line), we noticed
that the presence of the BA-1 results in lower current densities. A similar trend is
observed for the achiral devices a-1/Ti0Oz and a-1/BA-1/TiOz (Figure 5 left, orange line
vs. Figure 5b right, green line). While the results for a-1 are not conclusive as a
consequence of the large standard deviation of a-1/BA-1/TiO2z, the measurements
obtained for 2R-1 display 0.1 mA cm2 of difference in current density. We speculate
that this effect may be due to the fact that the anchoring monolayer is achiral; this can
partially interfere with the spin selection effectuated by the chiral layer and worsen the
overall performance.
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Figure 5. (a) On the left, schematic representation of the three-electrode cell used, on the right,
examples of the devices tested, with anchoring monolayer, 2R-1/BA-1/Ti02,and without, 2R-1/
TiOz. (b) I-V curves obtained under UV illumination with S-1 and a-1 deposited on TiO2 (left) and
on BA-1/TiO: (right). Comparison of chiral systems (2R-1/TiOz, pink line, left, and 2R-1/BA-
1/TiO, blue line, right) with achiral systems (a-1/TiOz, orange line, left, and a-1/BA-1/TiOz,
green line) and bare TiO: (grey line). Curves are reported as average of 4 measurements with
their standard deviation. (c¢) Chronoamperometry, I-time, curves obtained under illumination for
chiral (left) and achiral (right) supramolecular layer. Comparison of systems deposit on bare TiO>
vs. the ones deposited onto BA-1/TiO:. Left: 2R-1/TiOz (pink line) and 2R-1/BA-1/TiO: (blue
line); right: a-1/TiO2 (orange line) and a-1/BA-1/TiOz (green line). Arrows indicate the

beginning of the devices’ decay.

Page | 92



Strategies to improve chiral-functionalized water-splitting solar cells

Secondly, we investigate whether the anchoring monolayer improves the long-term
stability of the system. Strong UV light irradiation partially excites the TiO2 which may
provoke the detachment of the polymers from the electrode’s surface. We hence
measured chronoamperometry (current-time) curves under light irradiation with
potential set at 0 V vs. Ag/AgCl. When the supramolecular layer is deposited on bare
TiOza shorter persistence—noticeable as fast decrease in current— is displayed by the
surface compared to the systems deposit on the BA-1/TiOz (Figure 5c). The increase in
stability is, however, rather limited, around 3 minutes for both chiral (Figure 5c left,
pink line vs. blue line) and achiral (Figure 5c right, orange line vs. green line) systems.
Nevertheless, it is worth to notice that a-1 is more stable than 2R-1. We hypothesize
that the different stability is due to the different side chains: long apolar n-dodecyl side
chains of a-1 make the molecules highly insoluble in polar media26 and, as a result, they
are less-likely to detach from the surface and diffuse into solution.

4.2.5. Conclusions

In this section we focused on improving the order and stability of the chiral
supramolecular layer once deposited on TiO2. To do so, we introduced an anchoring
layer to improve the adhesion of the supramolecular polymers onto the inorganic
surface. CD measurements verified that the functionalization of the TiOz with anchoring
molecules notably modifies the order of the chiral supramolecular layer. We
demonstrated that a careful tuning of the design of the anchors is the key to remarkably
improve order on the supramolecular layer. However, the improvement of the
supramolecular order is not directly translated on the cell’s performance as current
density. The introduction of the anchoring layer improves the stability of the device by
few minutes. Moreover, the achiral molecules, which show a worse solubility than the
chiral ones, also showed an improved stability.

This findings suggest that improvements in the stability of the system can be obtained
adopting supramolecular polymers with further decreased solubility. The use of chiral
anchoring molecules should also be evaluated to increase the efficiency of the CISS
effect.
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4.3. Chiral supramolecular polymer based on photosensitizers

In the second part of this Chapter, we address the need of using systems able to both
induce spin selection and harvest visible light. As established from DSSCs field, the most
efficient cells are functionalized with highly absorbing dyes as photosensitizers. We
here combine the moieties needed to obtain chiral supramolecular polymers with a
classic design used for organic dyes. Organic dyes exploited in solar cells are often
asymmetric molecules with a large m core. Usually, to obtain significant light harvesting
properties, organic dyes are designed with a donor-m bridge-acceptor structure (D-m-
A). However, bulkiness and asymmetry are qualities that may hamper the
supramolecular organization.

R‘
OH NH
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NC — NC =
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N
N NC OH NG HNR
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OH NH
R
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Scheme 3. Molecular structure of triphenylamine-based D-m-A dyes 2. The reference cyano-
acetic, COOH-2, and the analogues bearing supramolecular units cyano-acetamide with chiral (S)-
3,7-dimethyloctyl chains, §-2, or achiral n-octyl chains, a-2. An analogue with a short chiral chain
is synthesized, Ss4-2, for obtaining the crystal structure.

Therefore, we designed a D-mi-A dye that maintains C3 symmetry (which has been
proved to be optimal for supramolecular polymerization)82? and that bears
carboxamides as supramolecular units. To do so, we selected a branched
triphenylamine dye, similar to many reported dyes. 32829 The triphenylamine core is
used as donor unit, thiophenes as T bridges, whereas cyanoacetamide units act both as
acceptor and as supramolecular units. The molecule, $-2, bears chiral (S)-3,7-
dimethyloctyl side chains for imposing chirality to the assembly, while the achiral
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analogue, a-2, has n-octyl chains. In addition, an analogue molecule with short chiral
chains, $4-2, is designed to obtain a crystal structure (Scheme 3). The related
cyanoacetic acid molecule, COOH-2, previously reported in literature for its optical and
electrochemical properties,3? has also been synthesized (Experimental section).

4.3.1. Synthesis and molecular characterization

$-2, a-2, $4-2 were synthesized via amide coupling from COOH-2. The synthesis of
COOH-2 was performed following a procedure reported in literature.30 The amide
coupling was then performed as reported for 2R-1 (Scheme 2), via activation of COOH-
2 with pentafluorophenyl trifluoroacetate and consecutive substitution with the
required amine. SiOz gel chromatography and consecutive thin layer chromatography
(TLC) yielded to the desired product in high purity. In contrast to COOH-2, which is a
dark-red solid, S-2, a-2, and S4-2 are bright red-orange powders.

After molecular (1H-NMR, 13C-NMR, Mass) and bulk (DSC, IR, POM) characterization,
the optical properties in solution were evaluated. UV and fluorescence measurements
in molecularly dissolved state (DMSO c = 20 uM) (Figure 6) were performed to evaluate
the spectral range of $-2 and how the latter is affected by the substitution of the
cyanoacetic acid group (present in COOH-2) with the cyanoacetamides. $-2 displays a
broad absorption between 300 and 600 nm and broad emission with the maximum at
A = 505 nm, demonstrating its suitability for harvesting visible light. Compared to
COOH-2, a general blue-shift of approximately 10 nm is recorded in absorption (Figure
6a), excitation and emission bands (Figure 6b, dashed lines and solid lines,
respectively).
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Figure 6. (a) Absorption and (b) excitation-emission spectra for $-2 (red lines) and COOH-2
(black lines) in molecularly dissolved state (DMSO, ¢ = 20.8 uM). Excitation spectra (b, dashed
lines) are recorded for the A of maximum emission, emission spectra (b, solid lines) are recorded
exciting at A of maximum excitation.
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4.3.2. Aggregation in solution and in thin films

We then evaluated the ability of $-2 to form chiral aggregates. To do so, we performed
variable temperature UV-vis and CD in methylcyclohexane (MCH). Upon cooling, UV-vis
measurements display a decrease in intensity of the main absorption band at A = 448
nm and the rise of a shoulder at A = 514 nm (Figure 7a, top). CD spectroscopy reveals a
bisignate Cotton effect with a negative maximum at A = 517 nm (Figure 7a, bottom)
verifying the formation of chiral aggregates. The cooling curve was recorded following
the evolution of UV and CD intensities at A = 522 nm as a function of temperature (from
80 °C to 0 °C, cooling rate: 15 °C h'1) (Figure 7b). Upon cooling, the system displays
different elongation temperature (Te) in the UV and in the CD trace. For ¢ = 60 pM, Tein
the UV cooling curve is observed at 46 °C, while in the CD occurs at 39 °C. We
attributed this behavior to the formation of two different aggregates, a first which does
not display preferred helical organization, and a second that shows preferred
handedness. In addition, the shape of both the cooling curves display just a moderate
cooperativity showing a gradual increment (in absolute values) of the UV and CD
intensities. The isodesmic character is probably due to a -7 driven aggregation rather
than a growth by H-bonding.3132

Variable temperature fluorescence measurements confirmed the aggregation
observed via CD (Figure 7c). At high temperature, monomerically dissolved S-2 displays
an emission band at A = 505 nm with vibrational structure. This band increases in
intensity while cooling from 80 °C to 40 °C. Consecutively, the monomer emission band
rapidly decreases in intensity while a broad band at A = 607 nm grows. This band can
be attributed to the aggregate state where an intermolecular charge-transfer between
donor and acceptor moieties takes place. The cooling curves obtained by plotting the
fluorescence maxima for the monomer (Figure 7d, red open dots) and for the
supramolecular aggregate (Figure 7d, blue close dots) display a Te coincident with the
one observed for the CD cooling curves (Figure 7d vs. Figure 7b), meaning that the
process which gives chirality to the supramolecular aggregates is the same that
modifies the emission properties.
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Figure 7. Variable temperature (a, top) absorbance, (a, bottom) CD and (c) emission spectra of S-
2 in MCH and (b, d) related cooling curves. (a, top) Absorbance and (a, bottom) CD spectra
recorded for ¢ = 25 pM and ¢ = 60 M, respectively (spectra every 5 °C, cooling rate 15 °C h-1).
(b) Absorbance and CD cooling curves followed at A = 522 nm (cooling rate: 15° C h', ¢ = 25, 60
and 80 uM). (c) Emission spectra and (d) related cooling curves recorded for ¢ = 60 uM (spectra
every 5 °C, cooling rate: 15 °C h'1).

To verify the hypothesis that n-stacking is the driving interaction for assembly of S-2,
we grew crystals of S4-2. We obtained crystals suitable for single crystal analysis by
making a concentrated CHCl3 solution of $4-2 and changing the solvent polarity via slow
diffusion of diethyl ether. X-ray analysis shows a crystalline packing consistent with a
C2 space group. The molecule lacks Cs symmetry (Figure 8a) but is able to form an
asymmetric unit made of two monomers (Figure 8b). Even though 1D arrays can be
observed (Figure 8c, 8d), the crystal structure shows few hydrogen bonding
interactions among the molecules and these are not directed between the amide units.
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The high conjugation between the donating core and the cyanoacetamides render the
molecule particularly planar. This, in combination with the competing -CN groups,
hampers the classic hydrogen bonding network of C3 supramolecular polymers.?

‘Space group: C2
a 20.938 A
b 11.830 A
c 42450 A

a 90°
B 100.361°
y 90°

Cell details

Figure 8. Crystal structure obtain by X-ray crystallography. (a) Monomer of $-2, (b) asymmetric
unit formed by two monomer related by a C2 symmetry. (c) Crystalline packing in a unit cell along
b axis. Color coded by symmetry operation (blue, C2 axis, light blue screw axis). (d) Proposed 1D
structure in the crystal structure, seen along axis b. (a, b, d)Crystal structures color coded based
on the atoms, C are grey, N blue, O red, S yellow. H not displayed.

We then tested the formation of chiral assemblies upon deposition of S-2 both on glass
(Figure 9a) and on TiO2 surfaces (Figure 9b). The dropcasting method was tested on a
glass surface (solution of §-2 in MCH, ¢ = 44 uM, annealing 100 °C, 30 min), while dip
coating method was tested on the TiOz plates (solution of $-2 in 1,2-dichlorobenzene, c
= 6 mM) annealing 100 °C, 30 min). The presence of chiral assemblies was verified via
UV-Vis and CD spectroscopy. Absorbance measurements displays spectra which
resemble the spectrum obtained in MCH solution at 20 °C (Figure 9a top, Figure 9b top).
For both the surfaces tested, a weak but present CD signal is also recorded (Figure 9a
bottom, Figure 9b bottom). Remarkably, the structure of the chiral assembly on TiO2
matches well with the aggregates in solution as evidenced by CD (Figure 9b bottom vs.
Figure 7a bottom).
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Figure 9. Absorbance (top) and CD (bottom) spectra of S-2 deposited on (a) glass surfaces and
(b) porous TiO: surface. Note: the absorbance on (b, top) TiO: surface is affected by the
absorbance of TiOz especially in the region A < 350 nm.

4.3.3. Device testing

Photoelectrochemical measurements were conducted in a classic three-electrode cell,
with Ag/AgCl (saturated KCl) as reference electrode and a Pt plate as cathode (Figure
5a, left). 0.1 M Na2S04 (pH = 6.56) aqueous solution was used as the electrolyte (63 mL).
The devices were then tested both in dark conditions (positive current at 0.7 V vs.
Ag/AgCl) and under shining light (halogen lamp, 12 V, 50 W). The magnitude of the
measured current, as a function of the potential, is then correlated with the amount of
water split hence with the production of Oz produced at the anode and H: at the cathode
(Figure 10).25 The measurements were performed for chiral, $-2, and achiral, a-2,
supramolecular polymers deposited on bare TiOz, §-2/TiOz and a-2 /TiOz, respectively
(molecules deposited via spin-coating from CHCls ¢ = 5 mM and consequent annealing)
(Figure 10a). In line with what is reported in Chapter 3 and in this chapter for 2R-1
(Figure 5), these measurements confirm higher current for the chiral device (Figure
10). Chronoamperometry measurements on $-2/TiOz, a-2/TiOz, and on bare TiO:
(Figure 10b) (molecules deposited via spin-coating from CHCI3 ¢ = 10 mM and
consequent annealing) were performed to evaluate the production of H20:. Differently
to what is reported in Chapter 3, the concentration of H20: is determined with the
horseradish peroxidase fluorescence test. This test permits higher resolution and
detection of extremely small quantities of H20:.
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Figure 10. (a) I-V curves obtained in the dark (dashed lines) and under visible light irradiation
(solid lines) with $-2 (red lines) and a-2 (black lines) deposited on bare TiO2. (b)
Chronoamperometry, I-time, curves obtained under illumination for $-2/TiO: (red line),
a-2/TiOz (black line) and for bareTiOz while the voltage is keptat 0 V vs. Ag/AgCl. Measurements
reported as mean # s.d. (lines * solid background).

After 1000 s of constant irradiation and potential keptat 0 V vs. Ag/AgCl, an aliquot of
the electrolyte was harvested and analyzed for its H202 content. Similarly to what is
observed in Chapter 3, the results show that the H202 produced with §-2/TiOz is on
average 37% lower than for a-2/TiOz. Notably, this effect is more accentuated
considering that the photocurrent is higher for S-2 than for a-2. Calculating the detected
H:0: as a function of the photocurrent recorded at 1000 s per each device, we obtained
a Hz202 production of 9.1 + 3.7 uM H202/mA-cm? for §-2/TiOz and 17.5 + 6.7 uM
H202/mA-cm-2for a-2 /TiOz.

4.3.4. Conclusions

The design and synthesis of chiral supramolecular dyes that aggregate and absorb on
a broad wavelength range was effective. Both a chiral and achiral version of
triphenylamine-based self-assembling dyes was obtained. The chiral dye assembles in
apolar solvent, creating chiral structures while the broad conjugated core ensure the
absorption in the visible regime.

The tests on chiral-functionalized DS-PEC demonstrates once more the validity of the
CISS effect in improving the cell’s performances. Experiments on the quantification of
the H202 production confirmed the hypothesis sustained in Chapter 3 on the ability of
chiral system to control the spin of the reaction and deplete the production of H202. We
currently plan to quantify the production of Hz and O2 to evaluate the cell’s efficiency
and its connection with the CISS effect.
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4.4. Overall conclusions and future directions

This chapter focuses on some of the crucial issues observed in Chapter 3 and
addresses the challenge to bring chiral-functionalized water-splitting devices one step
closer from an academic curiosity to a working device.

We obtained good results in optimizing and controlling the deposition of chiral
supramolecular polymers onto TiO: electrodes. Via the use of carefully designed
anchoring molecules, we were able to enhance the chiral order of the supramolecular
polymer layer. The introduction of the anchor led also to good preliminary results
toward increasing the long-term stability of the cells. However further improvements
in the design of both the anchoring layer and supramolecular layer are needed.

The parallel development of photosensitizers which can assemble into chiral
supramolecular polymers and absorb light in the visible range was successful. Initial
device experiments validate once more the presence of the CISS effect.

The encouraging results obtained are, nevertheless, still far from a real exploitation
in solar cells. Nevertheless, we are confident that further optimization of the system
may result in an effective use of the CISS effect in solar cells.
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4.5. Experimental section
4.5.1. Materials and methods

All reagents were purchased from Aldrich and used as received, unless otherwise specified. Copper powder
was acquired from Aldrich (< 425 pm, 99.5% trace metals basis). All solvents were purchased from Biosolve
and dry solvents were obtained using MBraun solvent purification system (MB SPS-800). Deuterated
compounds were obtained from Cambridge Isotopes Laboratories. Reactions were followed by thin-layer
chromatography (TLC) using 60-F254 silica gel plates from Merck.

Automated column chromatography was performed on a Grace Reveleris X2 using Reveleris Silica Flash
Cartridges. Detail on 'H NMR, 13C NMR, MALDI-TOF-MS, FTIR, DSC, and AFM can be found in the experimental
section of Chapter 2.

For all spectroscopic measurements, cells with an optical path length of 1 cm were employed and
spectroscopic grade solvents were employed. Solutions were prepared by weighing the necessary amount of
compound for the given concentration and dissolved with a weighted amount of solvent based on its density.
The stock solutions were heated up, sonicated till complete dissolution and slowly cooled down to room
temperature every time before use unless otherwise specified. All the spectroscopic measurement were
performed with freshly prepared solutions (max. 1 week after the preparation of the stock solution).

UV/Vis and circular dichroism (CD) measurements were performed on a Jasco J-815 spectropolarimeter,
for which the sensitivity, time constants and scan rates were chosen appropriately. Corresponding
temperature-dependent measurements were performed with a Jasco PFD-425S/15 Peltier- type temperature
controller with a temperature range of 263-393 K and adjustable temperature slope. In all experiments the
linear dichroism was also measured and in all cases no linear dichroism was observed. Separate UV/Vis
spectra were obtained from a Perkin Elmer UV/Vis spectrometer Lambda 40. Fluorescence spectra were
measured with Jasco FM0-427S/15 fluorimeter implemented in the CD spectrometer.

The layer thicknesses were determined on a Veeco Dektak150 profilometer after manually creating
scratches with a sharp knife. Doctor blade coating of the TiOzlayers was performed using an Erichsen Model
360 13mm quadruple film applicator with gap heights of 30, 60, 90 and 120 pum. Atomic force microscopy
was performed at room temperature on spincoated or dropcasted films using a Digital Instrument Multimode
Nanoscope IV 279 with silicon cantilever tips (PPP-NCH-50, 204 - 497 kHz, 10 - 130 N m-! from Nanosensors)
using a tapping regime mode. The roughness of the surface has been measured and images have been
processed using Gwyddion software. SEM and EDX was performed on a FEI Nova600i SEM with an EDX
detector (136 eV resolution). Ellipsometry was performed using a Sentech 805 SE spectroscopic ellipsometer
with a wavelength range 800 - 1700 nm. X-Ray Diffraction (XRD) measurements were performed on a Rigaku
Geigerex powder diffractometer with Bragg-Brentano geometry, using copper radiation, wavelength 0.154
nm, at 40 kV and 30 mA. The samples were prepared on a glass substrate and measured from 5° till 80° 26
with a step size of 0.02° and a dwell time of 15 seconds. The photoelectrochemical cell and the related
measurements are described in a following section.
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4.5.2. Synthetic procedures

Regarding tripyridylamine-based molecules 1; COOH-1 and a-1 were synthesized as reported in Chapter
2; the synthetic procedures for the other final products are reported in the following. For triphenylamine-
base dyes 2; COOH-2 was synthesized following the reported procedure3’ (Scheme 4) while amide
derivatives (a-2, $-2, $4-2) were synthesized from COOH-2 following the procedure optimized for 2R-1.

ar j B_@ C- 1) POCL,, DMF, X
W DCE, 85 °C, 15 h
Pd(PPh,), 2) NaOAc,,

© NBS 1M Na,CO, CHCL, 20°C 121 520
_ e,

N. DMF, N 1,4-dioxane, 100 °C, 18 h
©/ \© 0°Cto20°C,12h /@’ @
Br Br
3
F F I o}

E =
F NG =

F F 7

F

Et,N, DMF
Nc COOH _ o

NH OAc, AcOH RNH Et,N, DMF NG O
120°C, 60 h 26°c/18h
COOH-2 a-!

Scheme 4. Synthetic scheme followed for the synthesis of 2 derivatives.

General synthesis of tripyridyl triamides (1)

In a two neck round bottom ask under argon atmosphere COOH-1 (0.5 g, 1.3 mmol) was dissolved in dry DMF
(20 mL) and triethylamine (1.6 mL, 11.7 mmol, 9 eq.). In another round bottom ask under argon atmosphere
pentafluorophenol-triuoroacetate (PFP-A) (1 mL, 6 mmol, 4.5 eq.) was dissolved in DMF (2 mL) and
triethylamine (0.1 mL) at 0 °C. In another round bottom ask under argon atmosphere the relative amine (4.4
mmol, 3.3 eq.) was dissolved in dry DMF (2 mL). The PFP-A solution was added dropwise to the COOH-1
solution cooled at 0 °C with ice-bath and stirred at 0 °C for 1 h and at 20 °C for 3 h. Then, the amine solution
was added to the reaction mixture and the solution was stirred overnight at 20 °C. The purification is
performed differently for each molecule.
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6,6',6"-Nitrilotris(N-((S)-octan-2-yl)nicotinamide) (25-1)

Purification was performed as follows: The mixture was diluted with water and extracted with a solution of
1% Et3N in CHCls. The organic phase was collected, dried over MgS0O4 and evaporated under reduce pressure.
Thus, recrystallization from CH2Cl2:CH3CN (1:4 v/v) yielding to 660 mg (70%) of 25-1 as a white powder.

