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We report a facile synthetic approach to create stable radical block copolymers containing a secondary
fluorinated block via anionic polymerization using a bulky, sterically hindered countercation composed of
a sodium ion and di-benzo-18-crown-6 complex. The synthetic conditions described in this report
allowed for controlled molecular weights and dispersity (<1.3) of both homopolymers: poly(2,2,6,6-tetra-
methyl-1-piperidinyloxy-methacrylate) (PTMA) and poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) as
well as their block copolymers (PTMA-b-PTFEMA). The stable radical concentration of the polymers was
determined by electron spin resonance (ESR) and showed radical content above 70%. An analysis of the
microphase morphologies in PTMA-b-PTFEMA thin films via atomic force microscopy (AFM) and grazing
incidence small angle X-ray scattering (GISAXS) showed clear evidence of long-range ordering of lamellar
and cylindrical morphologies with 32 and 36 nm spacing, respectively. The long-range ordering of the
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morphologies was developed with the aid of two separate neutral layers: PTMA-ran-PTFEMA-ran-poly
(hydroxyl ethyl methacrylate) (PHEMA) and poly(isobutyl methacrylate) (PiBMA)-ran-PTFEMA-ran-PHEMA,
which helped us corroborate, along with the Zisman method, the surface energy estimation of PTMA to
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Introduction

Over the past twenty years, stable radical polymers, such as
poly(TEMPO-methacrylate) (PTMA), have been largely associ-
ated with active cathode materials in organic rechargeable
batteries." PTMA has shown to be an advantageous polymer
that offers improvement in power density compared to
lithium-ion batteries due to its fast redox kinetics. However, its
redox behavior has been greatly aided by the use of electrolyte
solutions for efficient electron transport. Emerging work has
now found applications of stable radical polymers in solid-
state devices ranging from layered memory devices, where a
PTMA film (as a p-type layer) and a galvinoxyl polymer film (as
an n-type layer) led to bistable electroconductivity,® to organic
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photovoltaic (OPV) devices where PTMA was incorporated as
an anode layer for hole transport. The OPV device was found
to improve the open circuit voltage when poly(3-hexylthio-
phene) and [6,6]-phenyl-Cq;-butyric acid methyl ester were
used as the electron donating layers.” The electrical conduc-
tivity in solid state thin films has also been explored and
PTMA has been found to be an electronic insulator regardless
of synthetic preparation.® However, when TEMPO is attached
to a mobile, low T, backbone, charge transport between
pendant group to pendant group is observed at room
temperature.’

New solid-state applications are still emerging, and in order
for PTMA to be a viable material in organic electronic systems,
patterning and controlling the long-range order of PTMA at
the nanoscale should be fully explored. Recent reports have
focused on the nanopatterning of PTMA via block copolymer
systems, but long-range order has neither been discussed nor
reported. In 2015, Boudouris et al. studied the phase mor-
phologies of PDMS-b-PTMA synthesized by a PDMS macroini-
tiator via atom transfer radical polymerization (ATRP)'® and
Gohy et al. utilized the self-assembly of PS-b-PTMA synthesized
by ATRP to create thin film cathode electrodes."’ The mor-
phologies of PS-h-PTMA and PtBMA-b-PTMA block copolymers
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were also reported by Ober et al.'> and were one of the first
systems to be polymerized via anionic polymerization.

