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Polymer Chemistry

Abstract

n-Conjugated polymers that extend the n-conjugation in more than one dimension are highly
sought after for various organic electronic and energy applications. However, synthesis of
solution processable higher dimensional wt-conjugated materials is still at its infancy because
of strong interchain n-n interactions. The conventional strategy of using linear alkyl pendant
chains do not help overcome the strong interchain m-m interactions in higher dimensional -
conjugated materials as they do not directly mask the n-face of the repeat units. While the
miniemulsion technique has been employed to generate hyperbranched m-conjugated polymer
particles stabilized by surfactants, this approach does not address the molecular level
challenges. We have proposed that n-face masking straps mask the n-face of the polymer
backbone and therefore help to control n-r interchain interactions in higher dimensional n-
conjugated materials at the molecular level. Herein, we have shown that strapped aryl
dialdehyde monomer (Az) when reacted with a trifunctional 1,3,5-benzenetriamine (Bs) using
dynamic imine chemistry, a solution dispersible and processable hyperbranched polymer with
degree of branching 0.46 is generated. Also, by varying the reaction conditions (catalyst,
monomer concentration, and solvent) solution dispersible polymer particles of varying
diameter ranging from 60-300 nm are generated. It is worth noting that despite having the
suitable monomer architectures for the formation of ordered frameworks, a hyperbranched
polymer is generated because the straps effectively hinder interlayer n-n stacking interactions
thereby preventing the formation of crystalline aggregates that are required for the growth of
the former. Since straps stabilize the chains against n-r interactions at the at the molecular
level, straps will not only provide synthetic control over the architecture but also remove typical
synthetic limitations associated with miniemulsion technique including functional group

intolerance and monomer miscibility.
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Introduction

Delocalization of m-electrons along the polymer backbone make n-conjugated polymers useful
for several applications including organic electronics, energy and sensors.1® Extending this
delocalization into multiple dimensions unlocks intriguing electronic and optoelectronic
characteristics in higher dimensional w-conjugated materials.®*®> However, controlling polymer
growth beyond one dimension and synthesizing solution-processable higher dimensional 7-
conjugated polymers has been a persistent challenge in materials science due to strong
interchain van der Waals and n-7 interactions in these materials.!* > ¢ The conventional use
of linear alkyl pendant chains, which effectively render soluble 1D-n-conjugated polymers, do
not directly shield the m-faces of repeat units hence fail to address the strong interchain n-nt
interactions encountered in higher dimensional n-conjugated materials.!” 18 As a result, a
prevalent approach to generate solution-processable networks and hyperbranched polymers
(HBPs) involves the utilization of the miniemulsion technique.®?® In this method, surfactants
are used to stabilize the polymer particles against aggregation. However, surfactants do not
confer solubility at the molecular level, posing challenges in controlling polymer growth and
branching. Furthermore, the presence of surfactants on the nanoparticles can adversely affect
the optical and electronic properties of the polymer. Alternative synthetic strategies, such as
using non-stoichiometric monomer feed ratios and using synthetically demanding AB: type
monomers in conjunction with pendant alkyl chains have shown success in producing soluble
low molecular weight n-conjugated HBPs.™ 26-28 Although some progress has been made in
synthesizing solution-processable conjugated HBPs by mitigating interchain interactions
through interarylene torsion angles and pendant solubilizing chains,*® 23! there remains a
critical need for strategies that directly target the interchain n-m stacking interactions at the

molecular level, enabling control over the growth and processability of n-conjugated HBPs.
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Several groups have used n-face masking straps to enhance n-conjugated polymer’s chemical
stability, photostability, fluorescence quantum vyield, electroluminescence, and intrachain
charge transport.®>¢ Our research group has been focused on designing and developing n-face
masking straps that overcome interchain interactions, allow the solution phase synthesis of
higher dimensional n-conjugated materials and generate soluble higher dimensional materials.
Unlike traditional linear pendant alkyl chains, these novel nt-face masking straps directly shield
the n-face of the repeat unit and effectively overcome interchain n-m interactions. Our research
group has been at the forefront of this field and demonstrated the efficacy of cycloalkyl straps
by design and synthesis of n-face masking straps that enable the production of soluble, high
molecular weight linear polymers (ca. 24 kDa) and two-dimensional w-conjugated oligomers,
without the need for pendant solubilizing chains.*-*° Furthermore, we successfully synthesized
conjugated porous polymer networks using adamantyl strapped building blocks and
irreversible P-C bond forming reactions.** The incorporation of adamantyl straps not only
reduced interchain 7-m interactions but also enhanced the residence time of the network in the
reaction mixture, resulting in a swollen network that allowed monomers to diffuse and react,

