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ABSTRACT: Global intramolecular hydrogen bonds were installed and manipulated in a rigid artificial synthetic polymer in
order to actively control its conformation for synthesis and processing. The polymer solubility was switched on and off by
chemically inhibiting and regenerating these preorganized intramolecular hydrogen bonds. Such active manipulation made it
possible to synthesize this highly rigid polymer with elevated molecular weights. A well-solubilized, noncoplanar polymer
precursor with thermally cleavable Boc groups was synthesized (M, = 32.4 kg/mol). After processing this precursor into thin
films, in situ thermal treatment regenerated the latent intramolecular hydrogen bonds and led to a rigid ladder-type
conformation. Such manipulation of the intramolecular hydrogen bonds allowed for multilayer deposition of this polymer,
laying the foundation for potential additive manufacturing using this strategy.

Intramolecular hydrogen bonds are ubiquitous in biomacro-
molecules and synthetic polymers, playing a pivotal role in
shaping macromolecular conformations and governing macro-
scopic properties of these polymers. For example, they induce
and stabilize the secondary structures of polypeptides (Figure
la) and proteins.' > They are also important in determining
the properties and functions of polysaccharides,” poly(vinyl

alcohol),” polyacrylamide,” polyhydroxyalkanoates,” poly(p- -‘
sulfophenylene terephthalamide)," a variety of copolymers," ""” "o '
etc. Inspired by these natural and synthetic examples, chemists iy ol

designed and incorporated intramolecular hydrogen bonds into HP  Intramolecular hydrogen bonds formed, poorly soluble

artificial polymers to tailor their conformations and functions. R = Aot
These noncovalent interactions were employed to lock Sy

Boc = Q
molecular conformations of a variety of synthetic polymers, Aok e ; %

Heating

to construct helical architectures,'*~" to access desired optical

behaviors,lé_18 and to achieve favorable charge transport
properties.'”*" However, after locking the global conforma-
RO’ OR
tion, specifically to a coplanar geometry, dleGCfgai_;,eZCZI solubilities BocP Twisted, highly soluble
of the polymers were often encountered, leading to
low molecular weights and poor solution processability that Figure 1. (a) Example of intramolecular hydrogen bonds: crystal

structure of a polypeptide with helical conformation induced by
intramolecular hydrogen bonds®® and (b) chemical structures and
graphical representations of HP and BocP.

prohibit the urgently demanded wide application of this
promising strategy for desired properties.

We envisioned that the critical challenges associated with the
poor solubility and processability of these rigid polymers can
be addressed by manipulating the intramolecular noncovalent
interactions. In fact, the modulation of intramolecular
hydrogen bonds represents one of the fundamental mecha- Received: May 17, 2018
nisms for biomacromolecules to adopt different conformations Accepted: June 19, 2018
to perform diverse functions in many essential life processes.”
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Scheme 1. Two Synthetic Routes to HP*
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“Route A: direct polymerization of monomer 1 without masking the hydrogen bonds. Route B: polymerization of Boc-protected monomer 2

followed by solid-state unmasking of the hydrogen bonds.

For artificial polymers, it is still formidably challenging to
actively control these intramolecular hydrogen bonds to
achieve tunable properties, specifically those relating to
synthesis and processing. In this context, global intramolecular
hydrogen bonds (ubiquitously formed between each two
adjacent building units throughout the backbone) need to be
accurately arranged and efficiently manipulated in macro-
molecular backbones. Meanwhile, the typical high degrees of
freedom of these hydrogen bonding moieties and the flexible
macromolecular chains increase the complexity in controlling
the conformations.”* Herein, we report a molecular engineer-
ing strategy to address this long-standing issue by chemically
inhibiting and regenerating global intramolecular hydrogen
bonds that are preorganized in a model polymer (HP). By
inhibiting hydrogen bonds, a well-soluble precursor BocP was
synthesized with a high molecular weight (Figure 1b) and
good solution processability. Regenerating these global hydro-
gen bonds in the solid state afforded the polymer HP with a
rigidified backbone, leading to excellent solvent resistance
while enabling multilayer processing.