‘H NMR (400 MHz, DMSO0) 6 8.72 (d, ] = 2.2 Hz, 3H), 8.27 (d, ] = 8.3 Hz, 3H), 8.16 (dd, ] = 8.6, 2.3 Hz, 3H), 7.17
(d,] = 8.6 Hz, 3H), 4.06-3.94 (m, 3H), 1.50 (d, ] = 24.4 Hz, 8H), 1.25 (s, 25H), 1.14 (d, ] = 6.6 Hz, 10H), 0.85 (t,]
= 6.6 Hz, 9H). *C NMR (100 MHz, DMSO) 6 164.04,158.38, 148.26,137.53, 126.94, 118.50, 45.35, 36.40, 31.72,
29.07,26.27,22.53,21.26, 15.64, 14.42; m/z (MALDI) Calcd. for [M+H]*714.50 m/z, found 714.52. IR (cm-1):
3274, 2927, 2855, 1630, 1590, 1541, 1472, 1387, 1352, 1314, 1279, 1171, 1133, 1025, 898, 835, 777, 708,
568, 484. DSC ( 10 K min) Tmelc: 222 °C.

6,6',6"-Nitrilotris(N-((R)-octan-2-yl)nicotinamide) (2R-1)

Purification was performed as follows: The mixture was diluted with water and extracted with a solution of
1% EtsN in CHCIs. The organic phase was collected, dried over MgSO4 and evaporated under reduce pressure.
Thus, recrystallization from CH2Cl2:CH3CN (1:4 v/v) yielding to 585 mg (69%) of 25-1 as a white powder.

'H NMR (400 MHz, DMSO) & 8.72 (d, ] = 2.2 Hz, 3H), 8.27 (d, ] = 8.3 Hz, 3H), 8.16 (dd, ] = 8.6, 2.3 Hz, 3H), 7.17
(d, ] = 8.6 Hz, 3H), 4.06-3.94 (m, 3H), 1.50 (d, ] = 24.4 Hz, 8H), 1.25 (s, 25H), 1.14 (d, ] = 6.6 Hz, 10H), 0.85 (t,]
=6.6 Hz, 9H). 3 C NMR (100 MHz, DMSO0) § 164.04, 158.38,148.26,137.53,126.94,118.50, 45.35, 36.40, 31.72,
29.07,26.27,22.53,21.26,15.64,14.42; m/z (MALDI) Calcd. for [M+H]* 714.50, found 714.52. IR (cm™1): 3274,
2927,2855,1630, 1590, 1540, 1472, 1387,1352,1316,1279,1171, 1133, 1024, 897, 835,777,708, 568, 484.
DSC (ramp: 10 K min-t) Tmele : 223 °C.

Trimethyl 2,2',2"-((6,6',6 "-nitrilotris(nicotinoyl))tris(azanediyl) )triacetate (Me-Gly-1)

The mixture was diluted with water and extracted with ethyl acetate. The organic phase was collected, dried
over MgS0. and evaporated under reduce pressure. The crude product was recrystallized from acetonitrile
yielding 150 mg (19%) Me-Gly-1 as a white powder.

'H NMR (400 MHz, DMSO) 6 9.11 (t,] = 5.9 Hz, 3H), 8.78 (d, ] = 2.1 Hz, 3H), 8.20 (dd, ] = 8.6, 2.3 Hz, 3H), 7.26
(d, ] = 8.5 Hz, 3H), 4.05 (d, ] = 5.7 Hz, 6H), 3.67 (s, 9H). 3C NMR (100 MHz, DMSO0) & 170.72, 165.21, 158.68,
148.40,137.69,125.89,118.85, 52.29, 41.62; m/z (MALDI) Calcd. for [M+H]* 594.19, found 594.17. IR (cm):
3259, 3071, 2938, 2857, 1755, 1664, 1637, 1588, 1535, 1514, 1470, 1439, 1414, 1381, 1325, 1289, 1257,
1203,1174,1092,1013, 995,979, 841, 779, 711, 671, 659, 606, 559, 529, 500, 478.

Trimethyl 4,4',4"-((6,6',6 "-nitrilotris(nicotinoyl))tris(azanediyl) )tributyrate (Me-BA-1)

The mixture was diluted with water and extracted with ethyl acetate. . The organic phase was collected, dried
over MgS0. and evaporated under reduce pressure. The crude product was recrystallized from acetonitrile
yielding 376 mg (42%) Me-BA-1 as a white powder.

'H NMR (400 MHz, DMSO) § 8.72 (d, ] = 2.1 Hz, 3H), 8.60 (t, ] = 5.0 Hz, 3H), 8.15 (dd, ] = 6.2 Hz, 3H), 7.18 (d, ]
= 8.9 Hz, 3H), 3.59 (s, 9H), 2.38 (t, ] = 7.3 Hz, 6H), 1.79 (dt, ] = 14.3, 7.1 Hz, 6H). 3C NMR (100 MHz, DMSO0) &
173.61, 164.79, 158.42, 148.21, 137.55, 126.67, 118.59, 51.75, 38.94, 31.23, 24.91; m/z (MALDI) Calcd. for
[M+H]* 678.28, found 678.33. IR (cm): 3271, 3086, 2950, 1736, 1630, 1588, 1546, 1469, 1443, 1377, 1316,
1276,1250,1170, 1095, 1020, 1001, 857,833,777, 965, 567, 531, 494.
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General hydrolysis of methylester protected anchors

In a round bottom cooled at 0 °C via ice bath Me-Gly-1 or Me-BA-1 (0.086 mmol) and LiOH-H20 (0.0218 g,
0.52 mmol, 6 eq) were dissolved in H20:THF (1:2 v/v) (2 mL) and stirred for an hour. The mixture was then
allowed to equilibrate to 20 °C overnight. Then, the solution was acidified to pH=3 with 1 M KHSO4 and the
product extracted with EtOAc. The organic phase was collected, dried over MgSO4 and evaporated under
reduce pressure.

2,2',2"-((6,6',6"-Nitrilotris(nicotinoyl))tris(azanediyl))triacetic acid (Gly-1)

Procedure gives 0.030 g (60%) Gly-1 as a white powder.

'H NMR (400 MHz, DMSO0) 6 8.77 (s, 3H), 8.20 (d,/ = 10.7 Hz, 3H), 7.24 (d, ] = 8.9 Hz, 3H), 3.93 (s, 6H). *C NMR
(100 MHz, DMSO) 6 171.64, 165.09, 158.62, 148.37, 137.66, 126.08, 118.79, 41.61; m/z (MALDI) Calcd. for
[M+H]* 552.14, found 552.08. IR (cm): 3290, 3057, 2928, 2524, 1725, 1636, 1592, 1542, 1474, 1415, 1383,
1324,1281, 1246,1222,1174, 1130, 1138, 1001, 950, 896, 855, 775, 739, 671, 656, 636, 621, 574, 554, 541,
517,495, 477.

4,4',4"-((6,6',6"-Nitrilotris(nicotinoyl))tris(azanediyl) )tributyric acid (BA-1)

Procedure gives 0.088 g (66%) BA-1 as a white powder.

H NMR (400 MHz, DMSO) 6 8.73 (d, ] = 2.2 Hz, 3H), 8.16 (dd, ] = 8.6, 2.4 Hz, 3H), 7.18 (d, ] = 8.6 Hz, 3H), 2.55
(t, ] = 5.5 Hz, 6H), 2.29 (t, ] = 7.3 Hz, 6H), 1.83-1.69 (m, 6H). *C NMR (100 MHz, DMSO) & 174.71, 164.76,
158.42, 148.22, 137.55, 126.72, 118.59, 65.39, 39.07, 31.58, 24.97, 15.64; m/z (MALDI), Calcd. for [M+H]*
636.23, found 636.25. IR (cm1): 3282, 3072, 2939, 2485, 1693, 1633, 1589, 1545, 1470, 1377, 1316, 1280,
1169, 1140, 1097, 1033, 1022, 960, 936, 910, 851, 806, 776, 678, 614, 569, 530, 495, 456.

Tris(4-bromophenyl)amine (3)

In a two-neck round bottom flask, triphenylamine (2.5 g, 10.0 mmol) was dissolved in anhydrous DMF (25
mL) under argon atmosphere. The solution was cooled to 0 °C by ice-water bath and NBS (5.2 g, 32.0 mmol)
in DMF (10 mL) was added drop-wise under stirring. After the addition, the mixture was stirred for 4 h at
room temperature. The reaction mixture was then poured into water (400 mL), leading to the formation of a
white precipitate. The precipitate was filtered and dried under reduced pressure. The crude product was
recrystallized from heptane to afford pure 3 as a white solid (3.8 g, 77 %).

1H-NMR (400 MHz, CDCl3) 8 (ppm): 7.36-7.34 (m, 6H), 6.93-6.91 (m, 6H); m/z (APCI) Calcd. for C1sH13BrsN
[M+H]*: 481.9, found 482.9.

Tris[4-(2-thienyl)phenyl]amine (4)

In a three-neck round bottom flask, tris(4-bromophenyl)amine (3) (3 g, 6.2 mmol), thiophene-2-boronic acid
pinacol ester (4.7 g, 22.4 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.36 g, 0.31 mmol) were
dissolved in dioxane (100 mL) under argon atmosphere. A 1 M Na:COs aqueous solution (30 mL) was
introduced under stirring. The reaction mixture was heated at 100 °C for 18 h, then cooled to room
temperature and diluted with CHCIz (100 mL). The organic phase was then washed with water (150 mL), 1
M HCI (150 mL) and brine (150 mL), dried over anhydrous MgSOys, filtered and evaporated under vacuum.
The crude product was purified via SiO2 flash column chromatography (CH2Cl2/n-heptane: 7/3 v/v) to afford
4 as a yellow solid (1.8 g, 57 %).

1H-NMR (400 MHz, CDCl3) & (ppm): 7.52 (d, J = 8.7 Hz, 2H), 7.26 - 7.22 (m, 2H), 7.14 (d, ] = 8.6 Hz, 2H), 7.07
(dd, /= 5.1, 3.6 Hz, 1H); m/z (MALDI) Calcd. for C30Hz2NS3 [M+H]*: 491.08, found 491.13
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Tris[4-(5-formyl-2-thienyl)phenyl]amine (5)

Tris[4-(2-thienyl)phenyl]amine (4) (800 mg, 1.63 mmol) was dissolved in 1,2-dichloroethane (50 mL) in a
two-neck round bottom flask under argon. DMF (595 mg, 8.14 mmol) and POCI; (1.25 g, 8.14 mmol) were
added dropwise and the solution was stirred and refluxed for 17 h. Next, the reaction mixture was cooled to
room temperature; DCM (80 mL) and a saturated aqueous solution of sodium acetate (160 mL) were added.
The reaction mixture was then stirred at room temperature for 2 h. The organic phase was washed with water
(3 x 150 mL), dried over anhydrous MgSO0s, filtered, and evaporated under vacuum, affording 5 as a yellow
solid (1.04 g, 99 %).

'H-NMR (400 MHz, CDCl3) 6 (ppm): 9.89 (s, 1H), 7.74 (d, ] = 4.0 Hz, 1H), 7.62 (d, ] = 8.8 Hz, 2H), 7.36 (d, ] = 4.0
Hz, 1H), 7.19 (d, ] = 8.7 Hz, 2H); m/z (MALDI) Calcd. for C33H21N0O3S; [M]*: 575.07, found 575.12. IR (cm):
2793, 1651, 1589, 1528, 1504, 1436, 1385, 1320, 1293, 1269, 1222, 1183, 1113, 1014, 960, 830, 800, 756,
736,728,697, 672, 648, 606, 594, 548, 499, 480, 547

3,3',3"-[Nitrilotris(4,1-phenylene-5,2-thiophenediyl)]tris[2-cyano-2-propenoic acid] (COOH-2)

In a two-neck round bottom flask, tris[4-(5-formyl-2-thienyl)phenyl]amine (5) (450 mg, 0.78 mmol),
cyanoacetic acid (300 mg, 3.51 mmol) and ammonium acetate (42 mg, 0.55 mmol) were dissolved in glacial
acetic acid (16 mL). The reaction mixture was refluxed for 40 h under argon atmosphere. After completion,
the reaction mixture was cooled to room temperature and the crude product was filtered and washed with
CHCI3 (about 50 mL). The crude product was purified by washing in CHCI3 under reflux conditions for 15 h,
to afford COOH-2 as a dark red solid (406 mg, 67 %).

'H-NMR (400 MHz, DMS0-d6) & (ppm): 12.13 (s, 3H), 8.49 (s, 3H), 8.02 (d, / = 4.1 Hz, 3H), 7.79 (d, / = 8.5 Hz,
6H), 7.73 (d, ] = 4.0 Hz, 3H), 7.21 (d, / = 8.6 Hz, 6H); 13C-NMR (100 MHz, DMSO0-d6) & (ppm): 164.13,152.93,
147.58, 147.05, 142.11, 134.61, 128.24, 128.10, 125.18, 125.10, 117.03, 98.39; m/z (MALDI) Calcd. for
C42H24N406S3 [M]*: 776.09, found 776.09; IR (cm): 2920, 2218, 1685, 1567, 1492, 1409, 1321, 1258, 1181,
1060, 936, 801, 734, 683, 608, 582, 503.

General synthesis for (2E,2'E,2"E)-3,3',3"-(5,5',5"-(nitrilotris(benzene-4,1-diyl))tris(thiophene-5,2-
diyl))tris(2-cyano-N-alkylamides):
(2E,2'E,2"E)-3,3',3"-(5,5',5"-(nitrilotris(benzene-4,1-diyl) )tris(thiophene-5,2-diyl) ) tris(2-cyano-N-
octylacrylamide) (a-2);

(2E,2'E,2"E)-3,3",3"-(5,5',5"- (nitrilotris(benzene-4,1-diyl) ) tris(thiophene-5,2-diyl) ) tris(2-cyano-N-((S)-
3,7-dimethyloctyl)acrylamide) (S-2);

(2E,2'E,2"E)-3,3,3"-(5,5,5"- (nitrilotris(benzene-4,1-diyl) )tris(thiophene-5,2-diyl) ) tris(N-((S)-sec-
butyl)-2-cyanoacrylamide) (S4+-2)
In a two-neck round bottom flask, COOH-2 (300 mg, 0.39 mmol) and EtsN (586 mg, 5.79 mmol, 1 ml) were
dissolved in dry DMF (10 mL) under argon. The solution was cooled to 0 °C using an ice bath. In a second
round bottom flask, pentafluorophenyl trifluoroacetate (487 mg, 1.74 mmol) was dissolved in dry DMF (1.5
mL) under argon atmosphere. This solution was added dropwise to the mixture containing COOH-2, stirred
at 0 °C for 1 h and then at room temperature for 4 h. Next, a solution of the appropriate alkylamine (1.74
mmol) was prepared in dry DMF (1.5 mL) under argon and then added to the reaction mixture dropwisely.
The reaction mixture was stirred for 40 h at room temperature. After completion, the mixture was diluted
with CHCI3 (150 mL) and the organic phase was washed with 1N HCI (2 x 200 mL) and water (3 x 200 mL).
The organic phase was dried over anhydrous MgSOs, filtered, and evaporated under vacuum, affording a red
oil. The crude product was precipitated from the red oil by pouring it in diethyl ether (120 mL) and filtered,
affording a red solid. The crude product was first purified via SiO2 flash column chromatography
(CHCI3/EtOAc: 10/0.3 v/v) and then via preparative TLC (CHClz/EtOAc: 10/0.3 v/v). After recrystallization
from acetonitrile, the product was obtained pure as a red solid. The yield was estimated to be about 15 %.
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a-2: 1H-NMR (400 MHz, CDCls) & (ppm): 8.37 (s, 3H), 7.68 (d, ] = 4.1 Hz, 3H), 7.62 (d, ] = 8.7 Hz, 6H), 7.35 (d, ]
= 4.0 Hz, 3H), 7.18 (d, ] = 8.7 Hz, 6H), 6.24 (t, ] = 5.8 Hz, 3H), 3.41 (td, ] = 7.2, 5.8 Hz, 6H), 1.64 - 1.57 (m, 6H),
1.43 - 1.21 (m, 30H), 0.94 - 0.84 (m, 9H); 1*C-NMR (100 MHz, CDCI3) & (ppm): 160.5926, 154.42, 152.54,
147.48, 147.45, 144.41, 138.42, 135.02, 128.32, 127.68, 124.65, 123.74, 99.42, 99.15, 40.63, 31.78, 29.71,
29.48, 29.23, 29.17, 26.87, 22.64, 14.09; m/z (MALDI) Calcd. for CesH7sN703S3 [M]*: 1109.51, found 1109.53.
IR (cm1): 3356, 3027, 2924, 2854, 2205, 1664, 1578, 1521, 1496, 1435, 1354, 1324, 1276, 1226, 1184, 1113,
1065, 940, 831, 802, 734, 734, 689, 609, 545, 504. DSC (ramp: 10 K min-1) Tg: 61.18 °C

$-2: TH-NMR (400 MHz, CDCls) & (ppm): 8.36 (s, 3H), 7.68 (d, ] = 4.0 Hz, 3H), 7.62 (d, J = 8.7 Hz, 6H), 7.35 (d, J
= 4.0 Hz, 3H), 7.18 (d,] = 8.7 Hz, 6H), 6.19 (t, ] = 5.7 Hz, 3H), 3.44 (dq, = 8.2, 6.1 Hz, 6H), 1.76 - 1.07 (m, 30H),
0.94 (d, ] = 6.5 Hz, 9H), 0.88 (d, ] = 0.7 Hz, 18H); 13C-NMR (100 MHz, CDCI3) § (ppm): 171.15, 160.53, 152.52,
147.43, 144.36, 138.40, 135.00, 128.30, 127.66, 124.63, 123.72, 117.50, 99.15, 60.40, 39.21, 38.76, 37.09,
36.52, 30.70, 27.96, 24.62, 22.70, 22.60, 21.06, 19.50, 14.21; m/z (MALDI) Calcd. for C72Ha;N;03S3 [M]*:
1193.60, found 1193.63; IR (cm1): 3355, 3027, 2953, 2924, 2867, 2855, 2205, 1731, 1661, 1579, 1521, 1496,
1464, 1435, 1379, 1365, 1355, 1324, 1275, 1263, 1227, 1184, 1109, 1097, 1065, 1017, 959, 939, 830, 801,
753, 734, 689, 666, 627, 609, 599, 544, 505, 465.

S$4-2: 'TH-NMR (400 MHz, CDCls) & (ppm): 8.37 (s, 3H), 7.68 (d, ] = 4.0 Hz, 3H), 7.63 (d, ] = 8.9 Hz, 6H), 7.35 (d,
J=4.0 Hz, 3H), 7.18 (d, ] = 9.0 Hz, 6H), 5.99 (d, ] = 8.3 Hz, 3H), 4.08 - 3.99 (m, 3H), 1.56 (d, ] = 8.2 Hz, 6H), 1.25
(td, ] = 8.0, 6.3 Hz, 9H), 0.96 (t, ] = 7.4 Hz, 9H); 13C NMR (100 MHz, CDCls) § 159.93, 152.48, 147.43, 144.41,
138.36, 135.03, 128.32, 127.66, 32 124.63, 123.72, 117.50, 99.33, 77.23, 65.86, 47.96, 29.60, 20.35, 15.28,
10.37; IR (cm-1): 3348, 2963, 2929, 2873, 2207, 1663, 1572, 1518, 1493, 1432, 1360, 1323, 1282, 1266, 1242,
1219, 1186, 1157, 1127, 1115, 1090, 1060, 1014, 939, 920, 875, 818, 804, 751, 734, 728, 687, 674, 665, 621,
602, 544, 510, 498, 452, 407.

4.5.3. Surfaces preparation

TiO: surfaces

TiO; anodes were prepared following the procedure reported for Solaronix T/SP paste® (commercially

available TiO: paste, anatase 20 nm nanoparticle).’® TiO; surfaces were prepared on glass for optical
measurements and on FTO coated glass plates for the water-splitting measurements. Plates of 19 mm x 25
mm were cleaned by sonication in EtOH (15 min) and oven-dried at 140 °C (1 h). The plates were further
cleaned with UV-Ozone oven (30 min). TiO2 Solaronix T/SP paste® is then deposit on the surface and
homogenously distributed with a 13 mm wide Doctor Blade. Several blading thicknesses were tested, the
optimized thickness used is 60 um, which give a final sintered TiOz layer of 5 pm. After 2 h natural evaporation
of the paste, plates were sintered at 450 °C (15’ from 20 °C to 450 °C, 45’at 450 °C) for 1 h and let cool (from
450 °C to 250 °C in 30 min followed by cooling to 20 °C in 1 h). At 450 °C the solvent of the paste evaporate
and calcination of the paste occurs giving sintered porous TiO: anatase layers.
XRD analysis confirmed the crystalline phase, proving full anatase composition (Figure 11a).33 Film thickness
was measured with a profilometer and the reproducibility of thickness was established. Scanning electron
microscopy (SEM) was used to image the cross-section of the layer confirming constant thickness of 5 pm and
showing the nanoporous character of the layer (Figure 11c). The elemental composition of the layers via
energy-dispersive X-ray spectroscopy (EDX) confirmed the presence of TiO2 and SiO: in the two region
imaged by SEM (Figure 11d).