enabling control over network size and crosslinking density.*
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Figure 1: Chemical structures of the linear polyazomethines (p-PAM and m-PAM), hyperbranched polyazomethine
(HB-PAM-1) and the model imine trimer synthsized and studied in this work
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In this work, we report the synthesis of linear and hyperbranched strapped-polyazomethines by
harnessing the power of strapped building blocks and dynamic imine chemistry.*? By
employing imine condensation polymerization, we successfully polymerized a strapped aryl
dialdehyde monomer (A.) with difunctional aryl amines (B2), resulting in the production of
high molecular weight linear polyazomethines (p-PAM and m-PAM) (Figure 1). The synthesis
of linear polymers played a pivotal role in the subsequent synthesis and structural
characterization of strapped-hyperbranched polymers. Utilizing the knowledge generated from
the linear polymer synthesis, the strapped aryl dialdehyde monomer (Az) was copolymerized
with a trifunctional aryl amine unit (Bs) to generate solution-dispersible and processable
hyperbranched polyazomethines (HB-PAMSs) without the necessity of incorporating pendant
solubilizing chains or surfactants (Figure 1). By carefully controlling key polymerization
conditions, such as the selection of catalyst, monomer concentration, and solvent, we were able

to control the growth and morphology of the resulting HB-PAM particles.

Results and Discussion
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Scheme 1: Synthesis of strapped aryl dialdehyde monomer (£, meso) 8, (DADA)

In this work, adamantyl-strapped monomer was selected as the aryl-strapped building block
due to its demonstrated efficiency in hindering interchain interactions compared to cyclohexyl-
strapped monomer.®” Additionally, dynamic imine chemistry*? was used here to generate linear

and hyperbranched polymers. The dynamic covalent chemistry enables reversible covalent
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bond formation reactions and has been utilized in various research areas to create elusive yet
significant materials, such as macrocycles and covalent organic frameworks.**° More
importantly, the imine reaction facilitates the extension of w-conjugation between the building
blocks.®>* Dibromoadamatanocyclophane (6) was synthesized by following our previous
synthetic protocols from adamantane dicarboxylic acid (1) as shown in Scheme 1.3” Compound
6 was converted into a bromoadamantano cyclophane carbaldehyde (7) and then subjected to
Stille coupling with bis(trimethylstannyl)acetylene to make diadamantanocyclophane
dialdehyde, (z, meso) 8, (DADA) which serves as A> monomer for the linear polymer and HBP
synthesis. DADA was synthesized and used as A> monomer rather than monoadamantyl
dialdehyde to maintain a higher percentage of strapped monomers in the co-polymers and
HBPs. Previously, we have shown that the strapped monomers generate soluble linear -
conjugated polymers of higher molecular weight without the need for pendant solubilizing
chains and the incorporation of co-monomers that do not contain straps and solubilizing
pendant chains will reduce polymer solubility.®” *® Therefore DADA, compared to the
monoadamantyl dialdehyde, provides a higher percentage of the strapped repeat units in the
linear co-polymers and HBPs, which will help to overcome interchain n-7 interactions and
enable soluble polymers without pendant solubilizing chains. Also, DADA was obtained as a
mixture of stereoisomers and used as is without chiral

resolution. The presence of mixture of stereoisomers of

DADA in the polymerization mixture will generate an

atactic polymer. Atactic polymers typically have higher

solubility limits than the iso- or syndio-tactic polymers

obtained from chiral monomers. The crystal structure

. . . o Figure 2: Crystal structure of DADA (black-C,
of DADA is shown in Figure 2 and S1 (Triclinic, P-1). yellow-S, red-O, H atoms omitted for clarity)
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There are no reports on the

imine condensation
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monomers. Therefore, before
pursuing the strapped HBP

