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Conjugated polymers have been widely investigated where ladder-type conjugated polymers receive
more attention due to their rigid backbones and extraordinary properties. However, the understanding
of how the rigid conformation of ladder polymers translates to material properties is still limited. Here,
we systematically investigated the solution aggregation properties of a carbazole-derived conjugated
ladder polymer (LP) and its analogous non-ladder control polymer (CP) via light scattering, neutron
scattering, and UV-vis absorption spectroscopy characterization techniques, revealing a highly robust,
temperature-insensitive aggregation behavior of the LP. The experimental findings were further validated
by computational molecular dynamics simulations. We found that the peak positions and intensities of
the UV spectra of the LP remained constant between 20 °C and 120 °C in chlorobenzene solution. The
polymer also showed a stable hydrodynamic radius measured by dynamic light scattering from 20 °C to
70 °C in the chlorobenzene solution. Using small-angle neutron scattering, no Guinier region was
reached in the measured g range down to 0.008 A7l even at elevated temperature. In contrast, the
non-ladder control polymer CP was fully soluble in the chlorobenzene solvent without the observation
of any notable aggregates. The Brownian dynamics simulation showed that during polymer aggregation,
the entropy change of the LP was significantly less negative than that of the non-ladder control
polymer. These findings revealed the low entropy nature of rigid conjugated ladder polymers and the
low entropy penalty for their aggregation, which is promising for highly robust intermolecular
interactions at high temperatures. Such a unique thermodynamic feature of rigid ladder polymers can be
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leveraged in the design and application of next-generation electronic and optoelectronic devices that

rsc.li/materials-c function under unconventional high temperature conditions.
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Introduction

Conjugated polymers are prominent materials for various organic
electronic and photovoltaic devices due to their soft, deformable,
and tunable electronic properties, as well as potential low cost.' ™
Conjugated ladder polymers (cLPs), which feature more than one
strand of chemical bond linking the fused conjugated repeat
units together, are less energetically disordered and are more
rigid towards chain bending.” cLPs are shown to have superior
properties including high intrinsic charge transport,® low band
gap,”'® and high stability.""'> Many cLPs have been synthesized
with unique electrical and optical properties, including poly(p-
phenylene)(LPPP),"* poly(benzimidazole benzophenanthroline)
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(BBL),"* and cLPs derived from perylene-3,4,9,10-tetracarboxylic
acid diimides (PDIs),"” carbazole® or fluorene’” moieties, as well
as those ladder structures bridged by intramolecular coordinate
bonds.’®'® cLPs are promising materials for a wide range of
applications, such as photodetectors % light emitting diodes,”
field-effect transistors,” thermoelectric devices,”® and high per-
formance organic photovoltaics.***® For most of these applica-
tions, cLPs demonstrated significantly higher stability compared
to their non-ladder counterparts thanks to the presence of multi-
ple strands of bonds and the thermodynamically stable fused-
ring aromatic backbones.

The chain rigidity of conjugated polymers greatly influences
their physical properties and hence electronic performance. With
an extra strand of bonds, cLPs are expected to have a stiffer
backbone because the additional strand of bonds along the
backbone hinders the torsional motion in the mainchain.>® Such
an enhanced rigidity often leads to lower backbone conforma-
tional entropy®® and stronger interchain interactions. Conse-
quently, cLPs generally exhibit lower solubility compared with
non-ladder conjugated polymers due to their lower entropy gain®"
and higher required enthalpy change needed to break the strong
inter-chain interactions during the dissolving process. In this
context, the solution properties of cLPs, such as chain conforma-
tion and solution aggregation, are less explored compared with
those of non-ladder-shaped conjugated polymers.

In the present work, we thoroughly examined the solution
properties of a carbazole-derived cLP (LP), by comparing with a
control polymer CP without a ladder component, by variable-
temperature UV-vis spectroscopy, dynamic light scattering
(DLS), small-angle neutron scattering (SANS), and molecular
dynamics (MD) simulations. The results suggest that despite
being visibly absent of large aggregates in solution, the LP has a
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strong thermodynamic tendency to aggregate due to its rigid
planar backbone and minimum dissolving entropy change. The
small entropy change of the process also leads to remarkable
robustness of the resulting aggregate at elevated temperatures.
Molecular dynamics simulations on the aggregation process of
these two polymers further corroborated the drastically differ-
ent aggregation entropy values caused by the ladder constitu-
ent. This work provides direct physical insights into the role of
chain rigidity on solution assembly and aggregation, which is
important for solution processing and applications of conju-
gated polymers.

