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Abstract

Electronically active block polymers based on z-conjugated macromolecules have been investigated for applications where nanostructured
electrodes are of prime import; however, controlling the nanoscale order of these materials has proven challenging. Here, we demonstrate
that diblock copolymers that utilize a non-conjugated radical polymer moiety as the electronically active block assemble into ordered thin-film
nanostructures. Specifically, the diblock copolymer polydimethylsiloxane-b-poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PDMS-PTMA)
was synthesized via atom transfer radical polymerization to generate polymers with readily controlled molecular properties. Importantly, solvent
annealing of the PDMS-PTMA thin films led to well-defined nanostructures with domain spacings of the order of ~30—40 nm.

Introduction

Block polymers that demonstrate tailored morphologies have
been utilized for a range of applications extending from nano-
lithography!' ! to membrane separations!**! through organic
electronic devices!® ™ due to the regular ordering of nanoscale
features. Importantly, the thin-film self-assembly behavior of
block polymers containing both relatively flexible (coil-like)
segments and rigid (rod-like) segments has been investigated
heavily from theoretical, computational, and experimental
views.” "2l Recently, Suga et al.l'¥l demonstrated, for the
first time, the formation of thin-film structures in radical con-
taining diblock systems; however, these results did not show
well-ordered behavior or long-range order and many questions
remain regarding the self-assembly in this class of macromole-
cules. This is despite the fact that polymers bearing stable rad-
ical groups on the side chains of their flexible macromolecular
backbones (i.e., radical polymers) are emerging as promising
materials in many organic electronic applications (e.g., flexible
batteries and polymer-based photovoltaic devices).l'*™'”! Here,
we synthesize well-defined diblock copolymers containing a
radical polymer moiety and elucidate the nanostructure of rad-
ical polymer-based diblock copolymer thin films. Furthermore,
these nanostructured thin films demonstrate the viability of
using block polymer motifs as a means by which to create elec-
tronically active nanostructured radical polymers for myriad or-
ganic electronic applications (e.g., nanostructured electrodes in
flexible solid-state batteries).['®!°!

The implementation of semiconducting and conducting
moieties in block polymer materials is an increasingly studied
field because controlling the nanostructure of many organic
electronic devices is of prime import.[7’20] However, the use

of m-conjugated semiconducting and conducting moieties in
block polymer systems usually leads to more complicated
microphase separation behavior than that associated with non-
conjugated systems."®! These additional complexities include
the fact that the rigid macromolecular backbone of conjugated
polymer systems impacts the number of chain conformations
available to the block polymer system.*'! Furthermore, in
many instances, the conjugated polymer moiety is semicrystal-
line at room temperature. Therefore, microphase separation be-
tween the moieties of the block polymer system due to
chemical dissimilarity and the entropy of chain stretching can
be dominated by crystallization of the conjugated block.!)
This can be overcome through careful design of the thermal
transitions of the semicrystalline moiety of the block poly-
mer,'®?? but it often leads to block polymer systems that rarely
self-assemble into the more oft-observed coil-coil nanostruc-
tures (e.g., hexagonally packed cylinders and gyroid structures)
that are advantageous for a number of organic electronic appli-
cations.™™ As such, the ability to utilize radical polymers with
non-conjugated macromolecular backbones provides the im-
portant dual effect of: (1) reducing the complexity of thin-film
self-assembly, while (2) simultaneously providing a block
polymer where at least one moiety is electronically active.
Despite the promise of these synergistic effects, the nano-
structured morphologies available to radical polymer-based
block polymers have only very recently been discussed.
In these important initial studies, diblock copolymers of
poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate)-b-poly-
styrene (PTMA-PS) were synthesized.!****! Then, the materials
were allowed to self-assemble in solution using electrolytes
associated with common energy storage devices. These
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solution-based self-assembly techniques demonstrated that the
chemical dissimilarity between PTMA and other common
polymeric species could lead to self-assembled structures in
solution. In this effort, we implement atom transfer radical po-
lymerization (ATRP) to readily synthesize well-defined (P <