It is our interest to study and further control the orientation
and morphology of PTMA in block copolymer systems. In
order to broaden the range of materials possible, new chem-
istry needs to be explored. To date, most PTMA containing
block copolymers have been synthesized via reversible-de-
activation radical polymerizations (RDRP) such as reversible
addition-fragmentation chain transfer (RAFT)* and ATRP."
Anionic polymerization is a preferred route as it can directly
polymerize TMA and as a result, yields lower dispersity poly-
mers with higher radical content compared to the RDRP
methods previously employed. Using RDRP as a route to syn-
thesize PTMA and its block copolymers often results in non-
uniform molar mass distributions and lower radical yields.
Many phase-separated structures of various di- and tri-block
copolymers with broad molecular weights have been observed
in the past,"*° and therefore, in these cases, narrow dispersi-
ties are not mandatory. However, previously employed RDRP
methods to synthesize PTMA require the polymerization of an
amine precursor monomer with subsequent oxidation to
obtain the final nitroxide-containing PTMA. These conversion
reactions do not reach full yields, and often result in
additional moieties including hydroxylamino species and
oxoammonium cations. Our work aims to create low dispersity
PTMA via anionic polymerization, minimizing side reactions
to the nitroxide moiety and therefore achieving high stable
radical content. There are extensive examples in the literature
of synthetic techniques to directly polymerize nitroxide-con-
taining monomers, from ring-opening metathesis,>" ** tran-
sition-metal catalysis>**> and cationic polymerization.>®*’
However, direct polymerization of the commonly used TEMPO-
methacrylate (TMA) monomer has only been achieved via
anionic polymerization with only the latter citation achieving
low dispersities.*®™*

The secondary block provides a handle in tuning the degree
of phase segregation, in particular, the Flory-Huggins y para-
meter.*” A fluorinated polymer such as poly(2,2,2-trifluoroethyl
methacrylate) (PTFEMA) is of interest because it introduces
unique properties to the polymer system. Poly(fluoroalkyl
methacrylate)s are known for their high thermal stability and
their unique optical properties.’*>> More importantly,
however, they also have the ability to increase the y parameter
of block copolymers, allowing facile phase segregation.**?%3”
PTFEMA is also known to be easily degradable under deep-UV
or e-beam radiation,*® furthering the applicability of the block
copolymers reported in this work in nanofabrication. Various
fluorinated block copolymers containing PTMA and syn-
thesized via ATRP have been reported.>® However, only modest
ordering and phase separation was observed in these
materials.

Although poly(fluoroalkyl methacrylate)s introduce unique
properties to a system, anionic polymerization of these mono-
mers has proven to be a challenge, as methods reported have
only observed low yields or low controlled molecular
weights.**™*? Therefore, in order to be able to produce large
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molecular weight PTMA nanopatterns with high radical yields,
we must explore new synthetic routes. In this work, we report a
novel approach using anionic polymerization to synthesize
both PTMA and PTFEMA homopolymers that can also create
PTMA-b-PTFEMA block copolymers in a controlled manner via
sequential monomer addition. We also improve the long-range
ordering and self-assembly of these morphologies including
lamellar and cylindrical nanostructures using neutral under-
layers between the polymer/Si substrate interface. We show via
atomic force microscopy (AFM) that we are able to create long-
range ordered structures throughout the film. These results
are further corroborated by GISAXS analysis of PTMA-b-
PTFEMA thin films.

Experimental
Materials

All reagents were purchased from Sigma Aldrich. Anionic poly-
merizations were performed wunder argon atmosphere.
Tetrahydrofuran (THF) was dried over calcium hydride (CaH,),
distilled into a flask containing sodium and benzophenone,
and distilled once more right before use. 1,1-Diphenylethylene
(DPE) was distilled from CaH, and kept under nitrogen in a
glovebox at room temperature. 2,2,2,-Trifluoroethyl methacry-
late (TFEMA) was purified twice: first it was stirred over CaH,
and distilled. Then, it was stirred over trioctylaluminum solu-
tion, distilled once more to remove residual alcohols and
stored at —6 °C under nitrogen atmosphere. Dibenzo-18-crown-
6 (DB18C6) was recrystallized from acetonitrile, dried, and
kept under dry air. TEMPO-methacrylate (TMA) was syn-
thesized according to the literature,®’ dried under high
vacuum for 24 hours, transferred into a glovebox to be dis-
solved in dry THF and kept at —6 °C under nitrogen
atmosphere.