Experimental section
Materials

The conjugated ladder polymer LP and control non-ladder
conjugated polymer CP were synthesized based on the method
reported previously.’® The chemical structures of the investi-
gated polymers are listed in Fig. 1(a). The LP was synthesized in
two steps, including (i) a step-growth polymerization of two
alkene-functionalized monomers to give a polymeric intermedi-
ate with preorganized pendant alkene groups and (ii) subse-
quently a ring-closing olefin metathesis reaction to form the
second thread of the 6-c bond along the polymer backbone.
The molar mass and dispersity (P) were obtained using a
TOSOH EcoSEC (HLC-8320GPC) system at 40 °C with a UV
detector at 254 nm and THF as the eluent. The molar masses
were calculated using a calibration curve based on the UV
absorption signal of polystyrene standards. The solvents
chloroform, chlorobenzene and o-dichlorobenzene were used
as purchased (Sigma Aldrich) without further purification.
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Fig. 1 (a) Structural formulas of the LP and CP used in this work. The molecular weight and distribution are labeled. (b) Normalized UV-vis absorption
(solid lines) and photoluminescence spectra (dashed lines) of the LP and CP in chloroform (~0.05 mg ml™) at 20 °C. (c) Autocorrelation functions of the
LP and CP in the chloroform solvent. (d) Size distribution of LP aggregates by the intensity in the solution as a function of the particle diameter.
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Methods

UV-vis spectroscopy. UV-vis spectroscopy was performed
using a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent
Technologies) with a 10 mm optical path quartz cuvette and
customized-built heating elements. A solution is filtered
through a 0.45 um PTFE filter (GE healthcare) and heated to
the desired temperature before the spectrum is recorded.

Photoluminescence spectroscopy. Photoluminescence spectro-
scopy was performed using a PTI-Horiba QuantaMaster 400
Spectrofluorimeter equipped with a 75 W Xe arc lamp in steady-
state mode. The solution after filtration was placed in a 10 mm
quartz cuvette at 25 + 0.5 °C for the measurement.

Dynamic light scattering (DLS). Dynamic light scattering
was performed using a Brookhaven BI-200SM research gonio-
meter with a BI-APD avalanche photodiode detector and a
35 mW 633 nm laser source with a right-angle geometry.
Solutions were kept in a capped glass tube and the temperature
was controlled using an intracooler with cyclic water with a
variation of 1 °C. An autocorrelation function, C(¢), is calculated
based on the fluctuation signal:

Ct)=4e >+ B

where A is the optical constant through the instrument design,
I' is the relaxation of the fluctuation, ¢ is the time and B is the
constant background. I' and g are defined as I' = Dg* and

4mng .

. 0 T
the scattering vector ¢ = n (E) The size distribution of

Lo
the particles was analyzed using the Brookhaven software by
cumulants analysis.

Small-angle neutron scattering (SANS). SANS experiments
were performed using an extended Q-range small-angle neu-
tron scattering diffractometer (EQ-SANS BL-6) with the Spalla-
tion Neutron Source (SNS) located at Oak Ridge National
Laboratory (ORNL).>> Polymers were dissolved in deuterated
chlorobenzene at a concentration of 5 mg ml~* without further
filtration. The solution was placed in Hellma quartz cells with a
beam path of 2 mm. To cover the range of scattering wave
vector g from 0.003 to 0.7 A™*, two configurations (4 m sample-
to-detector distance with a wavelength band of /i, = 12 A and
2.5 m sample-to-detector distance with A, = 2.5 A) were used.
The experiments were performed at 75 °C. The scattering
intensity was reduced by subtracting the background from
solvents and cells and placed on an absolute scale (cm ™) using
a standard porous silica sample.*® The scattering signal was
analyzed using the SasView software and fitted with suitable
models as described later.

Atomic force microscopy (AFM). The thin film was spin
coated onto a clean silicon wafer from the chloroform solution.
The AFM images of the spin coated LP and CP films were
acquired using an Asylum Research Cypher S instrument
operating in a tapping mode in air.

Grazing-incidence wide-angle X-ray scattering (GI-WAXS).
The GIWAXS of polymeric thin films on the silicon substrate
was performed using a laboratory beamline system (Xenocs
Inc. Xeuss 2.0) with an X-ray wavelength of 1.54 A and a
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sample-to-detector distance of 15 cm. An incidence angle of
0.2° was used. Samples were placed under vacuum to minimize
air scattering. Diffraction images were recorded using a Pilatus
1 M detector (Dectris Inc.) with an exposure time of 1.5 h and
processed using the Nika software package, in combination
with WAXSTools using Wavemetrics Igor.