synthesis, we first aimed to
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55°C, 24h
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optimize the imine
condensation reaction
conditions by synthesizing two

linear polyazomethines, para-

polyazomethine (p-PAM) and
meta-polyazomethine (m- Scheme 2: Synthesis of linear polyazomethines (PAMs)
PAM), synthesis. DADA was

reacted with p-phenylene diamine using different catalysts and solvent as shown in Scheme 2
and Table 1 to generate p-PAM. Polymerizations were typically run for 20 hours at 50 °C, and
molecular weights of the resultant polymers were determined using GPC. Solvent for the
polymerization was optimized by using zinc triflate as catalyst at a constant monomer
concentration of 10 mg/mL. It was observed that the mixture of acetonitrile (ACN) and CHCI3
in 2:1 (v/v) ratio resulted in high molecular weight (10.7 kDa) and mostly soluble polymer.
Using this solvent combination different Lewis acids and Bronsted-Lowry acids were screened
as catalysts. Among the screened Lewis acids, boric acid resulted in the highest molecular
weight (c.a. 19.2 kDa) polymer. And among the screened Bronsted-Lowry acids, acetic acid
resulted in a high molecular weight (18.4 kDa) polymer. Stronger Bronsted-Lowry acids such

as p-toluene sulfonic acid and trifluoroacetic acid resulted in formation of insoluble precipitate

probably due to formation of high molecular weight insoluble polymers.
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Table 1: Solvent and catalyst optimization for the synthesis of p-PAMs

Solvent screening® Mp° Catalyst Screening
(kDa) Lewis acids Mn° Bronsted- Lowry acids MrP
(kDa) (kDa)
4:1 Toluene: ACN 34 Copper (1) triflate 4.6 Acetic acid 184
Chloroform 5.1 Copper (I1) triflate 3.9 Trifluoroacetic acid Insoluble
1:2 ACN: CHCIs 3.0 Nickel (I1) triflate 7.4 p-toluene sulfonic acid  Insoluble
1:1 ACN: CHCl3 9.3 Zinc (1) triflate 10.7
2:1 ACN: CHCl3 10.7 Scandium (I11) triflate 16.1
3:1 ACN: CHCl3 79 Boric acid 19.2

“at a monomer concentration of 10 mg/mL; "Tetrahydrofuran Gel Permeation Chromatography with polystyrene standards

The polymerization conditions optimized for synthesizing p-PAM were utilized for the

synthesis of m-PAM. By reacting m-phenylenediamine and DADA in the presence of acetic

acid and boric acid catalysts, m-PAM polymers with molecular weights of 17 and 31 kDa were

successfully obtained. However, when boric acid was used as a catalyst, the yield of the soluble

fraction was less than 20% for the 31 kDa m-PAM. On the other hand, maintaining the

molecular weight below 20 kDa resulted in greater than 30% yield of the soluble polymer. It is

worth noting that none of these conditions led to the formation of polymers greater than 1 kDa

when DADA was reacted with o-phenylenediamine, likely due to steric hindrance. Therefore,

the appropriate condition for synthesizing strapped polyazomethines with decent soluble

fraction yield is by running the imine condensation polymerization in a mixture of ACN and

chloroform (2:1 v/v) with 10
mg/mL DADA concentration
in presence of acetic acid
catalyst at 50 °C for 20 hours.
Polymer structures were
confirmed using ATR-IR
(Figure 3 & S2) and *H-NMR
(Figure S8 & S9). In the

ATR-IR spectra, a new peak

% Transmittance

—— DADA

1750 1700

1650 1600 1550 15

Wavenumber (cm™)

at 1620 cm™ was observed Figure 3: ATR-IR spectra of p-PAM, m-PAM and DADA
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(Figure 3) for both p-PAM and m-PAM, which corresponds to the imine stretch and matches
with values reported in the literature.>>>’ Additionally, the presence of a peak at 8.9 ppm in the
solution-state *H-NMR spectra of the polyazomethines confirms the formation of imine bonds.
The relatively low intensity peak at 10.35 ppm in the *H-NMR and the carbonyl stretch around
1680 cm? in the ATR-IR are attributed to the terminal aldehyde groups on the
polyazomethines. Thus, strapped DADA monomer undergoes imine polymerization with para-
and meta-phenylenediamines and generates relatively high molecular weight and soluble linear
polyazomethines.