Via ellipsometry the porosity of the layer was calculated based on its refractive index. The interference
pattern indicates a constant and defined layer thickness. The fitting of the experimental data (at 8 = 65°)
report a thickness of 5.1 pm and a calculated refractive index of n = 1.46. Based on reported refractive index
for bulk TiO2 (n = 2.56)3* we concluded that the sintered layer of TiO2 is highly porous and roughly half of the
volume is free (Figure 11b).

Quality control and selection of the plates was finally done by eye and by UV-Vis measurements. Defected
plates and plates with outlying transmissions were discarded. Selected plates (5 um TiOz) present
transmission at 330 nm between 7.5-12.5% and 3-6% for glass and glass/FTO, respectively.
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Figure 11. (a) XRD spectra of sintered TiOz layer (5 um) on glass. (b, top) Ellipsometry results on
of sintered TiO2 layer for angles of incident 6 = 65 ° (black line) and fitting with Cauchy function.
(b, bottom) The fitting confirms the thickness of TiO2, 5.1 pm, and calculates a refractive index
much lower compare to bulk TiO:z indicating porosity. (c) SEM imaging of TiO2 on glass and (d)
EDX analysis further determines the porosity of the electrode and the composition. SEM detail:
HV: 5.00 kV, Current 26.6 pA, mode SE. EDX performed on the window dashed in SEM image.
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Anchor deposition

Anchor molecules were dissolved in dry EtOH (¢ = 0.1 mM) and sonicated to ensure full dissolution. TiO2
plates were fired again before usage to remove adsorbed water and other contaminants (450 °C, 30 min).
Anchor solution were transferred in brown sealable container, TiO2 plates (at 60 °C to minimize water
absorption) were immerse in the solution with TiO: side facing the solution, and the container sealed to avoid
water diffusion. Plates were let in the anchor solution overnight at 20 °C, then cleaned with clean ethanol
solution by immersion (3 x 5 min, 25 mL of EtOH per plate). Consequently, plates were ambient dried (30
min) and vacuum-dried (60 °C, 2 h).

Supramolecular layer deposition for 1

Solution of ZR-1, 25-1 or a-1 were prepared in CHClz (¢ = 5 mM) via cycles of sonication and heating to
ensure full dissolution. The supramolecular polymer layer was deposit on TiO2 plates (or on anchor-
functionalized TiO2 plates) spincoating 100 pL of solution (1000 rpm, 60 sec). Plates are then annealed at
100 °C for 30 min and let cool down to room temperature (20 min-30min). Note: Supramolecular monomers
are molecularly dissolved in CHCls and the aggregation occurs via spincoating and consequent annealing.
Different annealing procedure were tested, and the optimum was selected based on the obtained CD spectra
of the surfaces.

SEM and EDX and ellipsometry demonstrated the penetration of the organic layers through the thickness
of TiOz (Figure 12).
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Figure 12. (a) SEM image and EDX analysis of the system 2R-1/BA-1/TiO-. Ellipsometry result
for incident angle 6 = 65 ° for (b) 2R-1/TiOz and (c) 2R-1/BA-1/TiOx.
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Supramolecular layer deposition for 2

For the photoelectrochemical measurements of $-2/TiOz and a-2/TiOz, an accurate selection of the TiO2
plates was done in order to ensure the reproducible quality of each individual substrates. I-V curves were
recorded for each TiOz photoanode, and a set of anodes with equal electrochemical behavior was chosen for
functionalization with 2. Before functionalization, the anodes were reheated to 450 C, cooled down to 50 C
and stored in water-free atmosphere. The plates were then functionalized as follow. Solution of §-2 or a-2
were prepared in CHCls (¢ = 10 mM for I-V curves and ¢ = 2.5 mM for chronoamperometry measurements)
via cycles of sonication and heating to ensure full dissolution. The supramolecular polymer layer was deposit
on TiO: plates spincoating 100 pL of solution (1000 rpm, 60 sec). Plates are then annealed at 100 °C for 30
min and let cool down to room temperature (20 min-30min). Note: Supramolecular monomers are
molecularly dissolved in CHCI3 and the aggregation occurs via spincoating and consequent annealing.

4.5.4. Photoelectrochemical cell and measurements

Photoelectrochemical cells were tested in custom-made glassware consisting of three connected chambers,
the chamber set for the working electrode is provided with a flat quartz window for illumination. A glass filter
separates the electrolyte solution of the counter electrode with the one of the working and reference
electrodes. The cell was set with TiO: plate as working electrode, (description of the plate below), Ag/AgCl
(Sigma Aldrich©) as reference electrode, and Pt plate as counter electrode. Wires to connect the electrodes
were copper. The cell was filled with 63 mL of 0.1 M Na2S0s aqueous solution (pH = 6.56). The potential
applied between the reference and the working electrode can be referred to reversible hydrogen electrode
(RHE) via the following equation:

ERHE = EAg/AgCZ +0.059- pHsolutian + E;/Agcl

For example: 0 V vs. Ag/AgCl = 0.597 vs. RHE.

Experiments under illumination are performed with Philips Brilliantline halogen lamp, 12 V 50 W or with
a LED 1A, 365 nm. The light is positioned 7 cm afar from the TiO2 electrode for all the measurements except
for chronoamperometry on S$-2/TiOz and a-2/TiOz which has the LED at 8 cm distance. Electrical
measurements were taken with an Autolab PGstat12. I-V measurements were performed with linear scans
from -0.5 to +0.5 V (scan rate 0.01 V min-!) or with 3 cycles from -0.5 to +0.5 V (scan rate 0.1 V min-!). In case
of cycles the first run was used, if not otherwise specified. After every measurement the solution was
refreshed and a sample was taken to determine the hydrogen peroxide content. Chronoamperometry
measurements were performed under illumination with potential set at 0 V vs. Ag/AgCl, and the current
recorded for 20-30minutes.
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Supramolecular block copolymers
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Abstract: Supramolecular block copolymers are becoming attractive materials in
nascent optoelectronic and catalytic technologies. However, their dynamic nature
precludes the straightforward tuning and analysis of the copolymer’s microstructure.
Here we report the elucidation of the microstructure of triarylamine triamide-based
supramolecular block copolymers through a comprehensive battery of spectroscopic,
theoretical, and super-resolution microscopic techniques. Via spectroscopic analysis
we demonstrate that the direct mixing of pre-assembled homopolymers and the
copolymerization induced by slow cooling of monomers lead to the formation of the
same copolymer’s architecture. The small but pronounced deviation of the
experimental spectra from the linear combination of the homopolymers’ spectra hints
to the formation of block copolymers. A mass balance model is introduced to further
unravel the microstructure of the copolymers formed and it confirms that stable multi-
block supramolecular copolymers can be accessed from different routes. The multi-
block structure of the supramolecular copolymers originates from the fine balance
between favorable hydrogen bonding interactions in combination with a small
mismatch penalty between two different monomers. Finally, we visualized the
formation of the supramolecular block copolymers by adapting a recently developed
super resolution microscopy technique, interface point accumulation for imaging in
nanoscale topography (iPAINT), for visualizing the architectures formed in organic
media. Combining multiple techniques is crucial to unveil the microstructure of these
complex dynamic supramolecular systems.




Chapter 5

5.1. Introduction

The widespread employment of nanotechnologies has stimulated the development of
high-performance, nano-ordered materials.1*¢ Supramolecular polymers are a
compelling platform for introducing diverse functionalities and long-range order.7-10
Their intrinsic self-organizing properties offer the possibility of creating finely tuned
dynamic microstructures that are simply not possible with conventional covalent
polymers. As mentioned in Chapter 1, this potential has motivated rapid progress in
developing fundamental principles for designing one-dimensional supramolecular
polymers, such as “sergeant and soldiers” chirality amplification!! and supramolecular
living polymerization.12-16 Concurrently, theoretical models have been developed to
describe supramolecular (co)-polymerization!7-22 and pathway complexity?3-25 of these
systems. A crucial step toward competitive functional materials requires control over
the sequence of different monomers held together through non-covalent hetero-
interactions in a supramolecular copolymer. Such control may represent an easy
strategy to achieve p-n junctions,?® FRET systems,?” and bio-sensors.28 Recently,
kinetically controlled supramolecular block copolymers have been reported with
different microstructures from Aida2¢ Takeuchi?? and Manners’ group.3%31 However,
these systems are obtained with supramolecular polymers which exhibit really slow
monomer exchange (or absent in case of Manners’ co-micelles) and the control over the
block microstructure is achieved via subsequent feeding with different monomers, and
are thus kinetically trapped. Hereinbefore, synthesis and characterization of well-
defined block structures under thermodynamic control has been elusive.

Based on our previous studies in Chapter 2, we hypothesized that a promising couple
for obtaining functional supramolecular block copolymers may be found in
triarylamine triamide-based monomers, $-1 and S-2 (Scheme 1)32. In the last years, the
exploitation of the intrinsic functionality of these aromatic cores in supramolecular
polymers led to versatile and switchable semi-conductive supramolecular materials.33-
36 For example, as described in Chapter 3 and Chapter 4, the exploitation of the
supramolecular chirality of poly(5-1) and analogues in water-splitting solar cells
resulted in improved performances and depletion of unwanted side-reactions.3”

The selection of $-1 and $-2 as co-monomers is due the similar molecular geometry
and to the analogous behavior upon polymerization which make the two monomers
promising candidates for copolymerization. Additionally, we expect that the small
conformational difference (Chapter 2, Figure 9)3%2 between the supramolecular
homopolymers poly(S-1) and poly(S-2) will result in a modest mismatch penalty upon
copolymerization. Together with a hydrogen bond directionality in the polymer
formed, we anticipate that the copolymer poly[(S-1)x-co-(S-2)1-x] can exhibit a multi-
block architecture as a result of the balanced H-bonding interactions between preferred
homopolymer segments and a limited number of hetero monomer couplings in the
polymer.
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Supramolecular block copolymers under thermodynamic control

In this Chapter, we report the non-covalent synthesis of triarylamines triamide-based
supramolecular copolymers. Through a combination of spectroscopic, theoretical, and
super-resolution microscopic techniques, we unambiguously demonstrate that these
copolymers exhibit a thermodynamically stable multi-block architecture.

0
NH H
— R R
,R \ / F\"
HN )—CNf N NH
N N
4 N\ / _
N
s-1‘ \_¢ l>s-2
a-1 (o] 0 a-2
R-NH
s1,82 R ,a\/(l)\/\/l\

a-1,a-2 R: 2%

Scheme 1. Chemical structures of tri(pyrid-2-yl)amine triamide (1) and triphenylamine triamide
(2), with chiral (S)-3,7-dimethyloctyl chain (S-1, $-2) and achiral dodecyl chain (a-1, a-2).

5.2. Results and discussion

5.2.1. Spectroscopic study of the supramolecular copolymers

The supramolecular copolymerization between $-1 and $-2 was first evaluated by
recording the spectroscopic variations upon mixing pre-assembled homopolymers,
poly(S-2) to poly(S-1). As reported in Chapter 2,32 both poly(S-1) and poly(S-2) form
via a cooperative mechanism two assembled states with opposite helicity, state I and
state I, as a function of temperature. Both the homopolymers poly($-1) and poly(S-2)
display two states characterized by opposite Cotton effect at A = 333 nm and A = 350
nm, respectively) (Chapter 2, Figures 5, 6). Our studies revealed that the transition of
state I into state II, which occurs at T < 20 °C, is allowed by the great flexibility of the
monomers and caused by the interaction of supramolecular polymers with co-dissolved
water in alkanes (Chapter 2, Figure 13).38 To avoid the complexity that arises from this
additional interaction, we performed the copolymerization under thermodynamic
control in state I above 20 °C in decalin.
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Chapter 5

First, we added poly(S-2) to poly(S-1) at 40 °C in a stepwise manner, leading to
poly[(5-1)x-co-(S-2)1-x], where x and (1-x) are the feed ratios of S-1 and S-2,
respectively (Figure 1a). After each addition, followed by equilibration of the solution
(30 min, 40 °C), we recorded UV-vis,5! CD, and fluorescence spectra (Figures 1b, 1c).
The resulting CD spectra display a linear transition from poly(S-1) to poly(S-2). The
linear combination of the two CD spectra of the homopolymers—calculated assuming
no interaction between the two homopolymers—is similar but not identical to the
experimental curves. A small but clear deviation at A = 297 nm (Figure 1d) is observed.

To investigate if the deviation between the experimental and the calculated CD
spectra of poly[(S-1)o.5-co-(S-2)o.5] is related to an interaction between the two
homopolymers, fluorescence (Figures 1c, 1e) and 'H NMR experiments (Figures 2)
were performed. The fluorescence measurements, performed during the stepwise
addition of poly(S-2) to poly(S-1) in decalin at 40 °C, display a sharp change in the
emission band already for poly[(S-1)o.s-co-(S-2)e.2] (Figure 1c, lightest grey curve). In
this case, the comparison of the measured emission with the linear combination of the
emission of the homopolymers reveals the absence of the shoulder at A = 360 nm
(attributed to poly(S-1)) and the dominance of poly(S-2) emission features (Figures
1c, 1e). This indicates the presence of supramolecular interactions between the two
homopolymers, which affect the electronic levels involved in the emission.
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a) Stepwise addition of homopolymers at 40 °C
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Figure 1. Spectroscopic analysis of the copolymerization achieved via stepwise addition of
supramolecular homopolymers. (a) Schematic representation of the experiment performed. (b)
CD and (c) emission spectra of poly[(S-1)x-co-(S-2) 1] obtained by stepwise addition of poly(S-
2) (green lines) to poly(S-1) (red lines) at 40 °C (decalin, cs.1 = cs2 = 50 pM). The grey lines
represent the different steps performed with different percentage of poly(S-2) added, from
poly[(S-1)o.s-co-(S-2)o2] (lightest grey) to poly[(S-1)o.24-c0-(S-2)0.76] (darkest grey). Poly[(S-
1)0.53-c0-(S-2)0.47] reported as light blue line. (d,e) Comparison of the experimental results of
poly[(S-1)o.53-co-(S-2)o.47] (light blue lines) with the linear combination obtained assuming no
interaction as [0.53 x poly(S-1) + 0.47 x poly(S-2)] (black dotted lines) for (d) CD and (e)
emission spectra.
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1H NMR spectra were recorded in deuterated chloroform (CDCl3). Because H-bond-
driven assembly in chloroform is weaker than in alkane solvents, the experiments were
performed at —40 °C. The shift of the aromatic and amide peaks in the copolymer,
compared to the ones recorded for separate poly(S-1) and poly(S-2) (Figures 2a), is
indicative for co-aggregation of S-1 and S-2. In addition, the 'H NOE spectra of the mixed
S-1 and S-2 solution, acquired under the same conditions, showed the presence of a
non-covalent hetero-interaction, which is revealed by a negative Overhauser effect of
both molecules while irradiating at specific signals of one of the two monomers3?
(Figures 2b).

(-3 NHR o NHR
RHN*@?NJN\’]AO RHN)ﬁ N’QAO
&% =
AN
. 1]
OGP NHR NHR

a) b)
—poly[(S-1),,-co-(S5-2), ] Irradiated proton
v — poly(S-1) . v L m] n
— poly(S-2) S
855 8.55 65 63 61

805 795 785765 7.55|7.15 705 695 6.256.15
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Figure 2. (a) 'H NMR in CDCls of poly(S-1), poly(S-2) and poly[(S-1)o.5-co-(5-2).5] at -40 °C. (b)

NOE spectrum of poly[(S-1)o.5-co-(S-2)o.5], proton irradiated indicated by blue arrow.

Since the conditions of 'H NMR are not fully comparable with the ones used for the
spectroscopic measurements, we further tested the co-interaction between the two
monomers performing a “mixed” sergeant and soldier experiment (Figures 3a).4? This
time, we mixed achiral poly(a-2) to poly(S-1) in a 1:1 ratio at 40 °C in decalin and
recorded the resulting CD spectra. Although the kinetics are slow compared to the
S-1: -2 couple, the mixed sergeant and soldiers experiment reveals chirality transfer
from poly(S-1) to poly(a-2) (Figures 3b, 3c). Since $-1 and a-2 have different
spectroscopic features, the increase of the CD band related to a-2 is symptomatic for a
co-interaction, indicating the presence of both monomers in the same aggregate.
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a) Stepwise addition of homopolymers at 40 °C
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Figure 3. Spectroscopic analysis of the “mixed” sergeant and soldier copolymerization achieved
via addition of supramolecular homopolymers. (a) Schematic representation of the experiment
performed. (b) Evolution of the CD spectrum of poly[(S-1)o.s-co-(a-2)o.s] (grey and blue lines) in
time obtained by addition of poly(a-2) to poly(S-1) (red line) at 40 °C (decalin, ¢s1 = ca2z = 50
uM). (c) Evolution of the wavelength of maximum CD (Acp max) in time after the addition of poly(a-
2) to poly(S-1) at 40 °C, inset CD intensity at the maximum wavelength.

From the results above, it becomes clear that a co-interaction occurs upon mixing pre-
assembled homopolymers, excluding the possibility of self-sorting.4! However its effect
on the CD spectra is subtle. This means that the interaction does not significantly
interfere with the supramolecular structure of the original homopolymers, excluding
both the possibility of an alternate as well as a random organization.

To further investigate the mechanism of formation of copolymers, we performed the
copolymerization via slow cooling of monomers (Figures 4). $-1 and S-2 were mixed in
a 1:1 ratio and monomerically dissolved at 100 °C. Subsequently slow cooling (cooling
rate = 15 °C h1) of the solution induces the supramolecular copolymerization of
poly[(5-1)o.50-co-(S-2)o.50] under thermodynamic control (Figure 4a). The variation of
the CD value at A = 341 nm (CD maximum of poly[(S-1)o.50-co-(S-2)o.50] at 40 °C) as a
function of temperature permits to elucidate the mechanism of copolymerization
(Figure 4b).*2 During cooling and copolymerization, full UV-vis, emission, and CD
spectra are registered every 5 degrees (Figure 4c).5! This allows to have an overview of
the thermal effect on the CD spectrum of the copolymer.
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The cooling curve recorded discloses the formation of the copolymer displaying a
cooperative mechanism and the elongation temperature (Te) at 85 °C. Interestingly, the
Te of poly[(S-1)o.5-co-(S-2)0.5] (Ctot = 50 puM, cs-1 = cs-2 = 25 pM) coincides with the Te of
poly(S-1) (cs-1 = 25 uM) (Figure 4b, blue line vs. red line). This indicates that the nuclei
of poly[(5-1)o.5-co-(S-2)o.5] coincide with the nuclei of poly($-1). The presence of one
single Te is a clear indication of the interaction occurring between S-1 and $-2. Indeed,
in case of independent formation of poly(S-1) and poly(S-2) (estimated by the linear
sum of the individual cooling curves of poly(S-1) and poly(S-2) at ¢ = 25 uM), two
transitions with different Te would be present in the cooling curve (Figure 4b, black
dotted line). The single T. and the coincidence of it with the T. of poly(S-1) reveals that
the copolymer nucleates from $-1 nuclei, and elongates copolymerizing S-1 with $-2
monomers.

a) Slow cooling of monomers from 100 °C to 40 °C

& A A 100° poly[(S-1), .-co-(S-2), ]

b)
80 5
— - [poly(S-1) + poly(S-2)] —100°C
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=) -, — poly(S-2) T\
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Figure 4. Spectroscopic analysis of the copolymerization achieved via slow cooling monomers.
(a) Schematic representation of the experiment performed. (b) CD cooling curves (A = 341 nm,
cooling rate = 15 °C h'!) of poly[(S-1)o.5-c0-(S-2)o.5] (decalin, cwor = 50 uM) (blue line), poly(S-1)
(red line), poly(S-2) (green line) and the linear sum as [poly(S-1) + poly(S-2)] assuming no
interaction (decalin, cs.1 = cs2 = 25 pM) (black dotted line). (c) CD spectra of poly[(S-1)o.s-co-(S-
2)o.5] recorded while cooling (cooling rate = 15 °C h'!) and copolymerizing. Spectra acquired every
5 degrees from 100 °C (red line) to 40 °C (blue line).
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Supramolecular block copolymers under thermodynamic control

We performed the same cooling experiment on poly[(S-1)o.5-co-(a-2)os] (Figure 5).
The cooling curve and the Te = 85 °C were matching those of poly[(S-1)o.5-co-(S-2)o.5],
further supporting the hypothesis that S$-1 oligomers act as nuclei for the
copolymerization with S-2 or a-2.

a) Slow cooling of monomers from 100 °C to 40 °C
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Figure 5. Spectroscopic analysis of the mixed sergeant and soldiers copolymerization achieved
via slow cooling monomers. (a) Schematic representation of the experiment performed. (b) CD
cooling curves (A = 341 nm, cooling rate = 15 °C h-1) of poly[(S-1)o.5-co-(a-2)e] (decalin, ctor = 50
uM). (c) CD spectra of poly[(S-1)o.5-co-(a-2)os] recorded while cooling (cooling rate = 15 °C h-1)
and copolymerizing. Spectra acquired every 5 °C from 100 °C (red line) to 40 °C (blue line).