The hydrogen-bonded polymer model system (HP, Figure
1b) was designed upon a poly(phenylene acetylene) backbone
and composed of alternating hydrogen bond donating 2H-
benzimidazol-2-one units and hydrogen bond accepting
anthracene-9,10-dione units. These hydrogen bond donors
and acceptors were fused to the polymer backbone so that the
degree of freedom of these functional groups was significantly
reduced compared to single bonded moieties,” leading to a
much smaller entropy penalty for the formation of intra-
molecular hydrogen bonds.”” Therefore, the hydrogen bond
strength was expected to be enhanced, and the rigid backbone
conformation can be precisely predicted. Meanwhile, the
length of the ethynylene spacer allowed for the formation of a
strong hydrogen bond with a favorable distance.”® These
design principles were validated by a single-crystal structure of
a small molecular model system.”” Furthermore, density
functional theory (DFT) calculations on a representative
structural segment of the HP backbone demonstrated torsional
angles of 0.2° and 3.2° in the ground state (Figure S1). In this
context, the conformation of HP was expected to be
constrained by these intramolecular hydrogen bonds, giving
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torsional angles smaller than 5° between the alternating units.
Such a constrained and rigidified molecular conformation,
however, could lead to poor solubility as a result of strong
intermolecular 7—7 interactions,”’ bringing difficulties in
characterization and processing. More importantly, this rigid
polymer is likely to precipitate during the solution-phase
synthesis, terminating the polymerization prematurely and
resulting in a low molecular weight of the product. In this
context, HP could serve as a model system to test the
hydrogen bond manipulation strategy to address the
aforementioned challenges.

It was envisioned that a hydrogen bond “masking” strategy
can be implemented in the synthesis and processing of HP
(Figure 1b). The 2H-benzimidazol-2-one units were function-
alized with t-butyloxycarbonyl (Boc) groups so that the
hydrogen bond donating ability was “masked”. Once the
corresponding polymer BocP was formed, the lack of
intramolecular hydrogen bonds and the presence of bulky
Boc groups twisted the molecule into a conformation with a
torsional angle over 40°, as revealed by DFT calculation
(Figure S2). Such a highly twisted backbone was expected to
prevent the interchain aggregation and consequently increase
the solubility and processability. It would also allow for the
achievement of high molecular weight polymers without
precipitation during the solution-phase synthesis. More
importantly, because Boc groups are thermally cleavable in a
quantitative manner without leaving behind nonvolatile
residues,”” ™! the intramolecular hydrogen bonds can be
regenerated in the solid state by simple heating, converting
BocP into HP. In other words, the processing and solid-phase
synthesis of HP can be achieved on the basis of highly soluble
precursor BocP, followed by unmasking intramolecular
hydrogen bonds through thermal treatment.

To test the aforementioned hypothesis, we first attempted
the synthesis of the target polymer HP without Boc protection.
The monomer, compound 1, was prepared according to a
literature report (Scheme S1).”” The polymerization was
conducted through a Sonogashira coupling reaction between 1
and 1,5-diiodoanthracene-9,10-dione in a mixed solvent of
toluene and diisopropylamine (Route A, Scheme 1). During
this solution-phase step-growth polymerization, a large amount
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of precipitates were observed. These precipitates, labeled as
“batch A” (HP-A), were only partially soluble in organic
solvents (8% dissolved in 2-methyltetrahydrofuran, 17%
dissolved in chlorobenzene). After extracting with hot
tetrahydrofuran, analytical size exclusion chromatography
(SEC) of the soluble fraction revealed (Figure 2a) a low
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Figure 2. (a) Size exclusion chromatogram of BocP and the soluble
fraction of HP-A. Inset is a photograph of HP-A and BocP (5 mg/
mL) in 2-methyltetrahydrofuran at room temperature. (b) FT-IR
spectra of BocP and HP-B.

number-average molecular weight (M,,) of 5.2 kg/mol, which is
similar to an intramolecular hydrogen bond rigidified model
study reported in the literature.'® Most of the polymer sample,
however, remained insoluble likely due to the high rigidity and
strong interchain aggregations. Therefore, extensive character-
ization and solution processing of HP-A were not feasible.