1.25) polydimethylsiloxane-b-poly(2,2,6,6-tetramethylpiperidi-
nyloxy methacrylate) (PDMS-PTMA) diblock polymers using
a PDMS-based macroinitiator. Furthermore, the thin-film nano-
structural ordering of diblock copolymers is evaluated system-
atically across a range of diblock copolymer compositions and
molecular weights. Specifically, through proper solvent anneal-
ing of the PDMS-PTMA thin films, we establish that a number
of microphase separated structures of the diblock copolymer can
be observed. This control of the self-assembly of electronically
active, radical polymer-based diblock copolymers presents itself
as an exciting opening for the rationale design and control of
nanostructured organic electronic materials.

Experimental

Materials

All materials were purchased from Sigma-Aldrich and used
as received unless indicated otherwise. The macroinitiator,
bromine-terminated poly(dimethyl siloxane) (PDMS-Br), with
a molecular weight of 10 kg/mol, was purchased from Polymer
Source. The monomer, 2,2,6,6-tetramethyl-4-piperidyl methac-
rylate (TMPM), was purchased from TCI America. The
Dowex agent was stirred with ethanol and dichloromethane
(DCM) overnight prior to use to remove impurities from the
material. The oxidizing agent, meta-chloroperbenzoic acid
(mCPBA), was dissolved in ether and washed with water prior
to being dried under vacuum overnight.

General methods

Size exclusion chromatography (SEC) data were collected on
a Hewlett-Packard 1260 Infinity series equipped with a
Hewlett-Packard G1362A refractive index (RI) detector and
equipped with three PLgel 5um MIXED-C columns.
Polystyrene standards (Agilent Easi Cal) of molecular weights
ranging from 1 to 200 kg/mol were utilized as calibrants for the
SEC data. The mobile phase was tetrahydrofuran (THF) at a
temperature of 35 °C flowing at a rate of 1 mL/min. The 'H nu-
clear magnetic resonance (NMR) spectra were measured on a
Bruker DRX500 spectrometer using a ~1% (by weight) poly-
mer solution in deuterated chloroform. The oxidized PDMS—
PTMA samples were quenched with hydrazine prior to the
NMR spectra collection. Differential scanning calorimetry
data were collected on a TA Instruments Q2000 Series calorim-
eter equipped with a liquid nitrogen cooling unit. Under a heli-
um gas purge, the samples were annealed to 200 °C and held
at 200 °C for 10 min. Subsequently, the samples were cooled
to —150 °C and held at —150 °C for 10 min. Next, the samples
were heated to 200 °C at a heating rate of 10 °C/min, from
which the thermal transition temperatures were attained.
Thermogravimetric analysis data were collected on a TA
SDT Q600 under an air environment. The samples were heated
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from 25 to 600 °C at a scan rate of 10 °C/min. A Bruker
EMX-EPR was utilized for electron paramagnetic reso-
nance (EPR) measurements of a small molecule standard,
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO-OH),
and the diblock copolymers a concentration of 2 mg/mL in tol-
uene at room temperature. The attenuated total internal reflec-
tance-Fourier transform infrared spectroscopy (ATR-FTIR)
data were collected in 36 scans using a Thermo-Nicolet
Nexus FTIR (over the range 800 em™!' <v <4500 cm’l),
while the ATR-FTIR was under a nitrogen purge. Atomic
force microscopy (AFM) imaging was performed using a
VEECO Dimension 3100 atomic force microscope operating
in tapping mode.

Thin-film separation preparation

The polymer thin films were spin-coated onto glass substrates
for AFM imaging. Glass substrates from Delta Technologies
were cleaned by sequential sonication in acetone, chloroform,
and isopropanol for 10 min each. The substrates were dried
with nitrogen and the polymer solutions (20 mg of polymer
per 1 mL of chloroform) were spin-coated at a rotational rate
of 300 rpm for 3 s prior to ramping to, and holding at, a rota-
tional rate of 600 rpm for 57 s. This procedure led to the forma-
tion of ~100 nm thick films, as measured by a KLA Tencor
profilometer. The resulting PDMS—PTMA thin films were an-
nealed in chloroform vapors at room temperature for 24 h
prior to AFM imaging.