Instrumentation

All "H NMR (THF-dg, 500 MHz, ppm) spectra were collected on
a Bruker INOVA 500 NMR instrument. Size exclusion chrom-
atography (SEC) was measured using a Tosoh EcoSEC HLC
8320GPC system with two SuperHM-M columns in series, as a
flow rate of 0.350 mL min~' with THF as eluent against poly-
styrene standards. Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) was per-
formed on a Shimadzu AXIMA Performance equipped with a
nitrogen laser with a wavelength of 337 nm and an accelerating
voltage of 20 kV. The film thickness of spin-coated films was
measured with a Filmetrics F20 refractometer. Atomic Force
Microscopy (AFM) images were obtained using an Asylum-
MFP3D-Bio-AFM-SPM in tapping mode. The flattened images
and Fourier Transforms were obtained using Gwyddion soft-
ware. Solution-state Electron Paramagnetic Resonance (EPR)
measurements were performed in a Bruker X-band EPR
spectrometer at room temperature. Solutions of PTMA-b-
PTFEMA polymers were made in THF at a 1 mM concentration
of the repeat TEMPO-methacrylate unit from a stock solution
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of 2.5 mg mol ™. The percentage of PTMA in the stock solution
was determined from NMR ratio values. Grazing Incidence
Small Angle X-Ray Scattering (GISAXS) experiments were per-
formed at the Cornell High Energy Synchrotron Source
(CHESS) D1 station. A Pilatus200k detector was used to
capture images, at an X-ray wavelength of 0.117 nm. All images
were taken at an incident angle (a;) of 0.15°, slightly higher
than the critical angle (a.p) of the polymer film. The collected
GISAXS intensity maps were processed using indexGIXS and
processGIXS.** This processing method allowed us to convert
the intensity map images into reciprocal space, and index
diffraction peaks that correspond to real-space dimensions.

General procedure for the synthesis of PTMA-b-PTFEMA block
copolymers and their homopolymers

An oven dried Schlenk flask was taken directly from the oven,
and 0.126 g (0.349 mmol) of DB18C6 were added. While still
hot, the flask and PTFE stopcock were taken into the glovebox
where 60 mL of THF were added. The solution was allowed to
stir until the DB18C6 was fully dissolved. The flask was then
taken out of the glovebox where it was purged for 30 minutes
with argon gas and cooled to —78 °C in a dry ice/acetone bath.
To remove any impurities originating from the glass, a few
drops of sec-BuLi were added while stirring until the THF
turned light yellow. The THF was then used to rinse the
insides of the glassware and react with potentially present
impurities. The flask was then removed from the acetone/dry
ice bath and allowed to come to room temperature. The flask
was then cooled to —78 °C again and 25 pL (35 pmol) of sec-
BuLi and 25 pL (142 pmol) of DPE were added dropwise until
the THF solution turned a bright orange. The solution was left
to stir for 30 minutes, and 87 pL (175 pmol) of a 2 M sodium
tert-butoxide (tert-BuONa) solution in THF were added. The
solution was allowed to stir for an additional hour before
slowly adding the predetermined volume of either TMA or
TFEMA monomers. The TMA monomer was kept as a solution
in dry THF at a concentration of 0.2 g mL™". For the synthesis
of PTMA-b-PTFEMA block polymers (Scheme 1), the TMA solu-
tion was added first and allowed to proceed for 12 hours to
ensure all monomer was consumed for all block copolymers
reported. A 1 mL aliquot of the PTMA homopolymer in solu-
tion was taken via purged syringe and quenched in methanol.

Ph Ph fo’\o
DPE tBuONa, DB18C6 o
e“® . © ;@ © @ Na+ @
THF, -78°C Ph THF, -78°C Ph o oj
30 minutes 60 minutes ~
1. TMA 2.TFEMA
3 MeOH

Scheme 1 Synthesis of PTMA-b-PTFEMA block copolymers by anionic
polymerization using a Na*/DB18C6 countercation and sequential
monomer addition.
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Then, the TFEMA monomer was added slowly and allowed to
polymerize. The polymerization of the block copolymers and
homopolymers was quenched using 1 mL of degassed metha-
nol. To remove excess salts from the polymer, the THF was
removed from the polymer solution via rotary evaporator. The
remaining product of polymer and salts was dissolved in
chloroform and washed with water 3 times before precipitating
in excess cold hexanes. The block copolymer was collected by
vacuum filtration as a light pink/orange powder and dried
under vacuum overnight at 40 °C. PTMA-b-PTFEMA character-
istics were determined by NMR and SEC and are listed in
Table 2. All molecular weights (M,,) were determined by com-
paring the integrated areas of the DPE initiator peak (§ ~ 7.4)
versus the CH of the PTMA side groups (6 ~ 4.9) and/or CH, of
the PTFEMA side groups (5 ~ 4.5).