To implement the hydrogen-bond masking strategy, the
synthesis of precursor BocP was performed, followed by solid-
state conversion of BocP into a higher molecular weight batch
HP-B (Route B in Scheme 1). The synthesis started from the
polymerization of 1,5-diiodoanthracene-9,10-dione and mono-
mer 2, in which the hydrogen bond donating urea groups were
protected by Boc groups. The polymerization did not result in
any precipitate. After workup and purification by preparative
SEC to remove oligomers, BocP was isolated as a readily
soluble material not only in conventional organic solvents like
dichloromethane, chloroform, and toluene but also in
environmentally friendly solvents such as 2-methyltetrahydro-
furan (>10 mg/mL) (Figure 2a).*”

BocP was first characterized by analytical SEC, showing a
much higher molecular weight (32.4 kg/mol) than the soluble
fraction of HP-A and a polydispersity index of 1.7. In the 'H
NMR spectrum of BocP (Figure S9), all resonance signals
were assigned based on the spectra of the monomers. An
unexpected small resonance peak at 10.55 ppm””*® indicated
that some of the Boc groups were cleaved during the
polymerization. Apparently, this partial Boc group cleavage
did not lower the solubility of the polymer significantly to
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impact the solution-phase synthesis. It was also noticed that
the resonance peak of the Boc groups was upfield shifted for
0.21 ppm after the polymerization, a result of the shielding
effect of the ring current coming from the neighboring
aromatic units. This observation also corroborated the twisted
molecular geometry calculated by DFT, in which the Boc
groups were in close proximity with the z-face of anthracene—
dione units (Figure S2).

In thermal gravimetric analysis, an expected weight loss of
9.1% from 130 to 160 °C was observed (Figure Sll),
corresponding to the thermal cleavage of Boc groups.””™>'
This weight loss was smaller than the theoretical calculated
value (16.8%), further confirming the preceding partial
cleavage of Boc groups during the solution-phase polymer-
ization. This well-soluble polymer BocP was converted into
HP-B, by heating at 130 °C for 1 h. Intramolecular hydrogen
bonds were unmasked, and consequently, HP-B became
insoluble in organic solvents (Figure S17) due to its rigid
backbone, strong intermolecular interactions, and higher
molecular weight (compared to HP-A). This process
represents an example of switching the macromolecular
properties of this rigid model polymer through the
manipulation of intramolecular hydrogen bonds.

Fourier transform infrared (FT-IR) spectroscopy was
employed to further investigate the Boc cleavage process.
The IR spectrum (Figure 2b) of BocP showed three peaks at
1796, 1751, and 1673 cm™}, corresponding to C=0 stretching
in the Boc groups,zg_31 benzimidazol-2-one, and anthracene-
9,10-dione units, respectively. In addition, a weak peak at 3318
cm™! was observed, which was attributed to stretching of the
partially deprotected N—H groups, consistent with that of a
reported small molecular analogue.”” After the sample was
treated by heating, the C=0 stretching peak of Boc groups at
1796 cm™" disappeared. Meanwhile, the intensity of the N—H
stretching peak increased (Figure 2b), suggesting the increased
amount of hydrogen bonded N—H groups after the cleavage of
Boc groups. It was also noticed that the C=O stretching
energy in anthracene-9,10-dione units decreased to 1668 cm™"
as a result of accepting intramolecular hydrogen bonds.”’
Moreover, the characteristic IR peaks of HP-B were identical
to those of directly synthesized HP-A (Figure S12), further
corroborating the successful regeneration of functional groups
in HP-B after the thermal treatment of BocP.