Polymer synthesis

All diblock copolymers were synthesized using an ATRP
mechanism where the PDMS-Br served as the macroinitiating
agent. The molecular weight of the PTMA unit was tuned by
controlling the molar ratio of the monomer present in the reac-
tion solution relative to the concentration of macroinitiation
sites. An example PDMS-PTMA diblock copolymer synthesis
procedure is detailed below.

PDMS(10)-PTMPM(10)

First, a 150 mL reaction vessel containing a Teflon-coated stir
bar was dried overnight. Next, 0.9 g (4 mmol) of TMPM, 4 uL
(0.02 mmol) of N,N,N,N’,N’-pentamethyldiethylenetriamine
(PMDETA), 200 uL (0.02 mmol) of the PDMS-Br, and 12 mL
of THF were added to the reaction vessel. At this point, the re-
action mixture underwent three freeze—pump-thaw cycles and
was then placed under an argon blanket. Subsequently, the
CuBr catalyst (2.8 mg, 0.02 mmol) was added under this inert at-
mosphere purge. After the CuBr fully dissolved, the homoge-
neous solution underwent three additional freeze—pump—thaw
cycles. The flask was then refilled with argon and the reaction
solution was heated to 65 °C in the closed vessel. After 24 h,
the reaction was terminated by cooling the reaction to room tem-
perature and introducing oxygen to the reaction vessel. The sol-
ution mixture was stirred at room temperature overnight with a
Dowex agent to remove the any residual copper from solution.
Next, the solution was injected into a dialysis tube (cut-off
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molecular weight of 1.2 kg/mol) and stirred at room temperature
in THF for 24 h to remove residual monomer from solution. The
resulting polymer was dried under reduced pressure overnight.

PDMS(10)-PTMA(10)

The polymer precursor, PDMS(10)-PTMPM(10), was oxi-
dized following a previously established protocol.”®! First,
0.2 g of PDMS(10)-PTMPM(10) was dissolved in 2 mL of
DCM at room temperature. A separate solution of mCPBA
was made using 0.2 g (1.1 mmol) in 2 mL of DCM. The
mCPBA solution was added to the polymer solution slowly
while stirring at room temperature and in ambient conditions.
The reaction proceeded for 3 h at room temperature. The poly-
mer solution then was washed with an aqueous solution of
sodium carbonate (20%, by weight) three times. The polymer
solution was precipitated in hexanes, filtered, and the collected
solids were dried under reduced pressure overnight.

Results and discussion

Critical to elucidating the thin-film self-assembly of
radical-containing block copolymers is synthesizing the
PDMS-PTMA diblock copolymers over a wide range of
radical-bearing moiety compositions and ensuring that the
molecular weight distributions of the diblock copolymers re-
mained relatively narrow.*?) Although recent efforts have
demonstrated that tuning the dispersity of block polymer
samples can be a useful handle in manipulating the observed
microstructures of the materials,?”*®! we aimed to eliminate
this effect for the purposes of simplicity in our study. To
accomplish this objective, we utilized a controlled radical poly-
merization, atom transfer radical polymerization, which is used
commonly for block copolymer synthesis and for the synthesis
of PTMA homopolymers.!?*-**)

In this work, the first block (i.e., PDMS-Br) of known mo-
lecular weight was utilized as the macroinitiator from which the
PTMPM block was grown (Fig. 1). Here PDMS was used as the
insulating moiety due to the high chain mobility of PDMS at
and above room temperature. This helped to facilitate the nano-
structural ordering observed in the diblock copolymer thin-film
samples upon solvent annealing (vide infra). Following two pu-
rification steps, the PDMS-PTMPM diblock copolymers were
analyzed using '"H NMR to determine their purity as well as the
molecular weight of the PTMPM moieties (Fig. S1a). Because
of the controlled nature associated with the ATRP mechanism,
the molecular weight of the PTMPM segment could be tuned in
a rather straightforward manner (i.e., through control of the rel-
ative ratios of the polymerization reagents) and, the molecular
weights of the PTMPM blocks were determined readily
through integration of the proton resonances associated with
the methyl protons on the silicon of the PMDS-Br backbone
and the proton on the PTMPM pendant ring (Fig. 2a).