To understand whether the copolymerization strategies used play a role in the
resulting microstructure, we compared the CD and the emission spectra of poly[(S-
1)o.5-co-(S-2)o.5] obtained at 40 °C via the addition of homopolymers with the ones
measured under thermodynamic control via slow cooling (Figures 6). Strikingly, both
the CD (Figure 6b) and the fluorescence (Figure 6¢) spectra perfectly overlap indicating
that the same copolymer can be formed via different pathways and is stable over time.
The single elongation temperature and the CD spectrum, similar but not identical to the
linear combination of the homopolymers, support the hypothesis of the formation of a
block-like copolymer structure. This is analogous to covalent block copolymers, where
some spectroscopic features of the homopolymers are conserved and linearly
combined in the corresponding block copolymer.43

According to this hypothesis, we speculate that the small deviation observed at A =
297 nm (Figure 6b) from the CD spectrum of the linear combination is the result of small
conformational changes required for the co-interaction of $-1 with S-2.
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Figure 6. Comparison of the spectroscopic features of the copolymers obtained via the two
copolymerization strategies (decalin, 40 °C, ctor = 50 pM). (a) Schematic representation of the
proposed copolymerization model, (b) CD diagnostic band and (c) normalized emission spectra.
The CD and the emission spectra obtained by addition of homopolymers at 40 °C (light blue lines)
coincides with the ones recorded via cooling of monomers (blue lines). The experimental spectra
deviate from the linear combination of the homopolymers’ spectra (black dotted lines) in the CD
band at 297 nm and in the fluorescence band at 360 nm (linear combination spectra obtained
assuming no interaction as [0.5 x poly(S-1) + 0.5 x poly(S-2)] with ¢s1 = ¢s2 = 50 uM).

To get more insight into how the two monomers are incorporated in the copolymers,
we simultaneously analyzed the variation of the CD intensities at multiple wavelengths
of poly(S-1), poly(S-2) and poly[(S-1)o.5-co-(5-2)o.5] while cooling (Figure 7a).
Following the CD intensities at A = 333 nm and 350 nm (ie. corresponding to the CD
maxima of poly(S-1) and poly(S-2), respectively) (Figure 7a top) allows to decompose
the CD cooling curve of poly[(S-1)o.5-co-(S-2)o.5] (Figure 7a bottom) intensities into
contributions of poly(S-1) and poly(S-2) and thus calculate the amounts of §-1 and §-
2 in the copolymer chain as a function of temperature (Figure 7b, solid dots). As
expected, at higher temperatures the copolymer consists primarily of S-1 units, while
at 20 °C the effective ratio of the monomers in poly[(S-1)o.5-co-(S-2)o.5] equilibrates to
0.5:0.5, in line with the feed ratio. Additionally, we observe that the incorporation of S-
1 occurs rapidly while $-2 incorporates in a more gradual manner but it starts to
copolymerize at higher temperatures (Figure 7b, green dots) compared to its
homopolymer poly(S-2) (Figure 7b, green line). This further provides evidence that the
S-1 and $-2 do not polymerize independently of each other.
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Figure 7. (a, top) CD spectra of poly(S-1) (red line), poly(S-2) (green line) and poly[(S-1)o.s-co-
(5-2)0.5] (blue line) at 20 °C and (bottom) CD spectra (grey lines) of poly[(S-1)o.5-co-(S-2)o.s] from
100 °C to 20 °C (blue line). Vertical dashed lines for A = 333 nm and 350 nm (CD maxima of
poly(S-1) and poly(S-2), respectively), wavelengths used for the decomposition of the CD spectra
of poly[(S-1)o.5-co-(S-2)o.5] upon cooling. (b) Normalized concentration of monomers in the
copolymers (computed via CD spectra decomposition) for poly[(S-1)o.s-co-(S-2)o.s] (solid dots)
and the simulation for poly[(A)o.s-co-(B)o.s] with AHas = —37 k] mol-! (dashed lines).

5.2.2. Modeling of supramolecular block copolymer formation

Recently Das et al.*® demonstrated that theoretical modeling integrated in the study
of spectroscopic data helps understanding the composition in supramolecular
copolymers. In collaboration with Markvoort and ten Eikelder, the copolymerization
model there reported*® was expanded to take into account copolymerization of
monomers that individually form distinctly cooperative aggregates (the modelling has
been developed by Markvoort and ten Eikelder). The main idea of the model is that
homo-bonds (i.e.,, non-covalent bonds between two equal monomers) in the copolymer
behave equal to those in their respective homopolymer, and that the copolymerization
can thus be fully described by the free energy gain of the formation of a hetero-bonds
(i.e, non-covalent bond between two different monomers).

Since it was not possible to reliably fit the CD cooling curves of the homopolymers
poly(S-1) and poly(S-2) over a wide concentration range, we used hypothetical
polymers poly(A4) and poly(B) as simulated systems. Thermodynamic parameters,
including different cooperativities as nucleation penalties (NP), (AHaa = =53 k] mol-,
NPa = -40 k] mol, AHgs = -50 k] molt, NPg = -20 k] mol-, AS = -0.06 k] mol1), were
then selected to give rise to calculated homopolymerization curves that resemble the
experimental curves of poly(S-1) and poly(S-2), respectively (Figure 8a). Next, we
generated a series of theoretical copolymerization curves by varying the enthalpic
interaction between subsequent A and B units (AHas) in the copolymer (Figures 8b).

For a weak A-B interaction (AHas = -25 k] mol1), the cooling curve resembles the
linear combination of cooling curves of the homopolymers (Figure 8b, black line), while
for arelatively strong A-B interaction (AHas = =47 k] mol-1), the elongation temperature
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increases significantly (Figure 8b, orange line). For an intermediate A-B interaction of
AHag = =37 k] mol-! the cooling curve shows the typical linear dependence (Figure 8b,
blue line) that was also observed experimentally (Figure 4b, blue line). For every AHas,
it is possible to determine the copolymer composition as a function of temperature, as
concentration of polymerized monomers (Figure 8c). Less negative AHap values give
independent incorporation of A and B: A polymerizes first and B polymerizes at lower
temperatures (Figure 8c, left). Highly favorable AHag values result in a quasi-coincident
incorporation of the two monomers, meaning that B copolymerizes at higher
temperature compared to its homopolymerization (Figure 8c, right).

Based on selected AHas values, stochastic simulation predicts the length and the
microstructure of the related copolymers.4* Zoomed regions of the microstructures
obtained with increasingly favorable AHag values (Figure 8d) display how weak co-
interactions give self-sorted polymers, (Figure 8d, left) and strong co-interactions
results in alternated microstructures (Figure 8d, right).

In addition, the stochastic simulation allows to investigate the evolution of the
fraction of A-B bonds in time (namely the number of A-B contacts in the copolymer over
the total number of contacts) starting from different scenarios. We simulated the
fraction of A-B bonds during the copolymerization starting either from supramolecular
homopolymers (fraction A-B bond = 0 at t = 0.0 s Figure 8e, light blue crosses) or from
molecularly-dissolved monomers (fraction A-B bond = 0.22 at ¢t = 0.0 s, Figure 8e, blue
crosses). In line with the spectroscopic data (vide supra), the stochastic simulations
highlight the convergence of the curves starting from two different points to the same
value of A-B bonds. This occurs for all the different copolymerization scenarios in a
reasonable amount of time. The fraction of A-B bonds converges to = 0.002 (Figure 8e,
left) for self-sorted systems, to = 0.5 for random systems, and to = 0.75 for systems with
an alternate predominance (Figure 8e, right).

Comparing the simulated cases with the experimental cooling curve of poly[(S-1)o.5-
co-(S5-2)os], it is possible to identify the case corresponding to AHas = —37 k] mol! as
the simulation which best resembles the experimental curve (Figure 8b, blue curve vs.
Figure 4b, blue curve). The selected simulated case (AHas = -=37 k] mol-1) shows also
similar dependence of monomers composition as a function of temperature (Figure 7b).
Based on the stochastic simulation, this case exhibits a multi-block structure (Figures
8d, 8e, second to left), which agrees remarkably well with the hypothesis of the
formation of supramolecular multi-block copolymers under thermodynamic
equilibrium conditions. This evidence further supports the possibility of achieving
stable supramolecular block architectures under thermodynamic control.
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Figure 8. Simulated cooling curves of (a) poly(A) (orange lines) and poly(B) (green lines) and
(b) related copolymers poly[(A)o.s-co-(B)o.s] (ctot = 50 uM) while varying AHag. (c) Concentration
of polymerized monomers in the copolymer as a function of temperature. (d) Section of the
copolymer’s microstructure obtained via stochastic simulation from AHag -25 to -47 k] mol.. (e)
Related evolution in time of the fraction of A-B bonds, from homopolymers (light blue crosses)
and from the monomerically dispersed state (blue crosses).Simulation at 50 °C for ca = cp =25 pM.
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5.2.3. Visualization of supramolecular block copolymers by iPAINT

Spectroscopic measurements and simulation indicated the presence of multi-block
structure. To further support this hypothesis, we employed a recently developed super
resolution microscopy technique, interface point accumulation for imaging in
nanoscale topography (iPAINT),4>47 to visualize the copolymer obtained.

iPAINT allows imaging in organic solvent by single molecule localization with a spatial
resolution on the order of 20 nm. The technique exploits the spontaneous physisorption
of the photoactivated caged-rhodamine dyes to the 1D supramolecular polymers,* and
does not require the synthesis of ad-hoc dye-functionalized monomers. Caged-
rhodamine dyes are photoactivated with UV light and require the attack from
nucleophiles in solution to form the fluorescent state. For this reason, the measurement
in apolar organic solvents (required to have the assembly) are performed in presence
of 1% of iso-propanol (i-PrOH).

Differently from water-based iPAINT47 (where probes are freely diffusing in solution
and the imaging is obtained via a temporary physisorption of the dyes on the interface)
the solubility of the dyes in MCH is poor and the physisorption of the dyes on the
polymers’ interface is more stable. The technique has been tested on diverse H-bonded
supramolecular homopolymers and then applied on poly(S-1)-co-(S-2).46

The deposition of the probes is non-covalent and non-specific and it has been
demonstrated that does not hamper the free exchange of monomers. In addition, the
hindered exchange of dyes between the stained interface and the reservoir, as well as
the hampered migration of dyes along the fibers, grants the dye-polymer
correspondence imposed by pre-staining the supramolecular homopolymers before
mixing. This ensures the investigation of the arrangement of the copolymer
microstructure with a two-color imaging.

Although the measurements are performed in conditions which render a direct
comparison with the spectroscopic data difficult, iPAINT microscopy can provide visual
evidence for the blocky character of the copolymer. The supramolecular homopolymers
were assembled in MCH and stained individually with photoactivatable caged dyes:
Cage-635 for poly(S-1) giving poly(S-1)¢635, and Cage-552 for poly(S-2) giving
poly(S-2)¢552, Successively, the pre-stained homopolymers poly(S-1)¢-635and poly(S-
2)¢552 gre mixed in a 1:1 ratio at 40 °C (Figure 9a). The low solubility of the dyes in MCH
ensures the dye-polymers correspondence imposed by pre-staining (which is
fundamental for the experiment) without hampering the intrinsic dynamicity of the
supramolecular fibers.#¢ The solution is then injected in the sample chamber and the
imaging is performed once the fibers are physisorbed on the coverslip. At this point the
dynamicity is suppressed and no further exchange occurs.

Remarkably, iPAINT revealed the presence of red and green bi- and tri-block fibers,
confirming our hypothesis of formation of supramolecular block copolymers.
Differently from what we observed when mixing the same homopolymer oppositely
stained (e.g.: poly(S-1)¢-352+ poly(S-1)¢-635), in which a full reconstruction of the fiber
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in the two channels is obtained,*¢ the addition of poly(S-2)¢-552 to poly(S-1)¢-635
confirmed the formation of supramolecular block copolymers poly[(S-1)¢635¢.5-co-(S-
2)¢552p 5] in alkane solvents (Figure 9b) and the capability to discern between random
aggregates and block architectures.*6

a) b) Cage-635 channel

Merged channel

poly(S-1) poly(5-1)% ¢
Add . )
40°C ¢
)
¢

poly[(S-1)¢5%-co-(§-2)55%2)

poly(S-2) poly(S-2)¢-%2

Figure 9. (a) Schematic representation of staining (poly(S-1) with Cage-635 giving
poly(S-1)¢635 and poly(S-2) with Cage-552 giving poly(S-2)¢552) and mixing at 40 °C (cs1 = Cs-2
=200 puM in MCH, 0.5% v/v Cage-dye ¢ = 10 mM in DMSO, 1% i-PrOH). (b) iPAINT images of
supramolecular copolymers, reconstructed images of merged channels and single Cage-635 and
Cage-552 channels.

We noticed that the block-length observed in the iPAINT experiments differs from the
one estimated by the model. This discrepancy likely results from the different
conditions used between spectroscopic and microscopy experiments. iPAINT is
performed in more concentrated conditions and in the presence of 1% of isopropanol
(i-PrOH), 0.5% of dimethylsulfoxide (DMSO) and the dye. The imaging is then acquired
on the fibers physisorbed on a glass coverslip, which is fundamental to achieve well-
resolved reconstructed images.*8

To evaluate the impact of i-PrOH and DMSO on the fiber assembly, we performed CD
spectroscopy on the supramolecular polymers in the same conditions as used for
iPAINT imaging (¢ = 200 uM in MCH, 0.5% DMSO, 1% i-PrOH v/v) (Figure 10). For
poly(S-1) and poly(S-2) the shape of the CD spectrum (Figures 10a, 10b) was
unaltered, although the CD intensity was reduced. This indicates a partial denaturation
of the assemblies upon addition of the polar solvents.424?

The stepwise addition of poly(S-2) to poly(S-1) in iPAINT conditions performed at
40 °C was also evaluated by CD spectroscopy and poly[(S-1)o.5-co-(S-2)o.5] displayed
the same CD features as those obtained in pure MCH (Figure 10b). It is worth to notice
that the presence of i-PrOH seems to affect the copolymer more than the
homopolymers. The spectrum recorded in absence of polar solvents displays a CD
maximum at the same wavelength (A = 341 nm) at intensity of the crossing point of the

Page | 127



Chapter 5

homopolymers’ CD curves as expected (Figure 10a). Conversely, the copolymer’s CD
spectrum recorded in presence of DMSO and i-PrOH is partially decreased in intensity
(Figure 10b). This indicates that the denaturing effect of i-PrOH/DMSO is enhanced in
the copolymer when compared to the relative homopolymers. This result is consistent
with the data obtained with the mass balance model, where the enthalpic gain of hetero-
interactions (AHaB) is less favorable than the homo-interactions (AHaa and AHgs)
(Figure 8).
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Figure 10. CD spectra in (a) MCH and (b) MCH + 0.5 % DMSO, 1% i-PrOH of poly(S-1) (red line),
poly(S-2) (green line) and poly[(S-1)o.5-co-(S-2)o.5] (blue and black lines, respectively) (40 °C, ¢
=200 pM).

This means that the A-B contacts are easier to break than 4-A or B-B and more affected
by i-PrOH and DMSO. Based on this, we speculate that the addition of 0.5% DMSO of and
1% i-PrOH (v/v) partially favors the homo-interactions making bi- or tri- blocks
copolymers more stable than multi-block copolymers. Despite the differences induced
by the denaturing effect, the system is still stable enough to copolymerize,
demonstrating once more the reproducible tendency of the system to form block
copolymers under different conditions.
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5.2.4. Kinetic spectroscopic and iPAINT studies

Finally, we explored the kinetics involved in the formation of poly[(S-1)o.5-co-(S-
2)o.5] by adding poly(S-2) to poly(S-1) at 20 °C (Figure 11a). The addition at this
temperature resulted in a CD spectrum perfectly superimposable with the linear
combination of the homopolymers, also in the diagnostic band (Figure 11b, left).
Subsequent heating to 40 °C led to a transition visible in the CD diagnostic band as a
flattening (Figure 11b, right) and in the heating curve as an additional transition at = 27
°C (Figure 11c). Subsequently, in the emission spectra a loss of the shoulder at A = 360
nm and an increase in emission intensity was observed (data not shown).51
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Figure 11. (a) Addition at 20 °C, kinetic trap of self-sorted homopolymers and consequent
evolution to poly[(S-1)o.s-co-(S-2)os] by heating. (b) CD diagnostic band of (left) self-sorted
trapped state at 20 °C and evolution to poly[(S-1)o.5-co-(S-2)o.5] (right) at 40 °C (decalin ctot = 50
uM). Comparison of the experimental results (light blue lines) with the linear combination spectra
(black dotted lines) (c) CD heating curves followed at A= 341 nm for the originally self-sorted
solution [0.5 x poly(S-1) + 0.5 x poly(S-2)] (light blue curve) and for the supramolecular
copolymer poly[(S-1)o.s-co-(S-2)o.s] (blue curve).
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The CD spectrum recorded at 40 °C perfectly overlaps with the one recorded via slow
cooling of monomers. We attribute this to the possibility to kinetically trap the “self-
sorted” homopolymers by mixing at 20 °C. Subsequently, giving thermal energy to the
system, or equilibrating, the metastable mixed state [0.5 x poly(S-1) + 0.5 x poly(S-2)]
transforms into poly[(S-1)o.5-co-(S-2)os] block copolymers. To confirm this
hypothesis, we imaged with iPAINT the evolution of the mixture prepared at 20 °C at
different time-lapses. By mixing the stained supramolecular homopolymer at 20 °C
(Figure 12a) and directly imaging them, we verified the self-sorting at low
temperatures (Figure 12b). By repeating the imaging on the mixed solution
equilibrated for one hour at 20 °C, we confirmed the occurred copolymerization (Figure
12c).

a) b) c)
[Poly(S-1)°%% + poly(S-2)°*7] poly[(S-1)-#5-co-(§-2)**7]

= 09 )
poly(S-1)55% + poly(S-2)c-55

Figure 12. (a, b) Addition at 20 °C, kinetic trap of self-sorted homopolymers and consequent
evolution to (c) poly[(S-1)¢6355-co-(S-2)¢55205] by equilibration at 20 °C. iPAINT image at (b)
t =0 minand (c) 1 hour after the addition. (cs-1= cs2=200 uM in MCH, 0.5% v/v Cage-dye c = 10
mM in DMSO, 1% v/v i-PrOH).
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5.3. Conclusions

Taken all together, the results presented clearly indicate the formation of
supramolecular block copolymers under thermodynamic equilibrium conditions. The
strategy applied here is generally applicable to create supramolecular block
copolymers. This approach takes advantage of the balance between the mismatch
penalty that hampers the complete mixing and the enthalpic cost of the chain-ends that
drives to co-interactions. In a similar way that propagation of errors in olefin
polymerization occurs,>? blocky structures can be formed.

Based on the above, we can list (some of) the requirements needed for monomer’
couples to obtain multi-block supramolecular copolymers. Besides the symmetry
prerequisite needed to achieve successful interactions among the different monomers,
such as H-bonding, the couple of monomers has to display a similar cooperative
homopolymerization and a moderately small enthalpic gain. This last factor, unique for
every couple, is a combination of multiple energies involved. For example, the mismatch
penalties paid for the conformational change required to interact with the other type of
monomers as well as positive contributions (e.g., H-bonding formation, donor-acceptor
interactions). The enthalpic gain defines the formation of a certain microstructure
(from alternate to self-sorted). The more negative the value, the more favorable the
interaction, which drives to random or alternated structure. Oppositely, multi-blocks
and block copolymers are formed when AHag is much less negative than the enthalpy
for the relative homopolymers (|JAHas| << |[AHaa| and |AHag| << |AHzg|). Moreover, since
the cooperativity plays a fundamental role in the homopolymers and copolymers
growth, the difference between the two cooperativities will define the length of the
respective blocks.

The application of this strategy allows the formation of stable non-covalent block
copolymers. The use of co-assembling monomers with diverse optoelectronic
properties would lead to new, unexpected functionalities in the field of supramolecular
electronics.
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5.4. Experimental section
5.4.1. Methods

All solvents were obtained from Biosolve, Acros or Aldrich and used as received. 6,6’,6”-Nitrilotris(N-(3,7-
dimethyloctyl)nicotinamide) ($-1), 6,6’,6”-Nitrilotris(N-dodecylnicotinamide) (a-1), 4,4’,4"-nitilotris(N-
dodecylbenzamide) (a-2) and 4,4’,4"-nitrilotris(N-((S)-3,7-dimethyloctyl)benzamide) (5-2) were
synthesized as reported in Chapter 232 and vacuum-oven dried before use. Cage-dyes were obtained from
Abberior®2and used as received.

'H-NMR measurements were conducted on a 500 MHz Bruker five-channel liquid-state spectrometer

equipped with a high sensitivity QXI cryoprobe with cooled proton channel. Proton chemical shifts are
reported in ppm downfield from tetramethylsilane (TMS).
UV/Vis and circular dichroism (CD) measurements were performed on a Jasco ]J-815 spectropolarimeter, for
which the sensitivity, time constants and scan rates were chosen appropriately. Corresponding temperature-
dependent measurements were performed with a Jasco PFD-425S/15 Peltier- type temperature controller
with a temperature range of 263-393 K and adjustable temperature slope. In all experiments the linear
dichroism was also measured and in all cases no linear dichroism was observed. Fluorescence spectra were
measured with Jasco FM0-427S/15 fluorimeter implemented in the CD spectrometer. For spectroscopic
measurements spectroscopic grade solvents were employed and different cells were employed. For CD,
UV/Vis and fluorescence measurements a sealable quartz cuvette with optic path of 1 cm x 1 cm was used.
Fluorescence was tested also with a fluorescence cuvette with 1 cm x 1 mm path, the results obtained with
the two cuvettes are comparable. Solutions (50 uM) were prepared by weighing the necessary amount of
compound for the given concentration and dissolved with a weighted amount of solvent based on its density.
The stock solutions were heated up, sonicated till complete dissolution and slowly cooled down to room
temperature every time before use unless otherwise specified. All the spectroscopic and microscopy
measurement were performed with freshly prepared solutions (max. 1 week after the preparation of the
stock solution).

iPAINT images were acquired using a Nikon N-STORM system equipped with ~158.3 mW cm2 (A = 405
nm), ~488 mW/cm? (A = 561 nm) and ~1335 mW cm2 (A = 647 nm) laser lines configured for total internal
reflection fluorescence (TIRF) imaging. The angle at which the inclined excitation was performed was finely
tuned to maximize the signal-to-noise ratio. The fluorescence emission was collected by means of an oil
immersion objective (Nikon 100x, 1.4NA) A quad-band pass dichroic filter (97335 Nikon) was used to
separate the excitation light from the fluorescence emission. Time lapses of 15 x 103 frames were recorded
onto a 256 x 256 pixel region (pixel size 170 nm) of an EMCCD camera (ixon3, Andor) at a rate of 47 fs-. Two
different photo-activated dyes were used to perform two-color iPAINT measurements: Cage-552 and Cage-
635 (Abberior®). These caged rhodamines reside in a dark, non-fluorescent state; upon UV irradiation (A =
405 nm) the photolysis of the photo-activated moiety is carried out, leading to an open-fluorescent form
through the Wolff rearrangement.>2 Upon excitation with the proper wavelength (A = 561 nm for Cage-552, A
= 647 nm for Cage-635), the fluorescence of the dyes was collected. To perform single-molecule experiments,
alow UV laser light power (< 1% power) was used. In this way a small amount of dyes per frame is uncaged,

ensuring statistically a spatial separation greater than the diffraction limit of light (ﬁ ~ 200 nm).