Neutral layer random copolymer brushes

Random terpolymers (RTP) consisting of TFEMA, 2-hydro-
xyethyl methacrylate, and a third monomer (either TMA or iso-
butyl methacrylate (IBMA)) were synthesized via classical
radical polymerization (CRP) according to previously reported
literature procedures.*> Random terpolymer characteristics can
be found in the ESI Table S2.7

Development of nanostructure morphologies from PTMA-b-
PTFEMA thin films

Silicon wafers were used directly from the manufacturer (WRS
Materials) container. A filtered solution of
a,a,a-trifluorotoluene (TFT) was spun at 1500 rpm onto a
silicon substrate for rinsing. A 1 wt% solution of a random ter-
polymer solution in TFT was spin-coated onto the 4-inch
wafers at 500 rpm for 60 seconds. The solutions gave
30-40 nm thick films. The wafer was then annealed at 150 °C
in vacuum for 4 hours to allow the hydroxyl groups to co-
valently bond with the Si surface. The wafer was then cut into
1 cm pieces, and the unbound random copolymer chains were
then removed by rinsing the wafer in TFT several times before
spin-coating a 2 wt% block copolymer solution in TFT at 3000
rpm for 30 seconds. The block copolymer films spun on 1 x
1 cm sized Si wafers were then placed in a glass chamber con-
taining 10 mL of chloroform. The glass chamber was then
closed, and samples were left to anneal for 6 hours. For
further details on the solvent annealing procedure, please
refer to Fig. S8 in the ESL.{

Results and discussion
Synthesis of PTMA and PTFEMA homopolymers

We explored the homopolymerization of both TMA and
TFEMA monomers prior to their use in block copolymers by
sequential monomer addition. Typical synthetic conditions to
control the anionic polymerization of many methacrylate
monomers include a sec-BuLi/DPE initiator in the presence of
excess LiCl to increase lithium association with the anion, and
therefore control unwanted side reactions, such as backbit-
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ing.*® Intramolecular backbiting is a commonly known termi-
nating side reaction of various methacrylates that has been
mitigated by incorporating excess LiCl.**"*° The side reactions
are due to a nucleophilic attack of the ester group, which
result in a cyclic ketone end group on the polymer chain and
an alkoxide leaving group upon termination. An example of
this side reaction occurring during the polymerization of
TFEMA is shown in Scheme 2.

Similar conditions have been reported to suppress side
reactions with the nitroxide moiety and successfully synthesize
PTMA with low dispersities and high radical yields.** However,
when these conditions were first employed to polymerize TMA
and sequentially grow TFEMA, broad SEC traces with signifi-
cant tailing were observed. These preliminary results allowed
us to infer that while these conditions were suitable for synthe-
sizing PTMA, competing side reactions or partial terminations
were preventing the well-controlled polymerizations of TFEMA.
In fact, controlling unwanted side reactions during the polymer-
ization of TFEMA via anionic polymerization has been a
difficult task to achieve, with previous reports in the literature
suggesting that termination or chain transfer reactions were
responsible for low molecular weight polymers;*®** however,
these side reactions were never experimentally confirmed.

To determine the nature of the side reactions occurring
during the polymerization of TFEMA, matrix-assisted laser de-
sorption/ionization  time-of-flight = mass  spectrometry
(MALDI-TOF-MS) was used to characterize PTFEMA syn-
thesized using a secBuLi/DPE initiator with excess LiCl. The
MALDI-TOF-MS spectrum (Fig. 1) revealed two sets of signals
at approximately 168 Da intervals, suggesting the presence of
two distinct species in the resulting polymer. The first set of
peaks (green) appear at intervals of 168n + 261.39 Da, where n
is n'™ monomer and can be attributed to the sec-BuLi/DPE
initiator fragment (237.39 Da), the " TFEMA monomer unit
(168n Da), the terminal proton (1.01 Da), and a sodium cation
(Na', 22.99 Da) (Scheme 3). The positions of these peaks
suggest that the desired PTFEMA product was obtained.
However, the second set of peaks (red) appear to be shifted,
and appear at 168n + 666.68 Da. Moreover, the MALDI-TOF-MS
signals upon backbiting onto the carbonyl functionality (406.3
Da) are expected to appear at 168n + 666.68 Da (Scheme 3).
Therefore, the MALDI-TOF-MS analysis suggests that compet-
ing side reactions that involve backbiting onto carbonyl groups
of PTFEMA prevented the well-controlled polymerization of
TFEMA and the development of two polymers with chemically
distinct end groups.