In particular, the ATRP scheme employed was capable of
synthesizing PTMA moieties with molecular weight values
that ranged from 10 to 71 kg/mol in a straightforward fashion.
Next, utilizing a previously established method,* the parent
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Figure 1. The ATRP-mediated route employed for the synthesis of PDMS—
PTMA using PDMS-Br as the macroinitiator, PMDETA as the ATRP ligand,
CuBr as the ATRP catalyst, and TMPM as the monomer for the second block.
The resulting PDMS-PTMPM was oxidized with mCPBA to form the radical
copolymer PDMS-PTMA.

polymers (i.e., PDMS—-PTMPM) were converted to the radical-
bearing functionality using mCPBA as the oxidizing agent to
produce the PDMS—PTMA diblock copolymers. We note that
the oxidation procedure did not affect the PDMS block of the
diblock copolymer, as was the case in previous reports where
polystyrene (PS) was utilized as the second block of a
PTMA-based diblock copolymer.?*! After quenching the radi-
cal sites with hydrazine, the "H NMR spectra of the PDMS—
PTMA diblock copolymers were acquired (Fig. S1b), and
these data confirmed the integrity of the PDMS and PTMA
moieties. Moreover, the SEC traces of the PDMS-PTMA sam-
ples demonstrate a clear shift in elution time corresponding well
to the increasing molecular size in the diblock system (Fig. 2b).
Additionally, the dispersity values of all the PDMS-PTMA
samples synthesized remained relatively low (i.e., P <1.25),
confirming that the polymerization occurred in a controlled
manner (Table I). We do note that, for the higher molecular
weight PTMA blocks [e.g., PDMS(10)-PTMA(36) and
PDMS(10)-PTMA(71)], a slight shoulder at lower elution vol-
umes is observed; however, the dispersity values of these sam-
ples also remained at values of B < 1.25.

The chemical functionality of the PDMS-PTMPM and
PDMS-PTMA diblock copolymers in the solid state was con-
firmed through ATR-FTIR, as the expected signals from the
key functional groups of the block polymers were readily visi-
ble (Fig. S2). Furthermore, the specific presence of the radical
moieties pendant to each of the repeat units were monitored
through EPR spectroscopy, as has been shown previously
for numerous electronically active radical polymer sys-
tems.[*>*%31 The absorption of the nitroxide radical is well es-
tablished and occurs at a magnetic field of 3358 G, which
corresponds very well with the PDMS-PTMA absorption
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Figure 2. (a) A representative 'H NMR spectrum for the purified PDMS(10)-PTMPM(10) diblock copolymer dissolved in deuterated chloroform (CDCls). The
integration of the peaks associated with the resonances labeled A and B allowed for the number-average molecular weight of the PTMPM moiety to be

determined in a straightforward manner. (b) SEC traces for the PDMS-Br homopolymer and representative PDMS-PTMA diblock copolymers over the entire
range of the diblock copolymers synthesized. All SEC experiments were performed with a mobile phase of THF flowing at a rate of 1 mL/min and at temperature

of 35 °C. Dispersity values were calculated relative to PS standards.

(Fig. 3). To quantify the degree to which the PTMPM moiety
was converted to the PTMA moiety (i.e., the fraction of repeat
units on the PTMA chain that contained a stable radical group)
the EPR absorption spectra were normalized to the small mol-
ecule TEMPO-OH absorption spectrum (Fig. S3). This is
because the TEMPO-OH signal is similar to the nitroxide func-
tionality associated with PTMA, and it is known that each
TEMPO-OH molecule contains a single radical site. In this
way, a direct comparison could be made. As shown in
Table 1, all of the samples showed a reasonable (i.e., >35%)
fraction of radical groups. Furthermore, the fraction of radical
groups present was relatively consistent between the PDMS—
PTMA diblock copolymers. As such, we are confident that

Table I. Summary of PDMS—-PTMA molecular and thermal properties.

the chemical dissimilarity between the two segments of the
PDMS-PTMA diblock copolymers that self-assemble (de-
scribed below) are, to first order, the same.