Subsequently, the sample was irradiated with a 100 % power laser at the proper wavelength to achieve both
excitation and bleaching of the single molecules previously photo-activated. In such a way the excited and
bleached molecules are no longer contributing to the reconstruction of the super-resolved image. The iPAINT
image was analyzed with NIS-element Nikon software. The sample chamber used to perform iPAINT imaging
was made from a cover slide and a coverslip held together by double-side tape, creating a chamber volume of
~30 pL. Prior assembly of the sample chamber, the coverslip was cleaned by piranha etching, followed by
rinsing and sonication in acetone, isopropanol, MQ-water (18.2 MQ) and finally blown-dry with nitrogen. To
perform super-resolution imaging in organic solvents, a protocol based on adding a small amount of an
alcohol to the sample solution was followed, to achieve the uncaging of the caged dyes.** Hence, iPAINT
polymers (c = 200 uM) was carried out in methylcyclohexane (MCH), adding 1% v/v of isopropanol (i-PrOH)
to the solution, and 0.5% v/v of the cage-dyes (¢ = 10 mM in DMSO). Further insight on the techniques are
published elsewhere.*6
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5.4.2. Sample preparation

The supramolecular copolymerizations were performed with tri(pyrid-2-yl)amine tricarboxyamide (1)
and triphenylamine tri-p-carboxamide (2). In detail: 6,6’,6”-nitrilotris(N-((5)3,7-
dimethyloctyl)nicotinamide) ($-1), 6,6’,6"-nitrilotris(N-dodecylnicotinamide) (a-1), 4,4’,4"-nitilotris(N-
dodecylbenzamide) (a-2) and 4,4’,4"-nitrilotris(N-((S)-3,7-dimethyloctyl)benzamide) ($-2).32
The techniques used to supramolecularly copolymerize 1 and 2 were developed taking inspiration from
classical copolymerization techniques as stepwise addition and random polymerization. The two techniques
used in this work are: “addition of self-assembled homopolymers” and “slow cooling of monomers”.
We investigated the supramolecular copolymerization of the following couples of monomers, $-2:a-1
(poly[(S-2)x-co-(a-1)1-w]), S-1:a-2 (poly[(S-1)x-co-(a-2)ax]), and S-1:5-2 (poly[(S-1)x-co-(S-2)av]),
where x and (1-x) are the respective feed ratios.

Copolymerization in state I, under thermodynamic control

As reported in Chapter 2, both the homopolymers are subject to pathway complexity. In MCH both poly(S-
1) and poly(S-2) show two different assembled states with opposite handedness.32 State I, with positive CD
signal, is formed at high temperatures from a molecularly dissolved solution via a nucleation-elongation
mechanism. State II, is formed below room temperature through a sharp transition from the first assembled
state 1. We reported that, applying a slow cooling-heating cycle on the systems, the CD curves display
hysteresis in the temperature window below room temperature. Besides, out of the hysteresis region, the CD
reports the same value while heating and cooling, meaning that above room temperature the system is under
thermodynamic equilibrium in the state previously identified as state 1.38
In the previous work the necessity of analyzing the polymerization of S-1 in decalin isomer mixture for
increasing the solubility was addressed. Poly(S-1) shows the same assembling path in decalin and MCH: in
ambient condition in decalin the transition state I to state II occurs at 0 °C.32 For this reason, we chose to
perform the supramolecular copolymerization in decalin isomer mixture and for completeness we
investigated the assembling behavior of §-2 in decalin isomers mixture. We confirmed the analogous behavior
observed in MCH5, Thus, in order to perform all the copolymerization under thermodynamic control in state
I, all the measurements were performed at temperatures higher that 20 °C. The solutions were prepared in
ambient conditions and stored in sealable vials or cuvettes.

Stepwise addition of self-assembled homopolymers

Poly(S-1) and poly(S-2) were assembled in decalin isomer mixture (¢ = 50 uM) from the monomerically
dissolved state (100 °C) via slow cooling (cooling rate = 15 °C h-1). Poly(S-1), was placed in a cuvette and
poly(S-2) was stepwisely added at a fixed temperature of 40 °C. The system was equilibrated for 5-10
minutes after every addition in order to stabilize the signal. Spectra were recorded after the equilibration
time. Based on the stage of the stepwise addition, the ratio between S-1 and $-2 is expressed as poly[(S-1)x-
c0-(S-2)1-»] while the total concentration of the mixed solution is kept at 50 uM.
The same procedure was performed at 20 °C to kinetically trap the self-sorted state. The self-sorted solution
eventually evolves into the supramolecular copolymer via equilibration or heating.

Slow cooling of monomerically dissolved state

The supramolecular copolymerization via slow cooling was performed in decalin isomers mixture
combining monomers S-1 and $-2 ina 1:1 ratio to obtain poly[(S-1)o.5-co-(S-2)o.5]. Slow cooling of monomers
was performed at ctor = 50 uM, meaning a concentration per each monomer of 25 puM. The solution was heated
to 100 °C to reach the molecularly dissolved state and slowly cooled down (cooling rate of 15 °C h-!) leading
to the formation of the copolymer under thermodynamic control.
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Mixed sergeant and soldiers experiment

Mixed sergeant and soldiers experiments were performed to investigate the possibility of interaction
between different supramolecular monomers or polymers and were measured for the couples $-1:a-2,
poly[(S-1)x-co-(a-2)1-v], and S-2:a-1, poly[(S-2)x-co-(a-1) a-x].
Mixed sergeant and soldiers experiments were performed via “stepwise addition at 40 °C” and “slow cooling
of monomers” and prepared as described before for $-2:5-1 couple.
The achiral molecules show state I to state II transition at higher temperatures compared to the chiral
analogues. Therefore, all the measurements were performed at T > 30 °C, preventing in this way, the
transition to state II.

5.4.3. iPAINT solution

The solutions for iPAINT were prepared in MCH since previous work showed the possibility to do super
resolution imaging in MCH.#> As previously reported in Chapter 2,32 the self-assembling properties of
triarylamines in MCH and in decalin are comparable. Poly(S-1) and poly(S-2) were polymerized individually
under thermodynamic control (cooling rate 15 °C h'!) in MCH (¢ = 200 uM). Then, at 20 °C poly(S-1) was
stained with 0.5% v/v of Cage-635 (¢ = 10 mM in DMSO) and 1% of i-PrOH. Poly(S-2) was stained with 0.5%
v/v Cage-552 (¢ = 10 mM in DMSO) and 1% of i-PrOH. Both solutions were vortexed and brought to the
temperature required for the mixing.

Addition at 40 °C:

The stained solutions of poly(S-1) and poly(S-2) were brought to 40 °C in a water bath, equilibrated for 5
minutes, then mixed in a 1:1 ratio. The mixed solution was injected in the sample chamber and consequently
imaged.

Addition at 20 °C:

Stained poly(S-1) and poly(S-2) were mixed in a 1:1 ratio at 20 °C, one aliquot was injected in the sample
chamber to be imaged directly after the mixing. Another aliquot was kept at 20 °C and then imaged one hour
after the mixing.

5.4.4. Decomposition of the variable temperature copolymer CD spectra

The homopolymers poly(S-1) and poly(S-2) do not present shift in the wavelength of CD spectra during

the polymerization: the maximum of the CD stays constant during the polymerization process. Besides, the
copolymer CD spectra (and the related wavelengths where the CD maximum falls) are temperature
dependent. This effect is due to the change in the effective composition of the copolymer while cooling the
system. In order to estimate the effective composition of poly[(S-1)o5-co-(S-2)o.s] while cooling and
polymerizing, we analyzed the changes in the CD spectrum as a function of temperature.
From the variable temperature CD spectra of poly(S-1), poly(S-2) and poly[(S-1)os5-co-(S-2)os], we
extracted the values of CD at three wavelengths (A = 333 nm, 338 nm, and 350 nm). A = 350 nm is poly(S-2)
CD maximum, A = 333 nm is poly(S-1) CD maximum, and A = 338 nm corresponds to the wavelength where
the intensities of poly(S-1) and poly(S-2) are similar. The cooling curves obtained were normalized such that
the area under the curves for all three wavelengths is the same, and the CD signal at A = 338 nm at the lowest
temperature equals 1.

In standard one-component system (assuming the formation of a single supramolecular species in solution)

the CD spectrum of the supramolecular polymer should vary just in intensity while cooling and polymerizing.
Thus, their normalized cooling curves followed at multiple wavelengths should overlaps. As expected, the
normalized cooling curves for the three wavelengths reasonably overlap both for poly(S-1) and poly(S-2).
Nevertheless, for poly[(S-1)o.5-co-(S-2)o.5] this does not happen; between 85 °C and 50 °C the CD at A = 333
nm is more intense, while below 50 °C the CD at A = 350 nm is more intense. This effect can be attributed to
the composition (ratio $-1 to $-2) of the copolymer that is temperature dependent.
We then used the non-normalized cooling curves at the two wavelengths where the CD intensities of poly(S-
1) and poly($-2) are maximal, i.e, A = 333 nm and 350 nm respectively, to analyze this temperature
dependence of the copolymer composition based on the assumption that the measured CD signal of poly[(S-
1)o.5-co-(S-2)o.5] is the linear combination of the signals of the two monomer types:
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CDgoly[(s—U—co—(s—z)] = aCD}foly(S—Z) + ﬁCDgoly(S—l) (S5.1)

CDI’}Dly[(s,l),m,(s,z)] is the CD signal of poly[(S-1)o.5-co-(S-2)o.5] at a certain temperature T and wavelength
A. This coincides with the amount (in pM) of polymerized S-2 () at that temperature multiplied by the CD
signal of poly(S-2) (per uM) at that wavelength (CDgoly(s,z)) plus the amount (in uM) of polymerized S-1 ()
at the same temperature multiplied by the CD signal of poly(S-1) (per pM) at that wavelength (CDéoly(S—l))'
Note that @ and  may depend on the temperature, but are independent of 1. The CD signals per polymerized
$-1 and S-2 (CDgozy(s—n and CDf}oly(s—z)) were extract from the homopolymer CD spectra at the lowest
temperature (20 °C) assuming that all material (50 pM) is polymerized at that temperature.

For the wavelengths A = 333 nm and A = 350 nm we thus have:

CDSglgy[(S—l)—co—(S—Z)] = aCDyas-2) + BCD33is—1) (55.2)
CD30 (s-1)—co—(s-2)] = ACD3atys—2) + BCDary(s—1) (55.3)

Together, these Equations (S5.2) and (S5.3) constitute two equations with two unknown, i.e., @ and 8, which
can be rewritten as:

a = (CD3aRys-1) " CDRaRyits-1)—co-(s-2)) — CDpaiycs—1) * CDpoty((s-1)-co—(s-2)1)/Q (85.4)
B = (—CD355is-2) " CD3ani(s—1)-co—(s-2 + CDpaivs—2) - CD3aty(s—1)-co-(s-2))/ @ (S5.5)
with:

Q= CDggﬁy(s—z) ' CDSgIOy(S—l) - CDSi‘f)y@_n : CDngy(s—n (55.6)

The temperature dependence of a and £ (i.e. equivalent concentration of $-2 and S-1 in polymers,
respectively) can be determined via above equations from CD33%1(s—1)-co-(s-2)] A0d CDRoti(s-1)-co—(s-2)] At
different temperatures.

Given a and 3, the CD signal can be recalculated via Equation (S5.1). At A = 333 nm as well as at A = 350 nm,
the so calculated CD signal exactly matches the experimental curve for the copolymer. This is expected since
these wavelengths were used to determine o and . At other wavelengths, e.g. A = 338 nm, the match is not
necessarily perfect.

Deviations can be explained by the three assumptions made on the model:

. CDgoly(S—l) and CDgoly(s—Z) are estimates based on the assumption that at 20 °C all material is
polymerized;

o  The shape of the CD spectra of S-1 and S-2 are completely temperature independent;

e The CD signal of the copolymer is the exact linear combination of the signals of the two
homopolymers.

However, the differences are acceptable and the resulting concentrations of copolymerized material seem
reasonable. These results clearly show that at high temperature $-1 is the majority copolymer constituent,
while at 20 °C the copolymers balance at 50:50 ratio.
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5.4.5. Simulations
Brief discussion on the mass balance model

The goal of the simulation is to compute an equilibrium situation with given total concentrations of A and
B monomers. To do that, a complex mass balance model developed by Markvoort and ten Eikelder is exploited
(model not shown).3-55 The mass balance is designed to consider the growth of the copolymer just as a
function of the last polymerized monomer and of the monomer which is being added (e.g. the reaction PA +A
= PAA, where P is the polymer chain, is considered just based on the thermodynamic values related to AA
interaction).

Upon a fixed overall concentrations of monomers A and B, the simulation of the cooling curves is then based
on the equilibrium constants of the different reactions (PA +A = PAA; PB-B= PBB; PA+B = PAB;PB+A =
PBA). Each equilibrium constant can be written as K = eC2°/R) with AG® the standard free energy
differences of the corresponding reaction. The homopolymerization reactions are described with a single
entropy term and two enthalpy terms per system (i.e., AS;,, AH,, and NP, for A and ASgg, AHgg and NP for
B). Thus:

—(AHAA-TAS44)/RT

Kppa=e and o, = eNPA/RT for A;

—(AHpp—-TASpg)/RT

Kpp_p=e and og = eNPB/RT for B;

~(8Hap=TASAB)/RT  for the extra equilibrium constant for the copolymerization.

Kppn=e
The copolymerization is thus described using the two additional energy terms AH,z and AS,5.
In the current manuscript we took all entropy terms equal: AS,, = AS,p = ASgp = AS.

Settings used in the simulation

In order to simulate systems similar to poly(S-1) and poly(S-2), we used hypothetical polymers poly(4)
and poly(B) and selected the related thermodynamic parameters in order to resemble poly(S-1) and poly(S-
2). To do so, we set the same entropic term for the two homopolymerizations and varied just the enthalpy of
elongation (AH), to account for the difference in elongation temperature between poly($-1) and poly(S-2),
and the nucleation penalties (NP), to account for the difference in shape of the cooling curves of poly(S-1)
and poly(S-2) around their respective elongation temperatures. The values selected are the following:

poly(A4): AH,, = =53 kJ mol™',AS,, = —0.06 kJ mol™*,NP, = —40 k] mol™!

poly(B): AHgg = —50 k] mol™',ASgz = —0.06 k] mol™*, NPy = —20 kj mol™*

The resulting homopolymer cooling curves for ¢ = 25 pM reasonably match the cooling curves of respectively
poly(S-1) and poly(5-2) at that same concentration. The copolymerization cooling curve and the
concentration of polymerized monomers units are simulated by varying the value of AH,; between
—53 kJ mol™ < AH,p < —25 kJ mol™! (while keeping AS,; = AS,, = ASgp).
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Stochastic analysis

Stochastic simulations of a set of copolymers poly[(A)os-co-(B)os] with different AH,gvalues (AHyp =
—25kJmol™Y; AH,z = —37 kJ mol™; AH,z = —42 kJ mol™* and AH,z = —47 kJ mol™) were run to
visualize the copolymer microstructures. The simulations were performed from two different starting points,
free monomer, and pre-assembled homopolymers. 10000 monomers (5000 A and 5000 B) were followed
during 1011-1012 reaction steps. The assumption of diffusion-controlled association rate constants (1010
M-1 s1) was considered for all monomer association and dimer formation reactions. The simulations were
performed for ¢ = 50 uM at 50 °C. The simulation’s temperature, 50 °C, has been chosen to have avoid working
with longer polymers which would require longer computation time. However, the ratio of A — B contact is
not highly influenced by the temperature of these simulations. The fraction A — B bonds is shown from t =
0.001 s for computational reason, the formation of the first contacts (e.g, A — A, A — B, B — B) are necessary
to get a value of the fraction of A — B bonds for the molecularly-dissolved case.
The simulations give distributions of lengths of copolymers with different microstructures based on AH,g.
The evolution of the system was followed monitoring the fraction of A — B contacts in the copolymers as a
function of time (e.g., for a copolymer AABBBBBBA the fraction of A — B contactis 0.25, i.e, 2 out of 8 contacts
are A — B, while 1is A — A and 5 are B — B). It is important to note that the fraction of A — B contacts as a
function of time displays that both starting from monomers and from assembled homopolymers the system
reaches the same copolymer microstructure rapidly, indicating that the equilibrium is reached well within
the time scale of the simulations.
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6.

Boron and boron-nitrogen
supramolecular (co)polymers

These results are obtained in collaboration with Shigehiro Yamaguchi’s group
and summarized in:

B. Adelizzi, N. Tanaka, S. C. J. Meskers, A. R. A. Palmans, S. Yamaguchi and E. W. Meijer
(Manuscript in preparation)



Abstract: The rapid growth of the field of supramolecular copolymers is generating a
fertile playing field for developing functional, multicomponent, dynamic systems.
Fundamental studies to determine how to control supramolecular copolymers have
revealed the prerequisites to achieve emerging properties upon non-covalent
copolymerization. Here, we report the development of bridged triphenylborane-based
monomers, their supramolecular polymerization, and copolymerization with
tri(biphenyl)amine-based monomers. Because of the Lewis base character of the
tri(biphenyl)amine and the Lewis acid character of the triphenylborane, we anticipate
on the formation of 1D supramolecular B-N copolymers may show unforeseen
optoelectronic properties. Bridged triphenylboranes and tri(biphenyl)amine
monomers were synthesized and their homopolymerization in apolar solvents was
studied via variable temperature spectroscopic analysis. After selection of the most
promising B-N couple, their supramolecular copolymerization was evaluated.
Absorbance and circular dichroism measurements on the copolymerization mixture
suggest self-sorting of the system. In contrast, emission studies reveal the emergence
of a green emission with a remarkably long lifetime. Combination of circular polarized
luminescence, oxygen-free lifetime measurements, and variable temperature emission
spectra demonstrate the presence of B-N couples within the supramolecular
copolymers chain. Kinetic studies demonstrate the increase over time of B-N
interactions suggesting a slow formation of copolymers upon aging. Although the
creation of an alternating B-N supramolecular copolymer cannot be concluded or
excluded from the experiments, the results demonstrate the great potential of this
interaction for optoelectronic materials.
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6.1. Introduction

The growing interest in the field of 1D supramolecular copolymers is generating an
intense activity directed to create new copolymers with precise microstructure and
interesting properties. The field is currently expanding to develop new functional
systems and methods for characterizing them. In the last few years supramolecular
copolymers with defined structures have been reported by several groups. For
example, alternating architectures have been reported by Besenius’ group,2 periodic
structures by Wiirthner and coworkers,3# and block copolymers by Aida,> Manners,7
Takeuchi® and our group.?10 In the block copolymer field, apart from our contribution
(Chapter 5),° the strategy used to control the structure is to apply a kinetic control over
the fiber’s growth in a way similar to a living copolymerization. Contrarily, alternating
copolymer structures are often obtained carefully tailoring the cores, or the side chains,
to promote complementary interaction, such as Coulombic attractions or charge-
transfer systems.

Intrigued by the possibility to further widening the field, we aimed to complement the
copolymerization with an additional interaction. To do so, we evaluated frustrated
Lewis pairs as a possible driving interactions. Frustrated Lewis pairs are non-covalent
adducts classically formed between a strong Lewis acid (LA) and a strong Lewis base
(LB) that, due to their steric congestion, cannot create a covalent dative adduct.!! Using
a simplification, the empty p: of the boron interacts with the lone-pair of the Lewis base
via a non-covalent interaction. Typically, frustrated Lewis pairs are formed by
triphenylboranes derivatives, as the LA, and triphenylphosphines!? or bulky
amines,!113 as the LB, and often exploited for their peculiar properties as catalyst.14-16
Recently, researchers have been pushing the boundaries of these adducts toward
responsive materials,17.18 gels,19 and polymers2%21 modulating the dynamics and the
stability of the Lewis adducts.?2

Based on this, we here evaluated the possibility to go further and convert these
systems from a dimeric?3 to a truly polymeric form including B-N non-covalent
interactions in 1D supramolecular copolymers. However, the classic boron-based
molecules used, triphenylborane and tri(pentafluorophenyl)borane, are highly reactive
and not stable to air. We therefore opted for a more stabilized system such as the ones
reported by the outstanding work of Yamaguchi and coworkers.24-26 Bridged or partially
bridged triphenylboranes developed by Yamaguchi’s group, present enhanced stability
to air and nucleophiles. This is due to firstly, an electrodonating conjugated
environment and secondly, to a geometrical constraint which partially hampers the
conformation change from the trigonal planar conformation of the acid and the
tetrahedral conformation of the adduct.242> As Lewis base partner molecules, we
selected triphenylamine cores which have proved their potential as supramolecular
monomers?’ and ability to create radical cations under specific conditions.2829

Here we report the preliminary results on the design, synthesis and characterization
of boron-based supramolecular polymers and their copolymerization with
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triphenylamine-based monomers. Our hypothesis is that, if boron-nitrogen 1D
supramolecular copolymers can be obtained, new fascinating electronic properties may
emerge from these systems, in which the lone-pair of the nitrogen is shared with the
empty orbitals of the boron in a 1D fashion. The work has been carried out in close
collaboration with the group of Shigehiro Yamaguchi.