By using a bulky, sterically hindered countercation com-
posed of a Na'/DB18C6 complex, at a ratio of 5:10 with

Ph COOR Ph
COOR
— _— of n-3 °
COOR o o OCH,CF,
o
< < COOR

CFy CF,

R=CH,CF;

Scheme 2 Plausible termination via backbiting of PTFEMA.
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Fig. 1 MALDI-TOF-MS spectrum of PTFEMA synthesized with a Li*
countercation with excess LiCl.

MeOH terminated PTFEMA Backbiting terminated PTFEMA

168n + 261.39 Da

168n + 666.68 Da

Scheme 3 Species and respective molar masses of PTFEMA chains
properly terminated by degassed MeOH and those terminated due to
backbiting.

Table 1 Characteristics of various PTFEMA homopolymers

My theo. M,° Time Yield?
Sample (g mol™) (g mol™) p° (min) (%)
1 3000 2400 1.10 5 86.9%
2 20 000 19200 1.15 5 91.4%
3 45000 45300 1.06 5 96.2%
4 100 000 126 800 1.14 10 96.9%

“Theoretical target molecular weights calculated from amount of
initiator and monomer ratios added. ”Determined by 'H NMR
5500 MHz, THD d-8). ‘Determined by SEC (THF, PS standards).
Yields determined post-purification.

respect to the initiator, side reactions during the polymeriz-
ation of TFEMA were suppressed successfully. Table 1 shows a
set of PTFEMA homopolymers synthesized with molecular
weights ranging from 2400-126 800 g mol™"' and dispersities
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<1.15 using these conditions, in which all reactions were com-
plete in less than 10 minutes after quenching with degassed
methanol. The low dispersities show that the side reactions
initially observed were suppressed using the Na'/DB18C6
complex as a countercation. Likewise, MALDI-TOF-MS analysis
of PTFEMA synthesized with the Na'/DB18C6 complex showed
only one set of peaks at intervals of ~168 Da (Fig. S1, ESIT).

These conditions were also successful in synthesizing
PTMA homopolymers, however, with much slower kinetics and
slightly higher dispersities. To compare both polymerizations,
aliquots of a PTMA homopolymerization, with a target mole-
cular weight of 8000 g mol ™", were taken every 15 minutes to
compare the increase in molecular weight. While PTFEMA
homopolymers of molecular weights up to 126 800 g mol™*
can be grown in 10 minutes, it requires twice the time
(20 minutes) to achieve a molecular weight of only
~4800 g mol™! for PTMA homopolymers as shown in Table 2.
In order to be able to synthesize larger molecular
weight PTMA, such as those achieved in the reported PTMA-b-
PTFEMA samples, several hours are required for the polymeriz-
ation. To ensure total consumption of TMA monomer, reac-
tions were allowed to proceed for 12 hours. Using these
conditions, the theoretical compositions were achieved. The
dispersities of various PTMA homopolymers remain at an
average of 1.22 even at larger molecular weights, most likely
due to partial side reactions between the anion and nitroxide
side group, as will be discussed in the following section.

Due to the mismatch in size between DB18C6 and the
lithium countercation, from the presence of the sec-BuLi
initiator, we do not expect any significant complexation
between Li" and the crown ether.’®®' Instead, tert-BuONa is
added at 5-fold excess with respect to the initiator to form the
complex with the 10-fold addition of DB18Cé6. Various ratios
were explored to find the optimal conditions for polymerizing
TFEMA (ESI, Table S11), and a ratio of 5:10 Na'/DB18C6 with
respect to the initiator was found to work best.