Molecular dynamics simulations. The simulation of the
aggregation of the CP and LP is challenging due to the number
of potential degrees of freedom in the system and the impor-
tance of solvent effects. Two types of simulations were imple-
mented in tandem to efficiently explore the conformational
landscape without sacrificing the robust treatment of the
aggregation thermodynamics. The chains were simulated first
using Brownian dynamics (BD) simulation with an implicit
solvent. Here, the frictional and random forces are added to a
conventional molecular dynamics of the polymer, allowing for
an accounting of the dynamic effects of the solvent at a lower
computational cost. This allows for the initial simulations to
access much longer simulated timescales than could be
accessed by atomistic solvent simulations.

The simulation workflow is shown in Fig. S1 (ESIT). First, a
single polymer chain of the CP (with 16 repeat units) or LP
(8 repeat units) was placed in the center of a cubic box (side
length 20 nm) with an implicit solvent and equilibrated for 5 ns
using Brownian dynamics. Then, 10 of the equilibrated polymer
chains were inserted into new 20 x 20 x 20 nm cubic boxes to
make the concentrated CP or LP systems. Each system was
further equilibrated with the implicit solvent under the same
condition for another 10 ns. The initial and final configurations
of these implicit solvent simulations were then explicitly sol-
vated using a pre-equilibrated 1,2-dichlorobenzene solvent.
Then, all-atomic MD simulations were carried out to each of
these systems using a leap-frog integrator with a 2 fs time step.
The entropies of the systems were calculated using the two-phase
thermodynamics (2PT) model>*** using the DoSPT code devel-
oped by Caro and co-workers.**?” All simulations were carried
out at 384 K and repeated eight times for statistics. Further
details of the simulation process can be found in the ESL}

Results and discussion

The carbazole-derived polymer LP (Fig. 1(a)) is selected as a
representative model for the cLP because (i) it has a very low
level of defects along the ladder-type backbone on account of
the highly efficient thermodynamic annulation method (ring-
closing olefin metathesis) for its synthesis'® and (ii) it possesses
good apparent dispersibility in solution despite the ladder-type
constitution. We aim to compare the solution assembly of the
LP with its non-ladder polymer counterpart CP (Fig. 1(a)). Both
the LP and CP were synthesized in fresh batches with a similar
molecular weight in this study. They both can be dissolved/
dispersed in common organic solvents and give apparently clear
solutions. The solutions of the LP and CP can pass through
0.45 pm filter membranes and give clear UV/vis absorption and
fluorescent emission spectra (Fig. 1(b)). Our previous study®® on

This journal is © The Royal Society of Chemistry 2022
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the optical properties of the LP suggested the formation of a
H-aggregate in solution. The lowest energy absorption band of
the LP (~450 nm)'®*® is extremely weak and can be easily
ignored. Considering this absorption peak and the lowest
energy emission peak at 456 nm (Fig. S2, ESIt), the LP exhibits
an extremely small Stokes shift as expected for a highly rigid
conjugated ladder polymer. Here, dynamic light scattering
(DLS) was performed to probe the solution aggregation of the
LP and CP (Fig. 1(c)). It is noteworthy that neither the LP nor the
CP absorbs the wavelength of laser used in the DLS study
(633 nm) so that no absorptive interference is encountered
during the measurement. The aggregation formation of the LP
was confirmed by DLS, which showed a single decay in the
autocorrelation function, corresponding to aggregation with an
average hydrodynamic radius of 100 nm. The CP solution, in
contrast, gave a flat signal, indicating that the CP is fully
dissolved in chloroform.