Thin-film processability of polymeric materials is essential
for many important applications and is often a prerequisite for
their solid-state characterization.”””>° The directly synthesized
batch, HP-A, was difficult to solution process due to the low
solubility. Melt processing was not feasible due to either its
rigid nature or lack of glass transition. Therefore, its solid-state
properties, such as photophysics, energy levels, morphology,
and packing, cannot be comprehensively characterized. In
contrast, the switched-on solubility of BocP and feasible
regeneration of intramolecular hydrogen bonds allowed for
solution processing of HP-B into thin films despite its
insoluble nature. This strategy of manipulating intramolecular
hydrogen bonds enabled characterization of HP-B in the thin
film state. UV—vis absorption and cyclic voltammetry
measurements of HP-B and BocP thin films were conducted.
Both polymers possessed two major absorption bands at
around 500 and 370 nm (Figure S13). Compared to BocP,
HP-B showed a slightly red-shifted absorption, indicating a
narrowed optical band gap due to its constrained conformation
and enhanced intermolecular electronic coupling. The cyclic
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voltammetry trace (Figure S14) of the film of BocP on indium
tin oxide showed a reduction potential of —1.26 V and an
oxidation potential of 0.83 V [vs ferrocene/ferrocenium
(Figure S14)]. After the in situ formation of HP-B by heating,
the oxidation potential decreased to 0.75 V. Meanwhile, the
reduction potential shifted positively to —1.22 V, which can be
attributed to the more electron-deficient anthracene-9,10-
dione units induced by the intramolecular hydrogen bonds in
HP-B.*’ Overall, due to the formation of intramolecular
hydrogen bonds and its coplanar conformation, HP-B
possessed a narrowed frontier orbital band gap compared to
the twisted polymer BocP.

The atomic force microscopy (AFM) image of the BocP
thin film [spin-casted from a solution of chlorobenzene (2 mg/
mL)] showed an amorphous morphology and a smooth
surface with root-mean-square (RMS) roughness of 0.28 nm
(Figure 3a), suggesting an excellent film-forming ability.
Grazing incidence wide-angle X-ray scattering (GIWAXS) of
this sample showed no significant features (Figure S15),
further confirming the amorphous nature of the film. After the
thermal treatment at 130 °C, the AFM image of the HP-B film
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Figure 3. (a) AFM images of thin films of BocP and HP-B; graphic
representation of multilayer-film processing of solvent-resistant film of
HP-B. (b) UV—vis spectra of the HP-B films after different numbers
of processing cycles. Inset is the plot between the processing cycle
numbers and absorption intensities at 376 nm.
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demonstrated a similar morphology with only a slightly
increased RMS roughness (0.30 nm). Meanwhile, the
GIWAXS pattern remained featureless, indicating that the
Boc cleavage process did not alter the morphology of the film
significantly. This retained morphology was likely a result of
the low chain mobility of HP-B due to the strong n—n
interactions between the rigid and coplanar polymer back-
bones.

After thermal cleavage of Boc groups, the resulting film of
HP-B became resistant to common organic solvents (Figure
S16). For most reported solution-processed thin films of
polymers, if not further cross-linked, additional contact with
organic solvents would often lead to redissolution or solvent
damages of the original films. This problem represents a major
challenge for multilayer film fabrication using solution-
processing techniques.””*® The demonstrated i situ formation
of intramolecular hydrogen bonds in HP-B offered an ideal
strategy to address this issue. In our model test, several cycles
of the solution casting and thermal cleavage were performed
(Figure 3a) to deposit multiple layers of HP-B in a cumulative
manner. In these cycles, solution casting an additional BocP
layer did not impact the HP-B layer on the substrate, due to
the switched off solubility of HP-B after the regeneration of
intramolecular hydrogen bonds. This well-controlled multi-
layering process led to a linear correlation between the
absorption intensities and the number of processing cycles
(Figure 3b).””*® This method sets the foundation for future
developments of polymeric materials suitable for multilayer
solution processing and 3D printing by manipulating intra-
molecular noncovalent bonds and the backbone conforma-
tion.”” %’

In conclusion, we present here a molecular engineering
strategy to manipulate intramolecular hydrogen bonds of rigid
macromolecules, offering an innovative fundamental method
to accomplish the challenging synthesis and processing of this
important class of polymeric materials. After masking intra-
molecular hydrogen bonds with Boc groups, the synthesis of a
high molecular weight batch of BocP with an excellent
solubility was accomplished. Thermal cleavage of these Boc
groups unmasked the preorganized intramolecular hydrogen
bonds in HP-B in the solid state. As a result, the rigidified
backbones of HP-B amplified the interchain interactions,
leading to good resistance toward organic solvents. This
approach was employed to demonstrate the multilayer solution
casting of HP-B, providing a practical method for multilayer
processing and 3D printing of such materials without the
concern of solvent orthogonality. This strategy can be feasibly
applied to other monomers containing amide, amino, or urea
groups as hydrogen bond donors to access diverse structures
and properties of this class of rigid polymers.
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