Although the THF and crown ether both compete for sol-
vation of Na* countercation in solution,”’ the favorable stabi-
lity constants of the Na'/DB18C6 complexes and excess crown
ether facilitate the formation of the Na*/DB18C6 complex.>?
When these complexes are formed, and are in excess com-
pared to the Li" counterion, they solvate the propagating anion
to create a bulky and steric barrier between the ion pair. The
Na'/DB18C6 complex is strong enough to polymerize both

Table 2 Molecular weight as a function of time for a PTMA
homopolymerization

Sample® M, " (g mol™) pe Time (min)
1 3100 1.25 5
2 4800 1.22 20
3 6100 1.24 35
4 6800 1.24 50

“Target molecular weight of the PTMA homopolymerization was
8000 g mol™'. ’Determined by 'H NMR (500 MHz, THD d-8).
“ Determined by SEC (THF, PS standards).
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methacrylate monomers, while controlling unfavorable side
reactions.®® Using this system, both PTMA and PTFEMA homo-
polymers were synthesized with controlled molecular weights
and dispersities.

Synthesis of block copolymers

A series of PTMA-D-PTFEMA block copolymers were syn-
thesized with a broad range of molecular weights and block-to-
block ratios. Using Na'/DB18C6 complex as a bulky and steri-
cally hindered countercation, we can successfully synthesize
PTMA-b-PTFEMA block copolymers via sequential monomer
addition (Fig. 2). The conditions presented in this report are
the first, to our knowledge, that allow the controlled anionic
polymerization of PTMA-b-PTFEMA by sequential monomer
addition. Molecular weight and dispersity data of PTMA-b-
PTFEMA can be seen on Table 3. Unimodal SEC traces can be
found in the ESI (Fig. S47).

Since we directly polymerize the nitroxide containing
monomer, TMA, it is imperative that the stable radical yield is
measured post polymerization to assess the extent of side reac-
tions during synthesis. Stable radical content was measured
using quantitative solution state electron paramagnetic reso-
nance (EPR). Table 3 shows the stable radical percentages and
show that all polymers have between 66%-80% of stable
radical sites filled, indicating that side reactions between the
anion and the stable radical occurred but were limited. The
side reactions were likely the cause of the increase in dispersity
in the PTMA homopolymers and the block copolymers con-
taining PTMA. Similar results have been reported by Nishide
et al.>" where the use of an MMA-capped initiator suppressed
side reactions with the stable radical, while improving the dis-
persity and radical concentration of PTMA homopolymers. It is
important to note that attempts to improve the characteristics
of the PTMA-b-PTFEMA block copolymers synthesized via the
Na'/DB18C6 system using a methacrylate capped initiator did
not lead to improved dispersities or radical concentrations.

a ¢ ¢
Ph b b H
m n
Ph 0 Yo THF THF
0 o 2 water
d
kaF;
€ N
Q c
a
2
e
f b
A :_jUU _l_._JL_j’w

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

Fig. 2 'H NMR spectrum of PTMAzg;-b-PTFEMA,53 measured in THF
d-8 after reduction with pentafluorophenylhydrazine (PFPhHz). Signals
attributable to the N—OH group (converted from NO°) are assigned as 1.
The PFPhHz signals are marked as 2.
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Table 3 Molecular weight, dispersity, and radical concentration of PTMA-b-PTFEMA block copolymers
NMR” SEC*

Sample [I]: [TMA]: [TFEMA] f L M, (g mol™) [P rrEma D Radical%? Yield®
PTMA,,,-b-PTFEMA, 5 1:125:297 0.70 62 500 0.64 1.20 66.5% 91.4%
PTMA,o-b-PTFEMAg, 1:31:95 0.75 21700 0.75 1.22 73.9% 86.5%
PTMA;5-b-PTFEMA,; 55 1:41:162 0.80 37 600 0.83 1.25 73.2% 83.3%
PTMA, g;,-b-PTFEMA,3, 1:125:268 0.68 83 600 0.55 1.27 73.7% 82.1%
PTMA;g,-b-PTFEMA, 55 1:312:300 0.49 134100 0.40 1.29 80.0% 90.6%

“ Calculated molar fraction of PTFEMA component from monomer ratios added. ? Determined by "H NMR (500 MHz, THF d-8). ° Determined by
SEC (THF, PS standards). ¢ Determined by ESR (1 mmol solutions of PTMA component in THF). ¢ Yields determined post-purification.