To test the potential dissociation of these aggregates under
variable conditions, we performed UV-vis spectroscopy for the
LP dispersed in several different solvents at varied tempera-
tures. 1-Chloronaphelene (CN) and chlorobenzene (CB) were
selected as the solvents because they are known to be highly
efficient in breaking pi-pi aggregates and can be heated to high
temperatures thanks to their high boiling points.*® As shown in
Fig. 2(a) and (b), when dispersed in these solvents, the LP
showed similar absorption profiles to that in chloroform.
Remarkably, at higher temperatures (up to 200 °C for CN and
120 °C for CB), the solution spectra of the LP remained almost
the same with only a marginal change of the ratio of 0-0/
0-1 peaks, despite the fact that the LP aggregated in solution.
In contrast, for the CP solution in CB, the absorption peaks
showed a red shift from 378 nm at 20 °C to 375 nm at 120 °C
(Fig. S3, ESIt) due to the conformational change of the fully
dissolved chains. The variable UV-vis spectra of the LP were also
recorded in other solvents such as chloroform and dichloro-
benzene, all showing similar peak profiles to marginal changes
upon heating as shown in Fig. S4 (ESIt). This observation
indicates that LP chains maintained their aggregation form,
and there is no significant conformational change on the
ladder-type backbone at elevated temperatures as high as
200 °C. Notably, this weak temperature dependence of absorp-
tion is also observed independently in other conjugated ladder
polymers.*" This behavior is typically not observed on conven-
tional, non-ladder type conjugated polymers.**™** The stable
aggregation of the LP at high temperatures was also confirmed
by DLS as the hydrodynamic radius remained constant at
elevated temperatures up to the limit of our instrument
(75 °C) (Fig. 2(c)). Variable concentration DLS measurements
were also carried out on the LP (Fig. 2(d)), as it is known that
decreasing the concentration can break the LP aggregation.®®
These DLS data show that the LP remained aggregated at
concentrations as low as 0.05 mg ml~" in the CB solution and
0.005 mg ml ™' in the chloroform solution (Fig. S5, ESIt). We
also tested the DLS of a low molecular weight batch of the
oligomeric LP (M, ~ 3 kg mol '), showing a peak hydrody-
namic radius of 30 nm (Fig. S6, ESIt), suggesting significant

This journal is © The Royal Society of Chemistry 2022
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aggregation even for this low molecular weight batch. Our finding
indicates that the aggregation of the LP in various solutions is
highly robust and insensitive to solution temperatures.

To further characterize the aggregation of the LP, we con-
ducted small-angle neutron scattering (SANS) on both the LP
and CP solutions dissolved in deuterated chlorobenzene at
75 °C. As shown in Fig. 3(c), the scattering profile of the LP
never reaches its Guinier region in the measurement range
(0.008 A™* < Q < 0.3 A™"), as indicated by the scattering
intensity continuing to increase at the low g region, following
the trend of I oc g '7° These data suggested that the LP
solution forms large aggregate under the experimental condi-
tions. In contrast, the scattering profile of the CP reached the
Guinier region as evidenced from a plateau at lower g, suggest-
ing well-dispersed polymer chains in solution. Hence, we used
two different fitting models to fit the curves, namely the
parallelepiped model*® for the LP and the flexible cylinder
model** for the CP. The fitting parameters are shown in
Fig. 3. The LP can be modeled by elongated parallelepiped
model with a large dimension of ¢ = 1978.8 A, which was much
larger than a single-chain contour length (around 17.9 nm, see
Fig. S7, ESIY) so it must be an aggregated package of multiple
chains. The CP has a contour length (L) of 122.7 A and a small
cylinder diameter (R) of 8.9 A, which is reasonable for a
dissolved non-ladder single chain with a molar mass of around
10 kg mol '. Temperature-dependent SANS on the LP also
showed the presence of large aggregates at 25 °C and 50 °C
(Fig. S8 and Table S1, ESIT), which was in accordance with the
UV-vis and DLS results. These data demonstrate the size and
robustness of LP aggregates in solution. It is also noteworthy
that the single-chain conformation of the LP cannot be directly
probed by SANS due to its strong aggregation in the wide
temperature range we have measured.

To elucidate the chain packing mode in the LP aggregates,
we conducted atomic force microscopy (AFM) and grazing
incidence wide-angle X-ray scattering (GI-WAXS) on the LP thin
film. Because the LP aggregates are stable towards heat and
solvents, the morphology to chain aggregate is expected to be
maintained from the solution to the solid-state through a spin
coating process. On the samples spun coated from a dilute
solution (Fig. S9, ESIt), we only observed round particles on the
wafer rather than large thin sheets seen on other conjugated
polymers assembled by strong n-n stacking.*>*® The thicker LP
film (40 nm) was prepared by drop-casting chloroform solution
onto the silicon wafer, and the GI-WAXS result only showed a
broad isotropic scattering peak without a strong scattering
profile (Fig. S10, ESIY), indicating an amorphous nature of
the LP aggregates. This observation does not contradict the
rigid chain feature, as a similar behavior has been observed in
many rigid rod polymers.*” This amorphous feature was also
reported in other fully conjugated ladder polymers,'®*8
although thermal annealing on solid films can improve the
crystallinity of certain ladder polymers*® and rigid conjugated
polymers.”®*" The absence of crystallinity in fully conjugated
ladder polymers can be attributed to the (i) strong dynamic
aggregation already formed in solution and (ii) the lack of the
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Fig. 2 Variable temperature UV-vis spectra of the LP in (a) chloronaphthalene (CN) and (b) chlorobenzene (CB) normalized by 0-1 peaks. The inset
shows a magnified view of the gray area. Temperature-dependent (c) and concentration-dependent (d) DLS results of the LP in chlorobenzene and the

corresponding size distribution.
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Fig. 3 Chain model and fitting results for SANS analysis (length unit in A): (a) Parallelepiped model for the LP and (b) flexible cylinder model for the CP.
(c) SANS data and fitting curve. The inset illustrates the chain conformation of the LP (top) and CP (bottom).