6.2. Design and synthesis

The chemistry related to triphenylboranes is particularly complex and delicate and
often limits the functionalization of these cores. However, bridged triphenylboranes,
which present increased stability, can be functionalized with boronic acid pinacolesters
or with bromides. Kushida et al reported a (3 symmetric carbon-bridged
triphenylboranes which is stable under Suzuki conditions and display interesting
electronic properties in liquid crystalline state.2425 Similarly, Hirai et al. demonstrated
that partially oxygen-bridged triphenylboranes are stable and display peculiar optical
properties.30

After selecting these cores as suitable boron building blocks, we designed a library of
triphenylboranes and analogous triphenylamine-based monomers (Scheme 1). The
design is based on €3 symmetric molecules (expect for the B cores which display a C:2
symmetry) bearing a B or N core, carboxamides as H-bonding units, and solubilizing
chains at the periphery. The design includes H-bonding units to direct the assembly. We
anticipated that the strength of these B-N couples maybe be not enough to drive the
copolymerization. Bridged triphenylboranes are indeed more electronrich compared to
non-bridged analogues and so may form less strong interactions compared to classic
frustrated Lewis pairs. Nevertheless, we speculated that these interactions maybe be
sufficient to promote hetero-interactions between the two types of monomers.

Due to the need of functionalizing the B cores via Suzuki reactions, we designed
different peripheries which both allow their installation via cross-coupling and bear the
H-bonding units with the solubilizing chains. For the O-bridged triphenylborane core,
the two peripheries designed are phenylamides bearing either a single chiral (5)-3,7-
dimethyloctyl chain (5-B1) or a gallic moiety bearing 3 chiral chains per branch (S-B2).
In contrast, the C-bridged triphenylborane core was designed to bear 3 chiral gallic
moieties and no amides (S-B3), creating in this way the chiral analogue of the boron
molecules previously reported by Kushida et al.24

The N analogues were designed in accord to the B molecules using, this time, classic
Cs symmetric unbridged triphenylamine as core. Therefore, S-N1 corresponds to S-B1,
while $-N2 to S-B2. For the version with no amide groups, the N analogue of $-B3 has
been designed with achiral n-dodecyl chains, a-N3.
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R= -~ (8) R'= -7

Scheme 1. Molecular structures of boron-based and nitrogen-based supramolecular monomers.
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The synthesis of all the supramolecular monomers is achieved via a final Suzuki cross-
coupling between the boron (or nitrogen) core and the solubilizing wedges (Scheme 2).
The bridged triphenylborane cores BBr and BPin have been previously synthesized by
Yamaguchi’s group,?* while the synthesis of the solubilizing wedges is reported in the
experimental section. The Suzuki cross-coupling reaction for the boron cores were
performed according to the procedure previously published by Yamaguchi’s group,4
while for the nitrogen core, standard cross-coupling conditions with Pd(PPhs)s4 and
K2CO3 were used.
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Scheme 2. Synthetic scheme of Suzuki cross couplings performed.
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Purification of $-B1, $-B2 and S-B3 was performed via SiOz chromatography and
multiple cycles of recycling gel-permeation chromatography and high performance
liquid chromatography. $-B1 and $-B2 were so obtained in high purity in 58% to 45%
yield, respectively. Conversely, pure $-B3 was isolated in a small quantities only.
Purifications of $-N1 and S$-N2 were achieved by SiO: chromatography and
recrystallization in acetonitrile resulting in 60 % yield. a-N3 was obtained in moderate
yield but the purification via SiO2 chromatography caused oxidation of the product
similarly to $-B3. As a results, the pure product was obtained in a small quantities.

All molecules were molecularly characterized by H-NMR, 13C-NMR, mass
spectrometry and IR. IR measurements for $-B1, S-B2, $-N1, $-N2 display -NH
stretching and -C=0 stretching consistent with hydrogen-bonding similarly to what we
reported for the triphenylamines in Chapter 2. Further analysis on supramolecular

homopolymerization and copolymerization were performed with S-B1, $-B2, $-N1, and
S-N2.

6.3. Optical characterization of B and N monomers

Due to the highly conjugated cores, the molecules designed may display interesting
properties already in the monomerically dissolved state.3! For this reason, optical

characterization of §-B1, $-B2, $-N1, and S-N2 was performed in diluted condition (c <
30 uM) in 1,2-dichloroethane (DCE).
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Figure 1. Absorbance (dashed lines) and emission spectra (solid lines) of molecularly dissolved
(a) boron monomers: S-B1 (light blue lines) and $-B2 (dark blue lines) and (b) nitrogen
monomers: $-N1 (rose lines) and $-N2 (purple lines). Measurements performed in DCE, ¢ = 30
uM, 20 °C. Emission spectra performed exciting in the excitation maximum, parameter

maintained as 400 V, 2 nm emission slit for (a) the boron molecules and as 500 V, 4 nm emission
slit for (b) the nitrogen molecules.

In DCE the absorbance spectra of the boron-based molecules show three main bands
between A = 420 nm and 250 nm. The low energy absorption band at A = 395 nm
presumably belongs to the oxygen-bridged core, as previously reported.3° Both S-B1

and S$-B2 are highly fluorescent and display emission bands at A = 420 nm and A = 414
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nm, respectively (Figure 1). Both $-N1 and $-N2, display two absorption bands between
A =375 nm and 250 nm. $-N1 shows the core absorption band at A = 363 nm and
emission at A = 453 nm, remarkably similar to its ester analogue reported by Zhang et
al32 Conversely, $-N2 exhibits a blue-shifted core absorption at A = 349 nm and a less
intense fluorescence.

6.4. Homopolymerization of bridged triphenylboranes

Supramolecular homopolymerizations of $-B1 and $-B2 were tested in apolar
solvents via optical spectroscopy. UV-vis, circular dichroism (CD) and emission
measurements were hence performed in decalin and compared with the molecularly
dissolved state previously characterized in DCE. The formation of supramolecular
homopolymers in decalin was monitored via variable temperature optical
measurements (100 °C to 20 °C, cooling rate: 15 °C h-1).

S$-B1, which bears just three side chains, displays poor solubility in decalin and
homogenously dissolved solutions are only obtained at ¢ < 20 uM. Variable temperature
(VT) measurements of $-B1 (c = 10 pM) show aggregation upon cooling (Figure 2). Both
UV-vis and emission spectra of $-B1 display a decrease of the main peaks belonging to
the monomer and a general red-shift in absorption and emission bands indicative of the
formation of aggregates (Figures 2a and 2b, respectively). Especially, the emission
measurements show a decrease in intensity of one order of magnitude compared to the
monomer peak (A =409 nm for $-B1) and the growth of a broad red-shifted emission
peak related to the polymers (A = 500 nm for poly(S$-B1)). VT-CD spectra exhibit the
growth of negative CD signal upon cooling indicating the formation of chiral
supramolecular polymers, poly(S-B1) (Figure 2c). The CD of poly(S-B1) displays three
intense negative bands at A = 410 nm, 345 nm, and 274 nm and a positive band below
250 nm (Figure 2c).

Due to the low absorbance and intense CD, the related gass is remarkably high (gass =
0.03 at A = 470 nm). In line with this value, circularly polarized luminescence (CPL) in
the aggregated state (20 °C, decalin, ¢ = 10 uM) displays grLumin the order of -2 10-2 in
the emission band (spectra not shown). Usually organic molecules33-35 and
supramolecular polymers3¢ show gvalues in the order of 10-3.37 This high asymmetry
can be due to a higher degree of order, extremely long fibers,3¢ to the boron cores in a
chirally locked conformation,303839 or to artifacts.

Following the evolution of UV and CD intensity, at a fixed A, as a function of
temperature it is possible to retrace the cooling curves and analyze the supramolecular
polymerization mechanism. As visible both in the absorbance (not shown) and CD
cooling curves, $-B1 shows a cooperative polymerization with elongation temperature
Teat90 °C for c =10 pM (Figure 2d). Comparing the cooling curves obtained for different
concentration of $-B1, it is noticeable that the cooling curves for ¢ = 10 pM and 15 pM
display almost the same T., whereas the cooling curve of ¢ = 5 uM shows a much lower
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Te. In addition, the CD intensity does not scale linearly with the concentration. The
solution at ¢ = 10 uM shows a more intense CD than the one recorded for ¢ = 15 uM,
whereas the solution at ¢ = 5 pM has a CD intensity four times smaller than the one for
¢ =10 puM (Figure 2d). The absence of linear scaling between concentration and the
magnitude of the CD effect, and the In(c) with the inverse Teis remarkable and in stark
contrast to the observations made in previously studied cooperative systems.*?
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Figure 2. Variable temperature spectroscopic measurements of S-B1. (a) Absorbance, (b)
emission and (c) CD spectra from 100 °C (red lines) to 20 °C (blue lines) and (d) related cooling
curves. CD cooling curve measured at 345 nm, from 100 °C to 20 °C for different concentrations.
Measurements performed in decalin, cooling rate 15 °C h-!, spectra reported for ¢ = 10 pM.

These effects hint to the presence of some uncontrolled mechanism in solution. A
similar behavior has been observed in assembling systems that undergo heterogeneous
nucleation.*! This process occurs when supramolecular polymers grow from nuclei
caused by external agents which are present in traces amount in solution or when some
aggregates are still present at high temperature and act as nuclei during the cooling
procedure. Alternatively, another explanation can be found in the low solubility of the
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system causing the formation of higher order aggregates or uncontrolled crystallization
rather than supramolecular polymerization.*2

In contrast with $-B1, S-B2—the extended analogue with gallic wedges—shows good
solubility properties in decalin. Similarly to S-B1, variable temperature measurements
show aggregation upon cooling. UV-vis (Figure 3a) and emission spectra (Figure 3b)
display a reduction of the intensity of the monomer’s peaks (monomer’s absorbance A
=390 nm, and emission A = 408 nm for $-B2) and a growth of red-shifted bands both in
the absorption (shoulder at A = 410 nm) and emission (A = 475 nm) spectra which can
be attributed to the formation of aggregates. The presence of isosbestic points indicates
that just two species are existing in solution, the monomer and the growing polymer
chains.
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Figure 3. Variable temperature spectroscopic measurements of S-B2. (a) Absorbance, (b)
emission and (c) CD spectra from 100 °C (red lines) to 20 °C (blue lines) and (d) related CD cooling
curve measured at A = 403 nm, from 100 °C to 20 °C for different concentrations. Measurements
performed in decalin, cooling rate 15 °C h-l, spectra reported for ¢ = 30 pM.
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Via VT-CD measurements recorded upon cooling, a negative cotton effect is observed
and the formation of chiral supramolecular polymers, poly(S-B2), is attested (Figure
3c). The CD cooling curves recorded at A = 403 nm show cooperative polymerization
with elongation temperature Te at 75 °C for ¢ = 30 uM (Figure 3d). Differently from S-
B1, $-B2 display a classic linear dependence on the concentration as expected by
standard cooperative systems.*0

Circular polarized luminescence (CPL) and emission lifetime measurements were
then recorded in the aggregated state at 20 °C. In line with the recorded CD, poly(S-B2)
displays negative CPL (Figure 4a). However, in clear contrast to poly(S-B1), poly(S-
B2) has values of gLum and gass (measurable from the CD spectra) in the order of 10-3,
as often reported for organic molecules and assemblies.36

The emission lifetime (t) of a molecule strongly depends on the environments of the
fluorophore. This means that monomers and supramolecular polymers have different
lifetimes. For this reason, the measurements recorded at 20 °C display two-component
decay, one defined by a short (t # 3 ns) and one by a longer decay time (t * 16 ns)
(Figure 4b). Measurements performed at two different wavelengths permit to assign
the short decay time to the monomers (since that component contributes more at
shorter A) (Figure 4b top) and the long decay time to the polymer (since that component
contributed more at longer wavelengths (Figure 4b bottom). A longer decay for
supramolecular aggregates compared to their monomers has already been reported for
other systems#3-46 and it can be attributed to several factors, such as the formation of H
aggregates,*7-48 which may be related to the presence of excimers*® or charge transfer
interactions®? in the aggregate, or to aggregation-induced inter system crossing.5!
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Figure 4. (a) Circularly polarized luminescence and (b) emission lifetime of poly(S-B2) for (top,
violet line) monomer and (bottom, blue line) polymer’s wavelengths. Measurements performed
in decalin, at 20 °C after proper polymerization procedure. Spectra reported for ¢ = 30 uM.
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To confirm the 1D structure, we performed atomic force microscopy (AFM)
measurements on poly(S-B2). Samples were prepared by dropcasting an assembled
solution of poly(S$-B2) onto mica (¢ = 30 uM, decalin). AFM imaging revealed the
presence of linear aggregates = 2 um long and 1.5 nm thick, confirming the formation
of 1D linear supramolecular polymers (Figure 5).

b)5.0

X/ um

Figure 5. (a) AFM height measurements of poly(S-B2) on mica dropcasted from decalin (¢ = 30
uM) and (b) related profile analysis. Grey bar from 1.52 nm (black) to 5.62 nm (white).

6.5. Homopolymerization of tri(biphenyl)amines

Similarly, the supramolecular homopolymerizations of the nitrogen-based
supramolecular polymers were investigated. Variable temperature UV-vis and CD
studies of $-N1 in decalin (c = 10 pM) displayed aggregation (Figure 6). However, the
solution did not show full disaggregation at 100 °C, as visible from the presence of a
positive CD signal at 100 °C (Figure 6b, red line). In addition, measurements recorded
upon slow cooling from 100 °C to 20 °C displayed uncontrolled assembly as visible by
some UV curves, which do not follow a clear trend (Figure 6a, grey curves), and from
the CD cooling curve measured at A =384 nm as a function of temperature (Figure 6d).

These results are probably related to the presence of an intense linear dichroism (LD)
(Figure 6c). LD effects are usually caused by alignment of fibers in a preferred
direction5253 and can interfere with the CD measurements causing artifacts. Several
attempts to remove the LD and to obtain a controlled polymerization were tested.
Stirring or shaking the solution resulted in an increased LD value. Polymerization in
decalin with 5% CHClI3, or in toluene, did not improve the control over the assembly.
Considering all the results of $-N1, and comparing them with the ones obtained for $-
B1, we conclude that this particular molecular design does not allow a full control over
the polymerization. The ratio between the large conjugated cores and the few
solubilizing chains is probably not adequately balanced.
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Figure 6. Variable temperature (a) absorbance and (b) CD spectra of S-N1 in decalin (¢ = 10 uM).
Measurements performed from 100 °C (red lines) to 20 °C (blue lines) with a cooling rate of 15 °C
h-L. (c) LD spectra recorded at 20 °C and (d) CD cooling curve followed at A = 384 nm (cool rate =
15°Ch?, c=10 uM).

In support of this, §-N2, which bear larger solubilizing units than $-N1, displays a
controlled cooperative supramolecular polymerization in decalin. VT-UV, VT
fluorescence, and VT-CD spectra recorded upon cooling the solution from 80 °C to 20
°C display aggregation (Figures 7a-c). The absorption spectra show small variation as
blue-shift of the main peak and the rise of a small shoulder at A = 380 nm (Figure 7a).
CD spectra exhibit the formation of an aggregated state with negative bisignated Cotton
effectat A =370 nm (Figure 7c). UV and CD cooling curves recorded at A = 370 nm verify
the formation of chiral supramolecular polymers poly(S-N2) in a cooperative fashion
(Figure 7d).
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Figure 7. Variable temperature spectroscopic measurements of S-N2. (a) Absorbance, (b)
emission, and (c) CD spectra from 80 °C (red lines) to 20 °C (blue lines). (d) CD cooling curves
measured at A = 370 nm, from 80 °C to 20 °C for different concentrations. Measurements
performed in decalin, cooling rate 15 °C hl, spectra reported for ¢ = 30 pM.
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Variable temperature emission measurements display a red shift in the emission band
and a small decrease in intensity of the main peak (Figure 7b) upon assembly. Between
80 °C and 50 °C the increase in emission intensity is probably due to a decrease in the
non-radiative relaxation decays of the monomer. Below 50 °C the rise of the emission
band at A = 410 nm is assigned to the polymers. CPL measurement displays a negative
gm (Figure 8a), and emission lifetime measurement (Figure 8b) shows a fast
fluorescence decay for both monomer, S-N2, and aggregated state, poly(S-N2).
However, the two components of the fluorescence decay show very similar lifetime (t
=1.29 ns $-N2 and t = 2.15 ns poly(S-N2)).
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Figure 8. (a) Circular polarized emission spectra and (b) fluorescence lifetime of poly(S-N2)
recorded in the aggregated state at 20 °C. Measurements performed in decalin ¢ = 30 pM.
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6.6. Supramolecular copolymerization of B-N monomers

Due to their similar cooperative behavior in the homopolymerizations, we selected S-
B2 and S-N2 as monomers of choice to investigate the formation of copolymers. The
supramolecular copolymerization was performed by mixing solution of $-B2 (decalin,
¢ = 30 uM) with one of $-N2 (decalin, c = 30 uM) in a 1:1 ratio. The mixed solution was
heated to 100 °C to reach the molecularly dissolved state and cooled to 20 °C to favor
the polymerization (30 °C h1). Similar to Chapter 5,5 the supramolecular
copolymerization was investigated via variable temperature UV-vis, CD and emission
measurements. VT-CD measurements display the formation of a negative CD signal
upon cooling, indicative for the formation of chiral supramolecular polymers in solution
(Figure 9a). However, the CD spectrum obtained at 20 °C for the mixture (ctot = 30 uM,
ratio 1:1 S-B2: S-N2) remarkably overlaps with the linear sum of the spectra of poly(S-
B2) and poly(S-N2) at half of the concentration (cs-B1 = cs-s2 = 15 pM, linear sum
calculated as: [CDpoly(s-B2) + CDpoly(s-n2)]) (Figure 9b). This hints to self-sorting of the two
homopolymers, where poly(S-B2) and poly(S-N2) are not interacting and their CD
features are simply summed.>455 The CD cooling curve measured at A = 363 nm upon
slow cooling (30 °C h-1) further sustains this hypothesis (Figure 9c).

Differently from the copolymerization reported in Chapter 5,54 this time the cooling
curve shows two independent transitions, a first one at 75 °C and a second one at 45 °C
(Figure 9c, green line). Comparing this cooling curve with the cooling curve of poly(S-
B2) (Figure 9c, blue line) and poly(S-N2) (Figure 9c, purple line), it is possible to
correlate the two transitions found in the mixture to the T. of each homopolymer. When
comparing the linear sum of the cooling curve of the homopolymers at 15 pM, with the
cooling curve of the mixture (cwot = 30 UM, cs-B1 = cs-B2 = 15 pM) a clear overlap is
observed (Figure 9c, green vs. black line). The two transitions observed in this cooling
curve are further analyzed by evaluating the full CD spectra upon cooling. The shape of
the CD effect is different in the two regions and coincides with the CD of poly(5-B2)
above 45 °C (Figure 9a dark grey line) and to the sum of the two homopolymers below
that transition. VT-UV spectra display the same behavior (data not shown) and the UV
spectrum recorded at 20 °C after slow cooling largely coincides with the linear sum of
the homopolymers (Figure 9d). Again, all the data are indicating the complete lack of
interaction between the two supramolecular homopolymers. However, as shown in
Chapter 5, a detailed analysis is required to confirm this conclusion.
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Figure 9. (a) Variable temperature CD spectra of the mixture 1:1 of $-B2:5-N2 from 100 °C (red
line) to 20 °C (blue line) (Cooling rate 30 °C h'}, spectrarecorded every 5 degrees). (b) Comparison
of experimental CD spectrum of the 1:1 mixture (green line) (ctor= 30 uM, csB1= csB2= 15 pM) and
the linear sum of the CD poly(S-B2) and poly(S-N2) (cs1= css2= 15 pM). (c) CD cooling curve
followed at A = 363 nm, for the 1:1 mixture (green line) (cwot = 30 pM, cs-p1= cs-82= 15 pM), poly(S-
B2) (blue line), poly(S-N2) (purple line) and the linear sum of the homopolymers (black line) (cs-
B1= Cs-.2= 15 pM). (d) Comparison of experimental CD spectrum of the 1:1 mixture (green line)
(crot = 30 uM, cs-B1 = ¢s-Bz = 15 pM) and the linear sum of the CD poly(S-B2) and poly(S-N2) (cs-s1
= csp2= 15 puM). Measurements performed in decalin.