Phase separation in thin film studies by AFM

In this work, we utilized random terpolymers as neutral under-
layers between the polymer/Si interface, synthesized via classi-
cal radical polymerization, to aid the long-range ordering of
the PTMA-b-PTFEMA thin films. The first neutral underlayer,
PTMA-ran-PTFEMA-ran-PHEMA (RTP-1) was synthesized using
a two-step process where a precursor monomer, 2,2,6,6-tetra-
methyl-4-piperidinyl methacrylate (TMPM), was used and sub-
sequently oxidized with H,0,/Na,WO, to obtain RTP-1. A
second neutral layer, PIBMA-ran-PTFEMA-ran-PHEMA, (RTP-2)
was created by replacing the TMA monomer with a methacry-
late monomer of similar surface energy. The surface energy of
PTMA was estimated to be 30.12 m] m~> via a Zisman plot
(ESI, Fig. S117), therefore, IBMA (surface energy: 30.19 mJ m™>
(ref. 53)) was used as a substitute in the neutral layer.
Monomer ratios, structures, and NMR spectra of RTP-1 and
RTP-2 are reported in the ESI (Fig. S9 and S10,t respectively).
Due to the low surface energy of PTFEMA, this block prefers to
phase segregate to the air-polymer interface, while PTMA, due
to its higher surface energy, preferentially wets the silicon sub-
strate. This limits the long-range ordering of PTMA-b-PTFEMA

PTMA g7 -b-PTFEMA,3

Height

Phase

=2e

t=105nm t=110 nm t=95nm

thin films spun on bare Si wafers, and is a common phenom-
enon observed in various block copolymers composed of
blocks with varying surface energies.>*>°

By analyzing the annealed block copolymer thin films, the
phase morphologies at the surface of the film are able to be
observed. As shown in Fig. 3, disordered lamellar mor-
phologies are obtained in PTMA,g,-b-PTFEMA,3, (left) when
no neutral underlayer is used and is annealed in CHCI; vapor
for 6 hours. Likewise, the AFM images of PTMA;zg;-b-
PTFEMA,5; (Fig. 3, right) show that disordered cylindrical mor-
phologies are obtained with no neutral underlayers used. The
lack of long-range order is corroborated by the Fourier trans-
form (FFT) images for each film in which no underlayer was
used. To obtain long range order in these nanostructures,
neutral layers between the Si/block copolymer interface, are
needed to enable preferential wetting of both blocks during
phase separation.

PTMA, 3--b-PTFEMA,;, showed an increase in the intercon-
nectedness of the lamellar structures when an underlayer was
used and is confirmed by the pattern alignment of the FFT
image. Likewise, the hexagonal packing of the cylindrical

structures of PTMAgg,-b-PTFEMA,5; was also improved.
PTMAqg; -b-PTFEMAs,
RTP-1 RTP-2 No UL

Height

Phase

TN LA ...‘ ;
t=115nm

t=110 nm

t=100 nm

Fig. 3 AFM images of PTMA;g7-b-PTFEMA,30 and PTMAzg;-b-PTFEMA,s3 thin films annealed for 6 h in chloroform vapor. The height and phase
images are shown are shown for films in which underlayers (RTP-1 and RTP-2) were used, and those which were not. Film thicknesses (t) are noted

at the bottom of each figure.
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Fig. 4 2D-GISAXS data for PTMA;g7-b-PTFEMA,30 and PTMAzg,-b-PTFEMA,s3 thin films annealed for 6 h in chloroform vapor. Data represented
showed thin films where (a) RTP-1 was used as an underlayer, (b) RTP-2 was used and (c) no underlayer was used.