chain mobility of the large and rigid polymer backbone during
the transition from solution to the solid state, as demonstrated

in our previous systematic

study on a series of ladder-type

oligomers.®® This lack of crystalline domain and the presence

13900
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of the long alkyl side-chain prevents fast charge transport in the

solid state of the LP as mentioned previously."®

We hypothesized that the lack of the temperature depen-
dence of LP aggregation was a result of small entropy changes

This journal is © The Royal Society of Chemistry 2022
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Final

Fig. 4 Snapshots of the initial and finial chain conformations of the LP (a) and CP (b) from a single simulation. The polymer chains are colored in blue and
the atomic solvents are colored in gray. The entropy changes associated with the aggregation processes were shown above. An illustration of the

dissolving process of the LP and CP is shown next to it.

during the process. It is envisioned and demonstrated that a ladder
type polymer chain possesses a much lower initial entropy com-
pared to conventional polymers with free torsional motions about
the main chain. Thereby, the aggregation of such rigid ladder-type
chains would induce minimal restriction on the degree of freedom
of the chain and hence impose a much smaller entropy cost for
aggregation. To test this hypothesis, the molecular simulations were
performed to elucidate the entropy change during the aggregation
process in o-dichlorobenzene. The results of one of the eight
simulations are shown in Fig. 4, illustrating the chain conformation
before and after energy optimization. As expected, the LP is
straighter after the energy optimization, but it contains a select
number of twists and bends that require much longer time to be
flattened, in agreement with reports on another ladder polymer.>®
The entropy change of this process is calculated using the formula:

ASLP = Sdissolved LP — Ssolid LP and ASCP = Sdissolved CP — Ssolid CPy

where Sgissolvea aNd Ssoria are the total entropy of the polymer
system at initial and final states, respectively. The difference of
these states represents the reverse of the dissolving process.
The calculated entropy values from eight individual simula-
tions are listed in Table S2 (ESIt) and the cluster analysis to
monitor the aggregation process from the BD simulations is
shown in Fig. S11 (ESIf). At the end of the simulation proce-
dures, the LP has fewer aggregated clusters and larger cluster
sizes compared to the CP. Although both AS;p and AScp are
negative for these processes, indicating that the entropy lost
during aggregation, the AS;p value (—97.73 & 29.65 ] mol ' K )
was significantly smaller in the absolute value compared with
the AScp value (—255.34 + 28.75 ] mol ' K™ '), representing a
significantly less entropy cost for the LP to aggregate, and
hence a much smaller temperature-dependent process for its
dissolution and aggregation. These computational results also
indicate that the much bulky side chain is necessary to fully
dissolve rigid ladder polymers by compensating the low entropy
gain during dissolution.”?

This journal is © The Royal Society of Chemistry 2022

We expect that the low temperature dependence of aggregation
can be ubiquitous among other rigid ladder polymers. This feature
should be considered and perhaps exploited as a critical feature
during the solution processing of ladder polymers for sold state
applications. For example, if a polymer aggregation feature in
solution needs to be maintained in the solid state through solution
processing and thermal annealing, a rigid ladder-type backbone
can be designed to give the desired robustness for the aggregation,
which is insensitive to thermal annealing and solvent attack.

Conclusions

To conclude, we characterized the solution aggregation properties
of a low-defect conjugated ladder polymer LP and its non-ladder
conjugated polymer control CP by temperature-dependent UV-vis
spectroscopy, DLS, and small-angle neutron scattering investiga-
tions, combined with molecular dynamics simulation. We eluci-
dated that the LP forms stable aggregates in solution and remains
aggregated at elevated temperatures up to 200 °C. We also
demonstrated the amorphous nature of the aggregation in
solution and in the thin film state for the GI-WAXS measurement.
The Brownian dynamics simulation showed that the LP had a low
entropy decrease during the chain aggregation process caused by
the low-entropy rigid ladder-type backbone. These results highlight
the role of the chain conformation in the thermodynamic proper-
ties of rigid ladder polymers in solution and in the solid state. The
small temperature dependence of ladder polymer aggregation
should be considered and exploited during the solution processing
of these materials for solid state applications.
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