The optimized conditions for imine condensation polymerization, which were established for
the synthesis of linear polyazomethines, were utilized as the foundation for the synthesis of
strapped conjugated HBPs using dynamic imine chemistry. DADA (Az) was reacted with 1,3,5-
benzenetriamine (Bsz) under different conditions to generate conjugated hyperbranched
polyazomethines (HB-PAMs) as shown in Table 2. The volume ratio of chloroform in the
solvent mixture was increased for HBP synthesis since higher dimensional polymers typically
have lower solubility limit than the linear polymers. Two Lewis acids (zinc triflate and
scandium triflate) and a Bronsted-Lowry acid were tested (Table 2) in a 1:1 (v/v) mixture of
ACN and chloroform. Gelation of the reaction mixture occurred within 30 minutes when using
both the Lewis acids. On the other hand, solid precipitate was observed in the presence of acetic
acid after 2 hours of polymerization. Relatively high concentration of the DADA monomer (12

mM) may have led to the formation of crosslinked network in all three cases.

Table 2: Screening of reaction conditions for the synthesis HB-PAM at a constant monomer concentration of 12 mM

Solvent Catalyst Time Observation
i) 1:1 ACN: CHCIs Zinc triflate 25 min Gel
i) 1:1 ACN: CHCIs Scandium triflate 20 min Gel
iii) 1:1 ACN: CHCl3 Acetic acid 24 h Precipitate
iv) 1:1 ACN: CHCIs/ THF Acetic acid 90 min / 3 days Dispersion (HB-PAM-1)
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In order to control the polymer growth, avoid crosslinking and to obtain soluble material, the
HBP was grown in a two-step process (Scheme 3; condition iv, Table 2). DADA (12 mM) was
reacted with 1,3,5-benzenetriamine in ACN:CHClIs (1:1 v/v) mixture for 90 minutes at 55 °C
to form dispersible polymer particles. The solvent was removed under reduced pressure, the
residue was redispersed in THF and further reacted in the presence of acetic acid catalyst at 55

°C for 3 days. The advantage of a two-step NH,

process is that, in the first step, dispersible HoN NH,

<>
S 1) 1:1 ACN:CHCI;, CH;COOH,
nanosized HBP particles are generated. In 55 °C, 90 min
. . Y2
restructuring due to the reversible nature of S X ﬁ
S
the imine reaction, while also continuing to V7

the second step, the polymer can undergo

| 2) THF, 55 °C, 3 days
)
%
N

grow further through polymerization. THF S"%

is selected as a solvent for the second step

because it acts as a marginal solvent for 3
strapped conjugated polymers. 0 Sig
Consequently, when THF is used as a § HB-PAM-1

) .. Scheme 3: Synthesis of HB-PAM-1
solvent, the HBP is expected to precipitate

from the reaction mixture before it can grow into an insoluble high molecular weight network.
At the end of the polymerization THF was removed and the resultant precipitate was washed
in methanol to obtain HB-PAM-1. Atomic force microscopy (AFM) image of the chloroform
dispersion of HB-PAM-1 drop-casted onto glass substrate revealed the formation of

nanoparticles of diameter ca. 300 nm (Figure 4a).

Table 3: Effect of ACN as a co-solvent with CHCI3 on the synthesis of HB-PAM
% of ACN 33% 50% 66% 100%

Observation Dispersion Dispersion Dispersion Dispersion
monomer concentration: 4.2 mM; Catalyst: CH;COOH; Time: 2 h

10
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Since ACN is a bad solvent for higher dimensional conjugated polymers growth, we expected
that well defined HB-PAM nanoparticles can be obtained by increasing the percentage of ACN
in the reaction mixture. Consequently, a systematic increase in the percentage of ACN in the
reaction mixture was employed for generating HB-PAMs as shown in Table 3. After a two-
hour reaction time, the resulting dispersions were drop-casted onto a glass substrate and
visualized using AFM. To the contrary of our expectations, as the percentage of ACN
increased, aggregates and thick films were observed under AFM. This indicates that using ACN
as a co-solvent for HB-PAM synthesis is ineffective even though it was helpful in the case of

the linear polymers (p- PAM, m- PAM) synthesis.