Variable temperature emission spectroscopy displays a decrease of the monomer
emission at A = 410 nm upon cooling and the growth of a broad emission band at A =
430 nm with a shoulder at A = 530 nm (Figure 103, red line vs. blue line). In this case,
we observed that the shoulder at A = 520 nm grows non-linearly upon cooling and
displays a sudden growth between 45 °C and 40 °C (Figure 10a inset, dark grey line).
Following the emission intensity at A = 530 nm upon cooling (Figure 10b) this double
trend is clear and seems analogous to what observed in the CD cooling curve (Figure
9c¢). However, this time the emission cooling curve deviates remarkably from the linear
sum of poly($-B2) and poly(S-N2) (Figure 10b, green vs. black line).The
homopolymers’ emission of poly(S$-B2) and poly(S-N2) at A = 530 nm is just minimal
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and belongs to the tail of the emission band of the supramolecular homopolymer’s
which occur at A = 450 nm and A = 410 nm, respectively (Figure 11a, top). Comparing
the emission spectra of the mixture with that of both the homopolymers (Figure 11a,
top) and the linear sum of the emission of the homopolymers (Figure 11a, bottom), we

noticed that the deviation of the mixture is remarkable and large enough to be observed
by eye (Figure 11c).
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Figure 10. (a) Emission spectra of the 1:1 mixture poly(S-B2):poly(S-N2) from 80 °C (red line)
to 20 °C (blue line) and (b) emission cooling curve followed at A = 530 nm for the 1:1 mixture
poly(S-B2):poly(S-N2) (green line) (ctwor = 30 pM, cs-p1 = cs-p2 = 15 uM), poly(S-B2) (blue line)
poly(S-N2) (purple line) and the linear sum of the homopolymers (black line) (cs.e1= csB2= 15
uM). Measurements performed in decalin, cooling rate = 30 °C h-.

Moreover, the mixture of poly(S$-B2) and poly(S-N2) exhibits circularly polarized
emission both in the band at A = 460 nm, attributable to the homopolymers emission,
and in the emerging band at A = 530 nm. The CPL intensity of the band at A = 460 nm is
in the order of gum 2 10-3, comparable with the one of poly(S-B2) and poly(S-N2)
(Figure 11b vs. Figure 4a and Figure 8a), whereas the intensity at A = 530 nm is about
half of the magnitude. The lifetime of the emission at A = 430 nm is moderately longer
than poly(S-B2) but in the same order of magnitude (Figure 11d). Conversely, the
excited state belonging to the transition at A = 530 nm displays a dramatically longer
lifetime compared to the homopolymers (Figure 11e). An accurate fitting of the decay
is not possible due to the large number of components, however it is visible a fast decay,
approximately of 15 ns, attributable to the homopolymers (inset Figure 1le,
approximately first 15 ns) and a long-lived excited state which fully decays in 1ps. Such
long decays are often attributed to some non-permitted transitions, e. g. charge-transfer
interactions,5¢ exciplexes?57 and excited triplet states.58
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Figure 11. (a) Normalized excitation (dashed lines) and emission (solid lines) spectra of the 1:1
mixture poly(S-B2):poly(S-N2) (green lines), poly(S-B2) (a top, blue line), poly(S-N2) (a top,
purple line), and the linear sum of the homopolymer spectra (a, bottom, black line). (b) CPL
measurement of the 1:1 mixture poly(S-B2):poly(S-N2). (c) Picture of poly(S-B2) (left), poly(S-
B2):poly(S-N2) (center), poly(S-N2) (right) under UV light (A = 384 nm). (d, e) Emission lifetime
at (d) A = 430 nm and (e) A = 520 nm. Decay of the mixture (green line), compared with poly(S-

B2) (blue line) and poly(S-N2) (purple line, decay not possible for 530 nm). Measurements
performed in decalin (ctor= 30 uM, cs-2= cs-81= 15 pM) at 20° C.
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To verify whether the long-lived excited state is due to a triplet state, we repeated the
measurements in oxygen free conditions. The triplet ground state of Oz, can interact
with the triplet excited state of organic emitters and decay via different paths by which
the emission of the organic molecules is quenched.5?-¢2 Solutions of poly(S-B2) and
poly(5-N2) were prepared in a Nz-equilibrated glovebox with anhydrous degassed
decalin. The 1:1 mixture was obtained by addition of poly(S-B2) to poly(S-N2) at 20
°C.CD and emission spectra were recorded and compared with the spectra obtained for
the 1:1 mixture prepared in the same way but in ambient condition (benchtop
prepared, anhydrous not-degassed decalin). Whereas CD and CPL spectra display
superimposable spectra of Oz-free and ambient-equilibrated samples (not shown), the
emission exhibits a notable variation in the region of A = 520 nm (Figure 12a). The
degassed sample clearly presents two emission band of almost equal intensity (Figure
12a, green line), while the mixture in ambient condition shows just a minor shoulder in
the same region (Figure 12a, dark grey line). Moreover, as visible from lifetime
measurements (Figure 12b vs. Figure 11e), the lifetime of the excited state is largely
affected by the presence of O2. Degassed samples present an extraordinary long-lived
excited state which fully decays in 3 ps (transition related to the band at A =520 nm).
This experiment s a further evidence of the formation of charge separated excited state,
possibly in a triplet state.
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Figure 12. Oxygen free measurements of the 1:1 mixture of poly(S-B2):poly(S-B1).
(a) Comparison of the emission spectra of the sample prepared in Oz free (green line) and ambient
(grey line) conditions. (b) Emission lifetime at A = 520 nm of the sample prepared in O free
condition. Measurements performed in decalin (cwor= 30 pM, cs-2 = cs-81= 15 uM) at 20 °C.
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In addition, we observed that the emission spectra of the 1:1 mixture of poly(S-
B2):poly(S-B1) prepared by mixing poly(S-B2) to poly(S-B1) at 20 °C in presence of
02 gives a moderate difference in the emission at A = 530 nm compared to the sample
treated by heating and slow-cooling (Figure 123, grey line, direct mixing vs. Figure 11a,
green line, measurement after slow cooling). To further investigate this, we followed
spectroscopically the Oz free mixture over a period of time. Between the measurements,
the sample was kept at 20 °C, in light- and O2-free conditions to avoid any possible
interference. We observed that over a period of 10 days the system evolves in all its
spectroscopic features. Absorbance (Figure 13a) and CD measurements (Figure 13b)
display subtle, but visible, variation upon aging. Emission measurements display a
decay of the band at A = 420 nm and an increase of the band at A = 530 nm (Figure 13c).
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Figure 13. Evolution in time of the spectra of the 1:1 mixture of poly(S-B2):poly(S-B1) obtained
upon mixing homopolymers at 20 °C in Oz free condition and let equilibrate in at 20 °C in dark, O
free condition. (a) Absorbance, (b) CD, and (c) emission spectra. (d) CD heating curve (green light)
recorded after 20 days of equilibration compared with CD cooling curve (black line).
Measurements performed in decalin (ctor= 30 pM, cs-p2= cs-81= 15 pM) at (a,b,c) 20 °C or (d) cooling
heating rate =30 °C h'..
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Measurements recorded after 20 days do not display further changes in the
spectroscopic features (not shown). We then performed a heating curve from 20 °C to
100 °C (heat rate: 30 °C h'1) on the sample equilibrated for 20 days at 20 °C and
compared it with the cooling curve recorded from monomerically dissolved state form
100 °C to 20 °C (heat rate: 30 °C h-1) (Figure 13d). Although also the depolymerization
curve displays two transitions as the polymerization curve, they do not coincide. The
largest deviation is recorded between 45 °C and 70 °C where the heating curves displays
a CD reduced by one third compared to the cooling curve. Since the CD in that region is
mainly attributed to poly(S-B2) (Figures 9a, 9c), we speculate that the lower intensity
recorded upon heating is related to less polymerized S-B2 in that specific temperature
section. This can be explained by the following hypothesis: upon mixing poly(S-B2)
with poly($-N2) and equilibration, some $-B2 monomers are incorporated in the
poly(S-N2). Then, when the heating curve is performed and poly(S-N2) disaggregates,
the $-B2 monomers hosted in poly(S$-N2) get depolymerized as well causing a less
intense CD above 45 °C.

6.7. Discussion

The mixture between poly(S-B2) and poly(S-N2) displays ground state properties,
such as absorbance and CD, which could be directly related to the homopolymer
mixture suggesting self-sorting of poly(S-B2) and poly(S-N2). However, emission
studies reveals the insurgence of a green emission which presents remarkably long
lifetime and sensitivity to O2. This feature can be assigned to the presence of B-N
excimers or Lewis pairs.!” This emission band presents circular polarization and is
found just in conditions in which the system is fully aggregated (measurements in DCE
¢ =5 mM do not show emission at A = 500 nm, data not shown). These characteristics
indicates that the B-N excimers (or Lewis pairs) are incorporated in the chiral
supramolecular polymer structures. 1921

However, it has to be considered that UV-vis and CD are techniques that measure the
whole system, while emission measurements represent only the emitting species in a
weighted average based on their relative quantum yield. Combining all the results, we
hypothesize that the $-B2:5-N2 mixture can mainly be described by self sorting and the
polymerization of the two systems occurs independently. Upon cooling, between 75 °C
and 45 °C, poly(S-B2) is formed and $-N2 is still molecularly dissolved; below 45 °C
S-N2 begins to polymerize into poly(S-N2) while poly(S-B2) grows into longer
polymers. However, due to the intrinsic reversibility of supramolecular systems,
monomers can exchange in and out the main chain. This exchange causes a few S-B2 to
insert in poly(S-N2) (or vice versa). This effect, which causes the rise of the emitting
properties, is reminiscent to the doping effect in semiconductors. These doping units
within the supramolecular polymers have a charge-separated excited state and give the
green emission (Figure 14a).
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We also observed that in time the mixture displays a more intense green emission and
subtle deviations in UV and CD spectra indicating a more intimate mixing of $-B2 and
S$-N2, so probably more B-N couples are formed (Figure 14b). This hypothesis, is
sustained by the heating curve measured after 20 days of equilibration and can be
related to the kinetic profile of the mixing process which appears to be rather slow.
Slow dynamics in supramolecular polymers are occasionally observed and are often
coupled with the presence of a competitive aggregation pathways.6364
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Figure 14. Schematic representations of some of the possible mechanisms for self-sorting and partial
copolymerization of poly(S-B2) and poly(S$-N2) from (a) molecularly dissolved state and (b) from
homopolymers.
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6.8. Conclusions

In conclusion, we reported on the synthesis and the supramolecular polymerization
of bridged triphenylboranes and their copolymerization with tri(biphenyl)amine-
based monomers. A first study on the homopolymerization of the boron and nitrogen
monomers highlighted the possibility of obtaining controlled chiral supramolecular
homopolymers for both O-bridged triphenylborane and tri(biphenyl)amine-based
monomers bearing nine solubilizing side chains. Both B- and N-based molecules show
interesting emission properties in assembled state as circularly polarized luminescence
and lifetime emission in the order of 15 ns for the boron molecules and 2 ns for the
nitrogen analogues.

We then investigated whether a 1:1 mixture of O-bridged triphenylborane and
tri(biphenyl)amine-based monomers could copolymerize and generate new emergent
properties. Although ground state optical measurements evidenced the occurrence of
self-sorting, emission spectroscopy highlighted the presence of a charge-separated
excited state which can be addressed to a B-N interaction in an aggregated state. This
emergent characteristic originating from the B-N mixture displays circularly polarized
emission and an incredibly long excited state lifetime, which could be of high interest
for new functional materials. We speculate that this feature originates from the
presence of a few B molecules in the N stack (and vice versa) and acts similarly to a p-n
doping effect.

The results presented here are the first demonstration of B-N supramolecular couples
that can interact and give rise to new emerging properties. We propose that this
interaction can be exploited both in solution and in the bulk state. However, these
molecules show just a partial interaction, which we speculate is due to their difference
in geometry. The rigid bridged B core and the flexible N core influence the
thermodynamics involved in the related homopolymerization and therefore cause a
large difference in the elongation temperatures (Tes). We maintain that by tuning the
two homopolymerization Tes we may obtain a more efficient co-interaction. We are
currently testing this hypothesis by applying two strategies. Firstly, modifying the feed
ratio of $-B2:5-N2 in order to shift the two Tes closer together, and secondly, re-
designing the B and N monomers to further improve the hetero-interactions. We
anticipate that these adjustments may lead to outstanding optical and conductive
properties.
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6.9 Experimental section

6.9.1 Materials and methods

All solvents were obtained from Biosolve, Acros or Aldrich. All other chemicals were obtained from Aldrich.
Dry DCM, THF, and DMF were tapped off a distillation setup which contained molsieves. CHClz was dried over
molsieves and triethylamine was stored on KOH pellets. (S)-(-)-Citronellol was purchased from Aldrich and
converted into the corresponding (S)-3,7-dimethyloctan-1-amine according to a described procedure. All
other chemicals were used as received. Septum-sealed anhydrous decalin used as solvent was purchased by
Aldrich and used as received for preparing the solutions (unless otherwise mentioned). Synthesized
compounds were vacuum-oven dried before use.

Detail on H NMR, 13C NMR, MALDI-TOF-MS, FTIR and AFM can be found in the experimental section of
Chapter 2. UV/Vis and circular dichroism (CD) measurements were performed on a Jasco J-815
spectropolarimeter, for which the sensitivity, time constants and scan rates were chosen appropriately.
Corresponding temperature-dependent measurements were performed with a Jasco PFD-425S/15 Peltier-
type temperature controller with a temperature range of 263-393 K and adjustable temperature slope. The
Spectrophotometer is equipped with a multi-cells holder for 6 samples and the temperature controlled was
set on the holder station. In all experiments the linear dichroism was also measured, unless otherwise
mentioned, no linear dichroism was observed. Separate UV/Vis spectra were obtained from a Perkin-Elmer
UV/Vis spectrometer Lambda 40. Fluorescence spectra were measured with Jasco FM0-427S/15 fluorimeter
implemented in the CD spectrometer. CPL measurements were carried out using a custom built setup
equipped with a photo-elastic modulator and a 16-channel photomultuplier array possessing a photon
counting detection method. The excitation wavelength was selected from a Hg lamp using appropriate
interference and bandpass filters (A = 365 nm). The excitation light was depolarized by passing it through a
bundle of optical fibers. The direction of the excitation was normal to the surface of the film and in line with
the direction of emission collection. Time resolved photoluminescence spectra were recorded on an
Edinburgh Instruments LifeSpec-PS spectrophotometer.

For all spectroscopic measurements, cells with an optical path length of 1 cm were employed and
spectroscopic grade solvents were employed. Solutions were prepared by weighing the necessary amount of
compound for the given concentration and dissolved with a weighted amount of solvent based on its density.
The stock solutions were heated up, sonicated till complete dissolution and slowly cooled down to room
temperature every time before use unless otherwise specified. The stock solutions were heated up and
sonicated till complete dissolution every time before the preparation of diluted sample solutions. Unless
otherwise mentioned, all the spectroscopic measurement were performed with freshly prepared solutions
(max. 1 week after the preparation of the stock solution). CD experiments related to the oxygen effects were
performed using special precaution to control the humidity and O2. Cuvettes equipped with a screw cap and
a Teflon-lined septum were found to be best suited for these measurements. The preparation of the solution
and the filling of the cuvette was done in N2 equilibrate glovebox and degassed anhydrous decalin was used.
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6.9.2 Synthetic procedures

The synthesis of all the molecules consist in a final Suzuki cross-coupling step between the bridged
triphenylborane, or triphenylamine, core and the solubilizing wedge. The cores were previously synthesized
by Yamaguchi’s group (for S-B1, $-B2, S-B3) or by us (see Chapter 4, experimental section for tris(4-
bromophenyl)amine). The solubilizing wedges were synthesized as follow (Scheme 3). The peripheries which
bear an amide group as supramolecular unit, 4 and 5, were synthesized with the classic amino acid coupling
agent, EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide). The wedges that do not bear any amide, 6 and
7 were obtained by nucleophilic substitution with chiral mesylate (6) or 1-bromododecane (7). All chiral
reagents required: (S)-3,7-dimehtyloctlyamine, (S)-3,4,5-tris((3,7-dimethyloctyl)oxy)benzoic acid and (S)-
3,7-dimethyloctyl 4-mesilate were previously synthesized in the group as described in literature.6566.67
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Scheme 3. Synthetic scheme for the synthesis of the chiral solubilizing wedges.

(S)-N-(3,7-Dimethyloctyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide (4)

In a three neck round bottom flask 4-carboxylphenylboronic acid pinacol ester (3 g, 12.09 mmol), EDC (2.78
g, 14.51 mmol) and 4-dimethylaminopyridine (DIMAP) (1.92 g, 17.72 mmol) were dissolved in dry CH:Cl.
(100 mL) and DMSO (2.6 mL) at 0 °C and stirred under Argon for 15 minutes. Then, (S)-3,7-
dimethyloctylamine (2.85 g, 18.14 mmol) was slowly added and the reaction let reach 20 °C and stirred for
24 h. After completion, the reaction was washed with 1 M HCI (3 x 100 mL) and with water (2 x 100 mL). The
organic fraction was collected, dried over MgS0s, and evaporated under reduced pressure affording to 4 as
transparent highly viscous liquid (3.53 g, 9,12 mmol), 75% yield.

1H-NMR (CDCls, 400 MHz) & (ppm): 7.85 (d, 2H, ] = 8 Hz), 7.73 (d, 2H, ] = 8Hz), 6.05 (s, 1H), 3.51-3.42 (m, 2H),
1.68-1.14 (mm, 22H), 0.94 (d, 3H, ] = 6.5 Hz), 0.86 (d, 6H, ] = 6.5); 13C-NMR (CDCls, 100 MHz) § (ppm): 167.34,
137.09, 134.95,125.93, 84.11, 39.23, 38.29, 37.15, 36.76, 30.82, 27.95, 24.88, 24.65, 22.69, 22.56, 19.57; m/z
(MALDI) Calcd. for [C23H39BNO3]* [M-H]*388.29, found 388.34; FT-IR (cm) 3313, 3073, 2954, 2927, 2869,
1636, 1615, 1542, 1509, 1466, 1398, 1358, 1324, 1270, 1214, 1166, 1142, 1089, 1021, 692, 858, 830, 815,
771,710, 654, 633,578,521, 461
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3,4,5-tris(((S)-3,7-Dimethyloctyl)oxy)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)benzamide (5)

In a three neck round bottom flask 3,4,5-tris(((S)-3,7-dimethyloctyl)oxy)benzoic acid (3 g, 5.08 mmol), EDC
(1.17 g, 6.10 mmol) and 4-dimethylaminopyridine (DIMAP) (806 mg, 6.60 mmol) were dissolved in dry
CH2Clz (41 mL) and DMSO (1.1 mL) at 0 °C and stirred under Argon for 15 minutes. Then, 4-
aminophenylboronic acid pinacol ester (1.67 g, 7.62 mmol) was slowly added and the reaction let reach 20 °C
and stirred for 24 h. After completion, the reaction was washed with 1 M HCI (3 x 100 mL) and with water (2
x 100 mL). The organic fraction was collected, dried over MgS04, and evaporated under reduced pressure.
The product was then purified with SiO2 chromatography (Heptane/EtOAc gradient from 100% heptane to
v/v 5:5) affording to 5 as white solid (2.19 g, 2.76 mmol) 54% yield.

'H-NMR (CDCls, 400 MHz) & (ppm): 7.82 (d, 2H, J = 8.4 Hz), 7.73 (s, 1H), 7.65 (d, 2H, ] = 8.4 Hz), 7.05 (s, 2H),
4-11-3.99 (m, 6H), 1-92-1.47 (mm, 16H), 1.35 (s, 12H), 1.29-1.15 (mm, 16H), 0.96-0.92 (m, 9H), 0.87 (d, 18H,
J = 6.6 Hz); 3C-NMR (CDCl3, 100 MHz) & (ppm): 165.51, 153.30, 141.64, 140.68, 135.89, 135.89, 129.85,
118.85,105.81,83.78,71.81, 67.82,39.37,39.27,37.51, 37.34, 36.38, 29.85, 29.67, 29.85, 29.67, 27.66, 24.89,
24.74, 24.89, 24.74, 22.71, 22.60, 19.60; m/z (MALDI) Calcd. for [CasHasBNOs]* [M-H]* 792.62, found 792.64;
FT-IR (cm) 3269, 2954, 2926, 2869, 1647, 1583. 1527, 1498, 1467, 1427, 1396, 1356, 1335, 1285, 1272,
1211, 1144, 1114, 1088, 1047, 995,962, 918, 860, 842, 737, 672, 655, 635, 614, 579, 521

5-Bromo-1,2,3-tris(((S)-3,7-dimethyloctyl)oxy)benzene (6)

In a three neck round bottom flask 5-bromobenzene-1,2,3-triol (1.24 g, 6.07 mmol) and K2CO3 (7.97 g, 50.40
mmol) were dissolved in dry DMF (10 mL). The mixture was stirred at 20 °C for 30 min, then (5)-3,7-
dimethyloctyl methanesulfonate (6 g, 25.38 mmol) was added and the reaction heated to 60 °C for 18 h. The
reaction mixture was then diluted with Et20 (120 mL) and washed with water (3 x 100 mL). The organic
fraction was collected, dried over MgSO4 and evaporated under reduced pressure. SiO; chromatography
(Heptane/CH:Cl. gradient from 100% Heptane to 100% CH2Cl.) afforded to 6 as transparent liquid (1.2 g,
1.91 mmol) Yield 31%.

1H-NMR (CDCl3, 400 MHz) 6 (ppm): 6.68 (s, 2H), 4.01-3.88 (m, 6H), 1.88-1.456 (mm, 12H), 1.37-1.13 (mm,
20H), 0.94-0.90 (m, 9H), 0.87 (d, 12H, J = 6.6 Hz), 0.86 (d, 6H, ] = 6.6 Hz); 13C-NMR (CDCls, 100 MHz) § (ppm):
153.83, 137.42, 115.56, 110.07, 71.68, 67.60, 39.37, 39.27, 37.52, 37.32, 37.29, 36.26, 29.80, 29.67, 27.99,
24.73,22.71, 22.62, 22.60, 19.56; FT-IR (cm) 2953, 2927, 2870, 1587, 1493, 1468, 1422, 1383, 1224, 1115,
810

5-Bromo-1,2,3-tris(dodecyloxy)benzene (7)

In a three neck round bottom flask 5-bromobenzene-1,2,3-triol (1. 4 g, 6.83 mmol) and K.COs (7.83 g, 56.7
mmol) were dissolved in dry DMF (12 mL). The mixture was stirred at 20 °C for 30 min, then 1-Bromo
dodecane (7.49g, 30 mmol) was added and the reaction heated to 60 °C for 18 h. The reaction mixture was
poured into water (200 mL) and extracted with Et20 (3 x 100 mL). The organic fraction was collected, dried
over MgSO4 and evaporated under reduced pressure. SiO2 chromatography (Heptane/CH:Cl, gradient from
100% Heptane to 100% CH:Cl;) afforded to 7 as transparent liquid (2.67 g, 3.76 mmol) Yield 55%.