Interestingly, as the molecular weight of the PTMA block in-
creases beyond 20 kg/mol (i.e., wprpma > 0.70), it is evident that
splitting of the absorption peaks occurs (Fig. 3a). This phenom-
enon (i.e., hyperfine splitting) is indicative of reduced
radical-to-radical interactions in the EPR solution (Fig. 3b).*"
Importantly, the hyperfine splitting suggests that, as the size of
the PTMA block increases, the polymer chains adopt a different
conformation in solution. In this conformation, the radical sites
are necessarily farther removed in space despite the fact that a
larger percentage of the diblock copolymer contains radical sites.

PTMA Worma®  dprus® B PDMS PDMS PTMPM PTMA PTMA
M, (kg/mol")® T, (CF  Tm(CF Ty (C) T, (°C)° radical
fraction (%)

PDMS(10)-Br — — — —124 —46 — — —
PDMS(10)-PTMA(10) 9.7 0.49 0.46 1.22 —122 —54 96 140 38
PDMS(10)-PTMA(19) 18.8 0.65 0.62 1.25 —122 —52 84 152 42
PDMS(10)-PTMA(28) 28.3 0.74 0.71 1.25 —121 —52 97 148 39
PDMS(10)-PTMA(36) 36.8 0.78 0.76 118 122 —55 95 149 35
PDMS(10)-PTMA(51) 51.0 0.84 0.82 1.10 117 -52 88 146 46
PDMS(10)-PTMA(71) 7141 0.88 0.86 1.25 —122 —51 96 170 48

3Calculated from the 'H NMR data.

bCalculated from werma = My(PTMA)/[M,(PDMS) + M, (PTMA)].

“Calculated using the ¢prya- v(PTMA)/[u(PDMS) + v(PTMA)]. Assuming pprwa=1.1 g/em®.

dCalculated from SEC against polystyrene standards.

Determined by the heating cycle from —150 to 200 °C.

fCalculated by comparing the radical density of TEMPO-OH and the PDMS-PTMA as determined by EPR.
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Figure 3. (a) EPR spectra of a range of PDMS-PTMA diblock copolymers in toluene at a concentration of 2 mg/mL. These data demonstrate the higher
absorption (i.e., higher radical density) for PTMA moieties with weight fractions of PTMA present in the PDMS-PTMA diblock copolymers. Additionally, the
PDMS-PTMA diblock copolymers with larger molecular weights of PTMA demonstrate hyperfine splitting, suggesting less radical-to-radical interactions. As an
example of this, (b) isolates the EPR spectra for PDMS(10)-PTMA(71) and PDMS(10)-PTMA(19) and PMDS(10)-PTMA(71).

While the solution-state behavior of PDMS—PTMA is nota-
ble and worthy of further study, to be of high utility in organic
electronic applications (e.g., solid-state batteries), the ability of
these PDMS-PTMA materials to generate well-defined nano-
structures as thin films is key. Although this has been an impor-
tant point of research for optoelectronically active block
polymers based on z-conjugated macromolecules, only a few
select efforts have been able to show distinct assemble of
these materials that is unique from what is observed due to
the crystallization of the homopolymer conjugated polymer.
By utilizing non-conjugated, amorphous radical polymers as
the electronically active moiety of the block copolymer, this
work circumvents this common roadblock. As expected for
coil—coil diblock copolymer thin films, nanoscale features
were observed over a large range of polymer molecular weights
when the PDMS-PTMA diblock copolymers were cast as thin
films. Owing to the rather high glass transition temperature of
PTMA (Table I) and the unstable thermal nature of the radical
group associated with the nitroxide group (i.e., degradation of
the polymer beings to occur at 7' ~210 °C, Fig. S4), thermal