Table 4: Effect of 2 mM monomer concentration in CHCIz on the synthesis of HB-PAM

Catalyst Time Observation
i) Acetic acid 90m Dispersion (HB-PAM-2)
i) Acetic acid 2h Dispersion (HB-PAM-3)

Lastly, concentration of the DADA was reduced to 2 mM and only CHCI3z was used as the
solvent (Table 4). Resultant particles after 90 minutes (HB-PAM-2) and 2 hours (HB-PAM-3)
were analyzed under AFM. In both the cases, the resultant HB-PAM nanoparticles were
dispersible in CHCIlz. AFM images of HB-PAM-2 and 3 are shown in Figure 4b and 4c
respectively. HB-PAM-2 showed nanoparticles of diameter ca. 60 nm (Figure 4b) whereas
increase in polymer growth time resulted in particles (HB-PAM-3) of relatively larger size but

of irregular geometry ~90 nm (Figure 4c).

Height (nm)

= =
N (o)}

Height (nm)

Figure 4: AFM images of a) HB-PAM-1; b) HB-PAM-2; ¢) HB-PAM-3

11
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Structural analysis of HB-PAM was done using ATR-IR and solution-state *H-NMR. Figure

5a and S2 shows the ATR-IR spectra of HB-PAM-1. Similar to m-PAM, the appearance of a

new peak around 1620 cm™ is due to the C=N stretch in HB-PAM-1 and confirms the imine

formation. The low-intensity aldehyde stretch at 1690 cm™, similar to that observed in linear

m-PAM, is attributed to the terminal aldehyde groups. *H-NMR of the HB-PAM-1 dispersion

is shown in Figure 5b and S10. As anticipated, the peaks in the NMR spectrum of HB-PAM-1

display broadening, indicating the formation of the polymer. The low intensity peak at 10.35

ppm is attributed to the terminal aldehyde groups (Figure S10). The peak corresponding to the

imine protons is observed at 8.83
ppm for HB-PAM-1 (Figure 5b).
Notably, this peak exhibited two
shoulders on either side, which is
distinct from the single peak
observed in the H-NMR spectra
of the linear polyazomethines (p-
PAM & m-PAM). Depending on
the number of amines on the 1,3,5-
benzenetriamine reacted, the HB-
PAM will have dendritic (all three
amines reacted), linear (two
amines reacted), and terminal (one
amine reacted) groups. To better
understand the *H-NMR spectrum
of HB-PAM-1, a model trimer was

synthesized by reacting 1,3,5-

QO
S
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I

]

:

: —— HB-PAM-1
=l

1750 1700 1650 1600 1550 1500
Wavenumber (cm™')

DB = (T+D)/(T+D+L)
= (1.44/3.13)
= 0.46

e e = @ -
3
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Figure 5: a) ATR-IR spectra of HB-PAM-1 highlighting the imine
bond formation; b) *H NMR spectrum of HB-PAM-1 in CDCl3 from
8.5 to 9.0 ppm highlighting the imine formation and calculation of
degree of branching from peak integrations
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benzenetriamine with compound 7 (see ESI). In the model trimer all amines on the 1,3,5-
benzenetriamine are converted into imines and the imine proton is observed as a singlet at 8.78
ppm (Figure S12). In the case of m-PAM linear polymer, the two amines on the m-
phenylenediamine are converted into imines and the imine proton chemical shifts are at 8.9
ppm (Figure S9 & S13). Therefore, the imines that are part of each of these groups will have a
different chemical environment and particularly the imine peak chemical shift moves upfield
as the greater number of amines react.® *° Based on the chemical shifts of the model trimer
and m-PAM, the peaks at 8.93, 8.83 and 8.74 ppm are assigned to terminal (T), linear (L), and
dendritic (D) groups respectively as shown in Figure 5b. Degree of branching (DB) for HB-
PAM can be calculated from the percentage of each of these groups. DB of a HBP-1 was
calculated using the equation DB = (T+D)/(T+D+L), developed by Frechet et al.%° and is found
to be 0.46 for HB-PAM-1, which indicates a hyperbranched architecture. DB informs about
the topology and architecture of the polymer, typically polymers with DB in the range between
0.35 - 0.65 are considered as hyperbranched polymers. A high DB suggests that the topological
structure of the polymer is comparable to dendrimer analogues, whereas a low DB indicates