1H-NMR (CDCl3, 400 MHz) & (ppm): 6.66 (s, 2H), 3.95-3.86 (m, 6H), 1.77-1.66 (m, 6H), 1.35-1.20 (m, 14H),
0.87 (t, 9H).
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4,4',4"-(5,9-dioxa-13b-boranaphtho[3,2,1-de]anthracene-3,7,11-triyl)tris(N-((S)-3,7-dimethyloctyl)
benzamide) (S-B1)

In a Schlenk tube under argon, BBr (100 mg, 0.20 mmol), 4 (382 mg, 0.99mmol), XPhos (61 mg, 0.13 mmol),
K3PO4 (439 mg, 2.07 mmol) and Pdz(dba)s-CHCl; (32.68 mg, 0.03 mmol) were introduced and dissolved in
dry toluene (7.9 mL). The reaction was stirred and heated to 110 °C under argon for 48h. The reaction mixture
was then diluted in with CHCIz (80 mL) and washed with water (3 x 100 mL). The organic fraction was
collected, dried over MgSO4 and evaporated under reduced pressure. The product was first purified with SiO2
chromatography (CHCl3:EtOAc, v/v = 9:1), then with GPC (hexane) and finally with HPLC (CH2Cl2:EtOAc v/v
=8:2) affording to $-B1 as yellow solid (120mg, 0.11 mmol) yield 58%.

1H-NMR (CDCls, 400 MHz) § (ppm): 8.34 (d, 2H, J = 7.44 Hz), 7-74-7.70 (mm, 6H), 7-58-7.54 (mm, 8H), 7.34
(d, 2H,J=7,2 Hz), 7.20 (s, 2H), 6.54 (s, 3H), 3.60-3.49 (m, 6H), 1.78-1.57 (mm, 7H), 1.42-1.16 (mm, 23H), 1.00
(d,9H,/=6.4 Hz), 0.89 (d, 18H, J = 6.6 Hz); 13C-NMR (CDCl3, 100 MHz) § (ppm): 168.25, 156.69, 147.65, 134.58,
134.00, 129.82, 127.41, 127.34, 126.33, 99.99, 39.33, 38.55, 37.36, 36.76, 31.08, 28.02, 24.80, 22.78, 22.66,
19.66 m/z (MALDI) Calcd. for [CeoHs7BN30s]*[M-H]*, 1047.67 found 1048.63; FT-IR (cm'1) 3285, 2953, 2925,
2868,1632,1608,1577,1540,1510, 1464, 1422,1395,1384,1347,1301,1213,1164,1108, 1069, 1016, 940,
839,819, 764, 692,572.

N,N',N"-(5,9-dioxa-13b-boranaphtho[3,2,1-de]anthracene-3,7,11-triyltris(benzene-4,1-diyl) )tris(3,4,5-
tris(((S)-3,7-dimethyloctyl)oxy)benzamide) (S-B2)

In a Schlenk tube under argon, BBr (100 mg, 0.20 mmol), 5 (781 mg, 0.99 mmol), XPhos (61 mg, 0.13 mmol),
K3PO4 (439 mg, 2.07 mmol) and Pdz(dba)s;-CHCls (32.68 mg, 0.03 mmol) were introduced and dissolved in
dry toluene (7.9 mL). The reaction was stirred and heated to 110 °C under argon for48 h. The reaction mixture
was then diluted with CHCls (80 mL) and washed with water (3 x 100 mL). The organic fraction was collected,
dried over MgSOs and evaporated under reduced pressure. The product was first purified with SiO:
chromatography (Hexane: CHzClz, v/v = 3:6), then with HPLC (CHCls) and finally with GPC (hexane) affording
to $-B2 as yellow solid (200mg, 0.09mmol) yield 45%.

1H-NMR (CDCls, 400 MHz) & (ppm): 8.69(d, 2H, ] = 8.2 Hz), 7.84 (s, 3H), 7.79-7.78 (m, 14H), 7.63 (d, 2H, ] = 8.2
Hz), 7.14 (s, 2H), 7.13 (s, 6H), 4.14-4.07 (m, 18H), 1.94-1.18 (mm, 90H), 0.99-0.95 (mm, 27H), 0.90-0.89 (mm,
54H) 13C-NMR (CDCls, 100 MHz) & (ppm): 166.45, 156.78 141.32, 134.59, 128.09, 127.44, 126.26, 126.39,
113.41, 104.66, 99.97, 99.77, 84.95, 39.32, 38.54, 37.32, 36.77, 31.06, 28.01, 24.79, 22.76, 22.65, 19.64 m/z
(MALDI) Calcd. for [C1a7H219BN3014]*[M-H]*, 2261.65 found 2261.44; FT-IR (cm') 3303, 2953, 2926, 2865,
2842, 1676, 1649, 1610, 1596, 1583, 1567, 1520, 1494, 1468, 1423, 1396, 1383, 1365, 1332, 1268, 1237,
1210,1185,1163,1113,1068, 1016, 992, 938, 835, 816, 765, 753, 710, 575, 526.

4,4,12,12-Tetramethyl-2,6,10-tris(3,4,5-tris(((S)-3,7-dimethyloctyl)oxy)phenyl)-8,12-dihydro-4H-3a2-
boradibenzo[cd,mn]pyrene (S-B3)

In a Schlenk tube under argon, BPin (50 mg, 0.08mmol), 6 (248 mg, 0.39 mmol), XPhos (26 mg, 0.054 mmol),
K3PO4 (172 mg, 0.81 mmol) and Pdz(dba)s-CHCls (14 mg, 0.01 mmol) were introduced and dissolved in dry
toluene (3 mL). The reaction was stirred and heated to 110 °C under argon for 48 h. The reaction mixture was
then diluted with CHCI3 (40 mL) and washed with water (3 x 30 mL). The organic fraction was collected, dried
over MgSOs+ and evaporated under reduced pressure. The product was first purified with SiO:
chromatography (hexane:EtOAc v/v = (8:2), then with GPC (hexane) and finally with HPLC (hexane;EtOAc
v/v =9:1) affording to a dark-yellow viscous liquid (20mg, 0.01 mmol) yield 13 %.

1H-NMR (CDCl3, 400 MHz) 6 (ppm): 8.50 (s, 2HO, 8.12 (s, 2H), 7.84 (s, 2H), 6.94 (s, 4H), 6.89 (s, 2H), 4.16-4.04
(mm, 18H), 2.01-1.16 (mm, 48H), 1.45-1.68 (mm, 66H), 0.99-0.86 (mm, 81 H); 3C-NMR (CDCls, 100 MHz) &
(ppm): 160.24,156.87,153.60, 146.6, 145.54,139.19,136.34, 129.89, 125.60, 123.71, 122.82,122.70, 107.58,
106.93,71.91, 71.82, 68.21, 67.80, 67.69, 39.39, 39.29, 37.57, 37.42, 36.54, 33.74, 30.45, 29.86, 29.77, 28.00.
24.76,22.72, 22.62, 19.64 m/z (MALDI) Calcd. for [C133H216B00]*[M-H]*, 1698.65 found 1968.81; FT-IR (cm™)
2953, 2926, 1969, 1657, 1583, 1558, 1504, 1463, 1435, 1384, 1347, 1235, 1114, 1045, 999, 902, 830, 735,
700, 669, 619.

Page | 167



Chapter 6

4',4"",4"""-Nitrilotris(N-((S)-3,7-dimethyloctyl)-[1,1'-biphenyl]-4-carboxamide) (S-N1)

In a three neck round bottom flask under argon, NBr (1 g, 2.07 mmol), 4 (3.97 g, 10.24 mmol), K2CO3 (2.3 g,
16.5 mmol), and Pdz(PPhs)4 (120 mg, 0.104 mmol) were introduced and dissolved in dioxane (38 mL) and
water was then added (1.3 mL). The reaction was stirred and heated to 100 °C under argon for 36 h. The
reaction mixture was then diluted with CHCI3 (100 mL) and washed with water (3 x 80 mL). The organic
fraction was collected, dried over MgSO4 and evaporated under reduced pressure. The product was first
purified with SiOz2 chromatography (CHCl3/MeOH v/v = 98:4), then recrystallized from acetonitrile affording
to $-N1 as a white solid (1.3g, 1.27 mmol) yield 61%.

'H-NMR (CDCls, 400 MHz) & (ppm): 7.82 (d, 6H, ] = 8.3 Hz), 7.64 (d, 6H, J = 8.3 Hz), 7.55 (d, 6H, ] = 8.6 Hz),
7.24 (d, partially hidden by CHCls signal), 6.07 (t, 3H, / =4.8 Hz), 3.54-3.47 (m, 6H), 1.67-1.62 (m, XXH), 1.53-
1.15 (mm, XXH), 0.96 (d, 9H, ] = 6.5 Hz), 0.87 (d, 18H, J = 6.6 Hz); 13C-NMR (CDCls, 100 MHz) § (ppm): 167.13,
147.19, 143.36, 134.66, 133.18, 128.10, 127.41, 126.69, 124.55, 39.24, 38.29, 37.17, 36.81, 30.83, 27.67,
24.68,22.70, 22.60, 19.58; m/z (MALDI) Calcd. for [CesHooN403]** [M] **, 1022.70 found 1022.72; FT-IR (cm™)
3305, 3034, 2958, 2924, 2867, 1366, 1599, 1537, 1489, 1381, 1366, 1314, 1296, 1281, 1198, 1146, 1005, 859,
823,770,723, 683, 637, 530.

N,N',N"-(Nitrilotris({1,1"-biphenyl]-4',4-diyl))tris(3,4,5-tris(((S)-3,7-dimethyloctyl)oxy) benzamide)
(S-N2)
In a three neck round bottom flask under argon, NBr (150 mg, 0.31 mmol), 5 (1.15 g, 0.1.46 mmol), K.COs
(149 mg, 2.49 mmol), and Pdz(PPhs)4 (18 mg, 0.015 mmol) were introduced and dissolved in dioxane (5 mL)
and water was then added (0.2 mL). The reaction was stirred and heated to 100 °C under argon for 36 h. The
reaction mixture was then diluted with CHCls (80 mL) and washed with water (3 x 80 mL). The organic
fraction was collected, dried over MgSO4 and evaporated under reduced pressure. The product was first
purified with SiO: plug in CHCIs (50mL) and precipitation from CHCIz into CHsCN, affording to a beige solid
(365 mg, 0.185 mmol) yield 60%.

1H-NMR (CDCls, 400 MHz) & (ppm): 7.73-7.69 (mm, 9H), 7.61 (d, 6 H, ] = 8.04 Hz), 7.53 (d, 6H, ] = 8.44 Hz),
7.24 (d partially covered by CHCl; signal), 7.07 (s, 6H), 4.09-4.02 (mm, 18H), 1.91-1.55 (mm, 30H), 1.34-1.17
(mm, 60 H), 0.96-0.93 (mm, 27H), 0.87 (d, 54H, ] = 6.6 Hz) 13C-NMR (CDCls, 100 MHz) § (ppm): 165.32, 153.32,
146.71,141.60,136.95, 136.73,134.92, 129.94, 127.62,127.22,1224.47,120.45, 105.81; 71.82, 67.83, 39.37,
39.27, 37.51, 37.34, 36.38, 29.86, 29.67, 27.99,24.76, 22.72, 22.61, 19.30; FT-IR (cm): 3300, 2955, 2926,
2870, 2845, 1675, 1644, 1601, 1582, 1522, 1494, 1469, 1426, 1400, 1384, 1366, 1333, 1290, 1267, 1236,
1208, 1180, 1113, 1043, 1005, 850, 819, 755, 710, 589, 552, 522.

Tris(3',4',5"-tris(dodecyloxy)-[1,1"-biphenyl]-4-yl)amine (a-N3)

In a three neck round bottom flask under argon, NPin (700 mg, 1.12 mmol), 7 (2.63 g, 3.71 mmol), K.CO3
(14.2 mg, 135 mmol), and Pdz(PPhs)+ (260 mg, 0.225 mmol) were introduced and dissolved in toluene (90
mL) and water was then added (5 mL). The reaction was stirred and heated to 100 °C under argon for 72 h.
The reaction mixture was then diluted with CHCls (80 mL) and washed with water (3 x 80 mL). The organic
fraction was collected, dried over MgSO4 and evaporated under reduced pressure. The product was first
purified with SiO2 chromatography in (Heptane: CHzClz v/v 5:5) affording to a viscous amber oil mg however
the product oxidized and just traces of the pure product were observed.

1H-NMR (CDCls, 400 MHz) & (ppm): 7.44 (d, 6H, ] = 8.6 Hz), 7.18 (d, 6H, ] = 8.6 Hz), 6.74 (s, 6H), 4.002 (t, 12H,
J=4.5Hz),3.98 (t, 6H, ] = 6.4 Hz), 1.85-1.73 (mm, 18 H), 1.51-1.25 (180 H), 0.90-0.85 (mm, 27H), m/z (MALDI)
Calcd. for [C144H24NQo]*+ [M]*+, 2131.86 found 2131.90.
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Some general conclusions and
future perspectives

With the consolidation of supramolecular chemistry and the development of many
fundamental tools to control the supramolecular polymerization, it is now time to
exploit this knowledge into real materials and applications. To enable this transition,
the field of supramolecular polymers needs to be expanded towards multicomponent
supramolecular systems and merged with material science and technology. This
broadening requires, inter alia, the acquisition of the knowledge to control the
complexity of these systems and the use of functional building blocks.

This thesis present our efforts in this direction. We developed supramolecular
homopolymers and copolymers based on building blocks commonly used in
optoelectronics. The behavior of the supramolecular homopolymers was studied in
solution and used to establish a first rationalization of the dynamics involved in the
supramolecular copolymers and their structure. We then exploited these systems in
water-splitting solar cells to demonstrate that mastering the organization of a
material’s nanostructure is crucial to improve its performance.

However, bringing supramolecular polymers into action highlights the necessity of
further enhancing the performance of these systems. As introduced in Chapter 4, to
achieve so, it is necessary to work on improving the interaction between the
supramolecular polymers and inorganic interfaces, and via the development of systems
with enhanced optoelectronic properties. We believe that the strategies used in Chapter
4, although primitive, are promising to create an optimized platform to link
supramolecular and inorganic materials. In addition, the direct application of
supramolecular strategies on established organic electronic materials may enhance
both ordering and performance.

We also sustain that properties that are still not achievable with current monomers,
covalent polymers, and supramolecular polymers, can be attained via carefully
designed supramolecular copolymers. Our efforts in Chapter 6 describe a promising
strategy to find new systems that may result in unexpected properties once
supramolecularly copolymerized. The promising early results achieved in that chapter
display a possible direction for future functional supramolecular copolymers.






Summary

Summary

Functional supramolecular materials

Fundamentals, copolymers and application

At the beginning of this century, the great potential and complexity of supramolecular
polymers have emerged. Recent progress in the fundamental understanding of
supramolecular polymerization has pushed the field towards a real exploitation of
these systems into applications. However, the combination of both structural control
and functionality in supramolecular polymers is still an open challenge. Supramolecular
polymers with controlled size and structure are often achieved using monomers which
lack functionality, whereas functional monomers often display complex polymerization
profiles which renders their control less straightforward. In this thesis, we aim to study
functional supramolecular polymers and copolymers and to exploit them in opto-
electronic applications. This research encompasses both fundamental studies on the
control of the (co)polymerization and the exploitation of these system in solar cells.

In Chapter 1, an introduction of the field of supramolecular polymerization and
copolymerization is given. By constructing parallels with their covalent counterpart, an
analytical perspective on supramolecular copolymers is presented. A classification of
supramolecular copolymers based on their microstructure and thermodynamic
parameters is conveyed along with the current state of the art of the field. We
additionally comment on the strategies so far used to analyze the supramolecular
copolymers sequence and the possible application of these multicomponent systems.

In Chapter 2, two families of C3-symmetrical triarylamine-triamides comprising a
triphenylamine- or a tri(pyrid-2-yl)amine-core are presented. Both families undergo
supramolecular polymerization in apolar solvents via a cooperative mechanism, which
involves the formation of hydrogen-bonding interactions as evidenced by spectroscopic
measurements and validated by DFT calculations. The introduction of stereocenters in
the side chains biases the helical sense of the supramolecular polymers formed.
Compared to other typical C3-symmetrical monomers, triarylamine-based systems
display a richer assembly landscape. Two assembled states of opposite handedness are
accessed by tuning the temperature of the system. This complexity is attributed to two
different conformations in the assembled state which are the origin of the polymer’s
helicity. Moreover, spectroscopic measurements varying the water-content of the
solutions demonstrate that co-dissolved water in alkanes plays a fundamental role in
the transition between the two states. In fact, we find that other supramolecular
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polymers that possess conformational flexibility also show a high sensitivity to the
amount of co-dissolved water.

In Chapter 3, the functional supramolecular polymers are exploited as spin filters in
water-splitting solar cells. In a collaborative work with prof. dr. Ron Naaman and
coworkers at the Weizmann Institute of Science (IL), we studied the impact of chiral
supramolecular polymers in the context of water-splitting dye-sensitized
photoelectrochemical cells (DS-PEC). The study includes spectroscopic analyses of the
assembled polymers in solution, to verify the formation of chiral polymers, and
magnetic atomic force microscopy, to measure the spin selection due to a physical effect
called chiral induced spin selectivity (CISS effect). The effect of the functionalization of
TiOz anodes with chiral supramolecular polymers was evaluated in DS-PEC under
illumination. The chiral functionalization results not only in an increase of device’s
current but also in the depletion of the water peroxide formed as byproduct of the
reaction, demonstrating the possibility of controlling the spin in the reaction exerting
spin selection with supramolecular polymers.

Research within this field is continued in Chapter 4. In this section we report on
improvements to chiral-functionalized water-splitting devices by implementing a more
classical design of dye sensitized solar cells (DSSCs). The chapter is focused on
confirming the reproducibility of the effect and improving the efficiency and stability of
the cells. A standardized procedure for the fabrication of porous TiO2 anodes is
introduced along with an improved procedure for the deposition of supramolecular
polymers. Supramolecular anchors are also examined to improve the device’s stability.
A library of anchoring tripyridylamine monomers is designed and synthesized to
covalently link to the TiO2z surface and non-covalently interact with the chiral
supramolecular polymers made with the same core. A careful selection of the anchoring
molecule results in great improvement of the chiral order and a modest improvement
in time-stability. Finally, the study on a chiral supramolecular polymers based on classic
donor-m bridge-acceptor (D-m-A) design of dyes is reported. We exploit its chiral
assembly to obtain water-splitting solar cells able to operate under visible light while
exerting spin-selection. C3-symmetric triphenylamine-based dyes bearing a chiral
periphery were synthesized and their supramolecular polymerization studied.
Supramolecular characterization and initial testing displayed promising results
confirming the advantage of using chiral systems.

In Chapter 5, our interest returns to fundamental research exploring multicomponent
supramolecular systems in solution. Here, the study of the microstructure of
triarylamine triamides-based supramolecular copolymers through a comprehensive
battery of spectroscopic, theoretical, and super-resolution microscopic techniques is
described. We demonstrate via spectroscopic analysis that the supramolecular
copolymerization obtained by mixing tripyridylamine-based and triphenylamine-
based monomers leads to a microstructure that is independent of the copolymerization
protocol. The small but pronounced deviation of the experimental spectra from the
linear combination of the homopolymers’ spectra hints to the formation of block
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copolymers. A mass balance model is introduced to further unravel the microstructure
of the copolymers. The simulated data confirm that stable multi-block supramolecular
copolymers can be accessed from different routes and that the multi-block structure
originates from the fine balance between favorable hydrogen bonding interactions in
combination with a small mismatch penalty between two different monomers. Finally,
we visualize the formation of the supramolecular block copolymers by adapting a
recently developed super resolution microscopy technique, interface point
accumulation for imaging in nanoscale topography (iPAINT), for visualizing the
architectures formed in organic media. The combination of multiple techniques is
crucial to unveil the polymer sequence of these complex dynamic supramolecular
systems.

Finally, Chapter 6 aims to develop and study supramolecular copolymers with new
emerging functionalities. In collaboration with prof. dr. Shigehiro Yamaguchi’s group at
Nagoya University (JP), we aimed to study boron-nitrogen supramolecular copolymers.
A library of bridged-triarylborane supramolecular monomers and triphenylamine
analogues is designed and synthesized. The formation of homopolymers in apolar
solvents is studied via variable temperature spectroscopic analysis. After selection of
the most promising B-N couple, we report on preliminary supramolecular
copolymerization experiments. Although absorbance and circular dichroism studies do
not show features that can be assigned to the formation of copolymers (suggesting self-
sorting of the system) emission studies reveal the emergence of a green fluorescence
with remarkably long lifetime. Combination of circular polarized luminescence, oxygen-
free lifetime measurements, and variable temperature emission spectra demonstrate
the presence of B-N couples within the supramolecular copolymers chain. Kinetic
studies demonstrate the growth of B-N interactions over time, suggesting a slow
copolymerization of the system upon aging.

The thesis ends with a comprehensive conclusion on this research field aiming to
highlight the strength and potential of exploiting functional supramolecular polymers
and copolymers and possible future directions.
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