Overall, the ordering of these structures is greatly improved
when either RTP-1 and RTP-2 are used. The improvement in
the long-range order of these two polymers with both neutral
underlayers, further corroborates our surface energy esti-
mation of PTMA, which until now, has not been reported in
the literature. RTP-2 was synthesized using PiBMA because it
has a very similar surface energy to our estimation of PTMA,
therefore, it allowed us to also see an improvement in the
long-range ordering of the block copolymers.

Phase separation in thin film studies by GISAXS

We also utilize ex situ GISAXS to further analyze the phase
morphologies of the PTMA-h-PTFEMA block copolymer films.
GISAXS allows us to determine the structure within the bulk of
the film, instead of only at the surface, and has been success-
fully done for many block copolymer systems, including
recently reported PTFEMA-containing block copolymers.>®”
Both PTMA,4,-b-PTFEMA,;, and PTMAgg;-b-PTFEMA,s;
showed the most ordering due to their high molecular
weights. The lower molecular weight polymers reported in this
manuscript only showed disordered morphologies with and
without neutral underlayers. Both PTMA,s,-b-PTFEMA,;, and
PTMA;g:-b-PTFEMA, 55 show long-range ordering in the bulk of
the film when the polymer films were annealed for 6 hours in
CHCIl; vapor and RTP-1 or RTP-2 are used as underlayers.
Fig. 4 shows the ex situ GISAXS images for PTMA,g,-b-
PTFEMA, 3, (left) and PTMA;g,-b-PTFEMA,5; (right), along with
the intensity profiles integrated along g,. Prominent first and
second order peaks at g, positions, known as Bragg rods,
appear for the samples where neutral layers were used (4a and
b). This information allows us to determine both the d-spacing
of the formed structures and corroborate the type of formed
morphology. The g, ratios between the first and second order
peaks were 1:2 (lamellar) and 1 : v/3 (cylindrical) for PTMA, g,-
b-PTFEMA,;, and PTMA;g-b-PTFEMA,5;, respectively. The

5100 | Polym. Chem., 2019, 10, 5094-5102

intensity profiles also show us that sample PTMA,g,-b-
PTFEMA,;, is of lamellar morphology with domain spacing of
32 nm and PTMA;g,-b-PTFEMA,5; is of cylindrical morphology
with domain spacing of 36 nm, as determined by processing
methods that allowed us to index refraction peaks corres-
ponding to real-space dimensions.**

For the PTMA,4,-b-PTFEMA,;, and PTMA,4,-b-PTFEMA,;;,
films that did not include an underlayer, only first order peaks
perpendicular to g, are observed (Fig. 4c). This indicates that
while there is structure formation during the annealing
process, they remain in random orientations throughout the
polymer film. This is likely due to the fact that PTFEMA has a
lower surface energy compared to PTMA and does not prefer-
entially wet the Si surface, therefore making it difficult for the
system to create perpendicularly segregated structures with
long-range order. Both RTP neutral layers allowed the surface
energy of the substrate to match that of the block copolymers,
allowing perpendicular structures to form.

Conclusions

We have demonstrated a facile synthetic route to synthesize
PTMA and PTFEMA polymers via anionic polymerization using
a Na'/DB18C6 complex as a bulky and sterically hindered
countercation. This method allows us to successfully syn-
thesize PTMA-b-PTFEMA block copolymers by sequential
monomer addition with low dispersities and a broad range of
molecular weights. By utilizing neutral underlayers as surface
modifiers, (both PTMA-ran-PTFEMA-ran-PHEMA and PiBMA-
ran-PTFEMA-ran-PHEMA) we have been able to obtain long-
range ordering lamellar and cylindrical morphologies, as
characterized by AFM and GISAXS. PiBMA was also used as an
alternative to PTMA in the neutral layer to provide a more cost-
efficient option, as well as to further corroborate the surface

This journal is © The Royal Society of Chemistry 2019
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energy estimation of PTMA by the Zisman method, which was
found to be 30.1 m] m~>. The methods reported further
expand the synthetic routes to both PTMA and PTFEMA, allow-
ing them to be easily implemented into future materials using
anionic polymerization. Our work on stable radical block
copolymers shows the potential for controlling the long-range
ordering of the stable radical block, suggesting potential
applications in nanopatterning of PTMA for future charge
transporting solid-state devices.
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