that the structure is analogous to a linear polymer 5! 2

The powder X-ray diffraction (PXRD) pattern of HB-PAM-1 (Figure S3) does not show any
sharp peaks, indicating that the polymer is amorphous in nature. The two broad peaks centered
around 260, 11.58 and 18.74, corresponds to 7.6 A and 4.7 A, respectively. Based on the PXRD
of our previously reported adamantanocyclophane Glaser-Hay 1D-homopolymer, 7.6 A
corresponds to the height of the adamantane straps and hence to the interlayer distance between
the polymer chains.®” Since straps on the DADA building block masks the n-face of the
monomer, it effectively hinders the m-stacking interactions between the oligomers thereby
obstructing the formation of ordered aggregates and hence the formation of crystalline covalent

organic frameworks (COFs). Instead, the oligomers assume a 3D architecture as they grow

13
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similar to dendrimers and results in the formation of a n-conjugated hyperbranched polymer.
Solution processable hyperbranched conjugated polymers have been synthesized using repeat
units that contain pendant solubilizing chains.?: 2 2" 28 However, solution soluble
hyperbranched polymers without the pendant solubilizing chains are not known to the best of
our knowledge. The nearest systems to the hyperbranched conjugated polymers without
pendant solubilizing chains are conjugated (porous) polymer networks. Conjugated polymer
networks due to the absence of solubilizing pendant chains become insoluble aggregates as the
degree of polymerization increases. This is attributed to the strong interchain interactions (7-7t
and van der Waals interactions) within the network.'®>!® Cooper and other research groups
generated soluble low molecular weight hyperbranched polyarylenes by taking advantage of
the interarylene torsion angle and pendant solubilizing chains.*® 2% Interarylene torsion angle
along with the pendant solubilizing chains reduce interchain interactions and render low
molecular weight, soluble, hyperbranched polymers. Typically, dispersible hyperbranched
conjugated polymer particles are synthesized using miniemulsion technique, wherein the
surfactant act as a stabilizer.'®% In this work, we observed that the straps generate
hyperbranched polymers that are dispersible in chloroform without pendant solubilizing chains
or surfactants. The straps prevent the extensive aggregation of polymer chains leading to the
formation of a dispersible hyperbranched polymer. An interesting observation regarding the
morphology of the nanoparticles is that they all exhibit pancake like morphology i.e., the
diameter of the nanoparticles is higher than that of height of the particles (Figure 4). The
diameter and height of HB-PAM-1-3 are 300 x 60, 60 x 10, and 90 x 6 nm respectively. Thus,
the diameter of the HB-PAM nanoparticles ranges from 60 to 300 nm whereas the height of
the nanoparticles ranges from 6 to 60 nm. The pancake morphology is observed here because
polymer architecture is unable to self-support its hyper-branched structure, leading to collapse

onto itself. This pancake morphology has also been observed in dendrimers, which are

14
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considered as analogs of defect-free hyperbranched polymers in the Az + B2 system, as well as
in hyperbranched polymers.®® 8 It is known that dendritic polymers with low branching density
adopt disk-like morphology when drop coated onto substrates. For example, arborescent graft
polystyrene with low branching density cannot self-sustain the structure and flatten due to the
adsorption forces with the substrate.®® Similarly, dendrimers have exhibited a pancake-like
morphology for analogous reasons, as shown by research conducted by the Zimmerman group
and others.®® %4 ). This pancake morphology has also been observed in specific cases of
conjugated hyperbranched polymers/conjugated porous polymers, where the width exceeded
the height of particles by at least 3-5 times.! ® 57 In contrast to low branching density non-
conjugated HBPs and dendrimers, the relatively more rigid backbone of conjugated polymers
aids in maintaining their structure in the solid-state. This is evident through the porosity
measurements done on the conjugated porous networks, high porosity is observed for highly
crosslinked porous network structures.!* However, as the network density (branching density)
decreases the intrachain interactions (z-t and van der Waals interactions) dominate, which lead
to collapse of the network and low porosity.'! Therefore, the disk-shaped morphology observed
in the reported HBPs can be attributed to the significant interchain interactions in the solid
state, combined with the relatively low branching density, drawing parallels to observations
from the literature on non-conjugated dendrimers and HBPs, and conjugated porous networks.