annealing of these materials is very difficult. Instead, solvent
annealing in chloroform vapor was implemented to provide
mobility to both the PDMS and PTMA moieties of the diblock
copolymer. For diblock copolymers containing a higher weight
fraction of the relatively mobile PDMS moiety, the exposure to
chloroform vapors led to relatively well defined, nanostructured
PDMS-PTMA (Fig. 4), as imaged with AFM. The domain sizes
observed were of the order of 3040 nm for all samples that
showed clear nanostructural ordering (i.e., those with higher
PDMS content). However, as the weight fraction of the
PTMA block is increased, the ability to form ordered thin-film
nanostructures is decreased through the use of solvent anneal-
ing (Fig. 4c). This seems to be associated with the limited
mobility of the PTMA block, and it can be attributed to its
high glass transition (i.e., >150 °C). This high thermal transi-
tion is well-known in PTMA, and it occurs due to the relatively
bulky and polar 2,2,6,6-tetramethylpiperidinyloxy-4-yl side
chain of the macromolecule.”?®! That is, because of the similar
radical conversion in almost all of the PDMS-PTMA samples,
this lack of ordering at higher PTMA molecular weights does

Figure 4. AFM phase images of (a) PDMS(10)-PTMA(10), (b) PDMS(10)-PTMA(36), and (c) PDMS(10)-PTMA(51) thin films after annealing with chloroform
vapors for 24 h at room temperature. The PDMS(10)-PTMA(10) and the PDMS(10)-PTMA(36) systems showed ordered microstructures. Samples with large
weight fractions of PTMA did not order in the thin film after exposure to the solvent-annealing procedure.
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not seem to be due to a change in the chemical nature of the
radical polymer moiety. It is critical to note, however, that
the self-assembly of this macromolecular system is highly
dependent on the radical functionality being present in the
PDMS-PTMA system. That is, no evidence of nanostructure
is observed for thin films of the PDMS-PTMPM diblock
systems (Fig. S5).

Therefore, great care must be taken when designing the
composition, molecular weight, and functionality of PTMA-
containing diblock copolymers and the specific annealing condi-
tions used must be well-tailored if the thin-film assembly of
the materials is a prime component of application success.
Fortunately, these design parameters can be implemented in a
straightforward manner due to the large number of controlled
synthetic techniques available to radical polymer-based block
polymers relative to conjugated polymer-based block polymers.

Conclusions

In summary, radical-containing diblock copolymers were syn-
thesized via an ATRP mechanism to yield electronically active
macromolecules with controlled molecular weights, narrow
molecular weight distributions, and a variety of block polymer
compositions. Characterization of the paramagnetic centers
in the PTMA moieties of the diblock copolymers indicated
that little overlap between the PTMA units was present for
PDMS-PTMA samples that contained a relatively larger
weight fraction of PTMA. Furthermore, when cast into thin
films these diblock copolymers self-assemble into ordered
nanostructures, when there is sufficient mobility of the diblock
copolymers. Here, this mobility was imparted through solvent
annealing using chloroform vapors; however, for PDMS—
PTMA samples that contained larger weight fractions of the
radical polymer moiety, the well-ordered structures were diffi-
cult to observe. The lower molecular weight PTMA-PDMS
samples are the first initial demonstration of continuous thin-
film ordering on the nanoscale from radical polymer-containing
block polymers. Therefore, these data provide a methodology
by which to create a number of functional electronic materials.
In particular, it provides a solid foundation by which to explore
systems where the second block of a diblock copolymer has a
complementary functionality (e.g., the utilization of polymers
capable of transporting lithium ions efficiently) to that of the
electronically active radical polymer component. Therefore,
these platform radical polymer-based materials, with easily
controlled molecular and nanostructural properties, could play
a significant role in organic electronic applications requiring
control of electrode structure at the nanoscale level.

Supplementary materials
For supplementary material for this article, please visit http:/
dx.doi.org/10.1557/mrc.2015.27
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