The higher surface area to volume ratio of HB-PAMs resulting from the pancake morphology

15
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is advantageous for effective interaction with small molecule dopants for electronic and

semiconducting applications.* 6869

The UV-vis absorption and photoluminescence spectra of p-PAM, m-PAM and HB-PAM-1 in
CHCIs are shown in Figure 6 and their optical properties are summarized in Table 5. The
absorption maximum for p-PAM is at 423 nm, while the absorption maximum for m-PAM is
at 387 nm. The repeat units in the p-PAM are connected by p-phenylenediamine, which extends
the m-conjugation, hence shows higher absorption maximum compared to m-PAM wherein the
repeat units are connected by m-phenylenediamine. The absorption maximum of HB-PAM-1
is observed at 389 nm, which is similar to that of m-PAM, likely due to the limited electron

delocalization in both compounds due to the meta-connection between the repeat units.

Table 5: Summary of optical properties of PAMs and HB-PAM-1

Polymer  Absorbance Emission Stokes l475/ 1450
max (hm) max (nm) shift (nm)
p-PAM 423 445 22 0.45
m-PAM 387 445 58 0.62
HB-PAM-1 389 443 54 0.85

In contrast to the trend observed in the absorption maxima, the photoluminescence spectra of
both p-PAM, m-PAM, and HB-PAM-1 are similar, with emission maxima around 445 nm and

a shoulder peak at around 475 nm. This

L. 1.0 - —— HB-PAM-1
peak feature is similar to that observed ' —— p-PIDA
. —— m-PIDA
. . g1/ A Y EFe e HB-PAM-1
in previously reported @084 /) oai oL L p-PIDA
g m-PIDA
adamantanocyclophane-based Glaser- % 0.6
N
Hay 1D-homopolymers. The Stokes g g 4. "
S
shift for p-PAM is 22 nm, while the = 02
Stokes shift for m-PAM and HB- -
0.0 T T T = T T T —
300 400 500 600

PAM-1 is approximately 55 nm. A Wavelength (nm)

larger Stokes shift in the case of M- Figure 6: Normalized UV-vis (solid lines) and photoluminescence
(dotted lines) spectra of p-PAM, m-PAM and HB-PAM-1 in CHCIs

PAM and HB-PAM-1 suggests that the

16
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exciton delocalizes to a lower energy configuration upon excitation. All three polymers showed
a difference in the ratio of intensity of emission peak at 475 with respect to 445 nm as shown
in Figure 6 and Table 5. The ls7s/l450 value increases in the order, p-PAM<m-PAM<HB-PAM-

1 and can be correlated to the reduced conformational freedom along the polymer backbone.

Conclusions

In summary, the efficacy of cycloalkyl straps in masking the n-face is demonstrated by design
and synthesis of m-face strapped building blocks that enabled the production of solution-
dispersible and processable hyperbranched polyazomethines (HB-PAMS) without the necessity
of incorporating pendant solubilizing chains or use of surfactants (Figure 1). This work
represents a significant advancement in hyperbranched polymer synthesis. The straps mask the
n-face of the monomer effectively, hindering the n-stacking interactions between the oligomers
thereby obstructing the formation of ordered aggregates and formation of crystalline COFs.
Instead, the oligomers assume a 3D architecture as they grow similar to dendrimers and results
in the formation of a m-conjugated hyperbranched polymer. Since straps stabilize the chains
against n-m interactions at the at the molecular level, straps will not only provide synthetic
control over architecture but also remove typical synthetic limitations associated with
miniemulsion technique including functional group intolerance and monomer miscibility. The
generated hyperbranched polymer particles exhibit a distinctive pancake morphology, which
offers a higher surface area to volume ratio. The extended zm-conjugation beyond a 1D-chain
along with the high surface area of a pancake shape morphology will facilitate efficient
interactions between the hyperbranched polymer and small molecules (acceptors, analytes, and
dopants). This will help to unlock the potential hyperbranched polymers and lead to exciting

advancements in fields such as electronics, sensors, and energy conversion.
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