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We investigate a new series of precise ion-containing polyamide sulfonates (PASxLi), where a short polar
block precisely alternates with a non-polar block of aliphatic carbons (x = 4, 5, 10, or 16) to form an alter-
nating (AB),, multiblock architecture. The polar block includes a lithiated phenyl sulfonate in the polymer
backbone. These PASxLi polymers were synthesized via polycondensation of diaminobenzenesulfonic
acid and alkyl diacids (or alkyl diacyl chlorides) with x-carbons, containing amide bonds at the block lin-
kages. The para- and meta-substituted diaminobenzene monomers led to polymer analogs denoted
pPASxLi and mPASxLi, respectively. When x < 10, the para-substituted diamine monomer yields multiblock
copolymers of a higher degree of polymerization than the meta-substituted isomer, due to the greater
electron-withdrawing effect of the meta-substituted monomer. The PASxLi polymers exhibit excellent
thermal stability with less than 5% mass loss at 300 °C and the glass transition temperatures (T,) decrease
with increasing hydrocarbon block length (x). Using the random phase approximation, the Flory—Huggins
interaction parameter (y) is determined for pPAS10Li, and y (260 °C) ~ 2.92 reveals high incompatibility
between the polar ionic and non-polar hydrocarbon blocks. The polymer with the longest hydrocarbon
block, pPAS16Li, is semicrystalline and forms well-defined nanoscale layers with a spacing of ~2.7 nm.
Relative to previously studied polyester multiblock copolymers, the amide groups and aromatic rings
permit the nanoscale layers to persist up to 250 °C and thus increase the stability range for ordered mor-
phologies in precise ion-containing multiblock copolymers.

Introduction

Recent developments in polymer synthesis demonstrate the
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ability to control the periodicity of functional groups along a
linear polymer backbone and obtain desired material
properties.'™ Particularly, precise ion-containing multiblock
copolymers have been synthesized with strictly alternating
polar ionic blocks and non-polar hydrocarbon blocks of fixed
lengths linked by ester groups.””” These ion-containing poly-
esters have high interaction parameter and chain architecture
that enable self-assembly into morphologies with ordered
ionic aggregates such as layered, double-gyroid, and hexagon-
ally-packed cylinders.®® Additionally, the modification of the
polar ionic blocks and the hydrocarbon block lengths can
control the ordered ionic aggregate morphologies. Specifically,
double-gyroid morphologies persist over the composition
window of ~14 vol% of the polar block.” Recent studies with
these precise ion-containing multiblock polyesters revealed
that an ultrahigh Flory-Huggins interaction parameter (y)
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between the polar ionic and non-polar hydrocarbon blocks
leads to the microphase separation at sub-3 nm length scales.®

The studies of precise ionomers show their potential as
nanofabrication templates or ion transport membranes and
motivate the synthesis of new multiblock chemistries to inves-
tigate the polymeric characteristics needed to design advanced
precise ion-containing polymers.> ! Precise ion-containing
multiblock copolymers are synthesized from the polyconden-
sation reaction of two monomer species, each of fixed
lengths.”"? For example, a sulfosuccinate diester block and an
alkyl diol polymerize in a step-growth manner, where the
length of the diol monomer determines the volume fraction of
the polar block. Therefore, the chemistry of precise ion-con-
taining multiblock copolymers with alternating sequences of
polar ionic and non-polar blocks will be significantly expanded
by further exploration of step-growth polymerizations. By using
commercially available monomers, the straightforward modifi-
cation of polar blocks can enhance the chemical and thermal
stability relative to the precise ion-containing polyesters.

We selected polyamides as a promising platform to extend
the chemistry of step-growth multiblock ionomers. Formed by
the condensation of amines with carboxylic acids, polyamides
comprise important biological polymers (e.g., peptides) and
well-understood synthetic polymers (e.g., nylons). Thanks to
decades of medicinal chemistry research into peptide for-
mation, there are myriad known reactions to activate car-
boxylic acids towards nucleophilic attack by amines.">'* In
addition to the well-established reaction conditions, poly-
amides also offer the significant advantage of commercially
available building blocks. The reaction between the commer-
cially available alkyl diacids (or even better, diacyl chlorides)
and diamines makes possible the facile synthesis of structu-
rally diverse polyamides,'>'® leading to the design of poly-
amide ionomers with pendant sulfonate groups.'””™°
Polyamides tend to be highly crystalline due to the hydrogen
bonding between amide groups, which are both H-bond
donors and H-bond acceptors. Aromatic polyamides such as
Kevlar are especially notable in this regard (with applications
in bullet-proof vests and racing sails),>® so we incorporated an
aromatic ring into the ionic block of our targeted ionomers.
Finally, polyamides are known for their excellent chemical and
thermal stability. Amide bonds are more hydrolytically stable
than ester linkages, making polyamides stable to a wider pH
range than polyesters, and polyamides are known to withstand
significantly higher temperatures than polyesters.”" This route
can expand the structure-property relationships in precise ion-
containing multiblock copolymers.

In this paper, we report the synthesis and characterization
of precise ion-containing polyamide lithium sulfonate multi-
block copolymers (PASxLi) from the step-growth polymeriz-
ation of benzenediamine sulfonates (meta or para-substituted)
and alkyl diacids (or acyl chlorides) of a varying number of
carbons (x). The polar blocks contain a single Li'SO;~ group
on the phenyl ring of the polymer backbone and alternate with
short alkyl chains (x = 4-16). When x = 4, the degree of
polymerization (n) of these (AB), multiblock copolymers is
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greater in pPAS4Li than mPAS4Li due to the poor nucleophili-
city of the meta-substituted diamines. The presence of phenyl
rings on the polymer backbone provides thermal stability up
to ~300 °C in these PASxLi polymers. The glass transition
temperature (T,) decreases with increasing x. X-ray scattering
data reveals that the ion-ion correlation peak intensity of dis-
ordered ionic aggregates increases with x from 4 to 10. Unlike
the semi-aromatic polyamides,**>* the presence of ionic
groups on the phenyl ring prevents the crystallization of the
hydrocarbon blocks with x < 10. With a longer hydrocarbon
block, pPAS16Li exhibits a semicrystalline polymer backbone
and forms well-defined ionic layers with a spacing of ~2.7 nm.
This work demonstrates the synthesis and characterization of
new precise ion-containing polyamides that produce nanoscale
ionic layers with great thermal stability.

Experimental section
Materials synthesis

See the ESIf for the detailed synthetic procedure of each
polymer. All polymerization reactions were performed under
an N, atmosphere using standard Schlenk techniques unless
otherwise noted; polymer purifications and ion exchanges
were performed under air. Chemical reagents were obtained
from commercial vendors and used without further purifi-
cation. Dialysis of polymer samples was performed using
7000 molecular weight cut-off (MWCO) regenerated cellulose
dialysis tubing obtained from Sigma Aldrich. The final pro-
ducts were characterized by '"H NMR on a Bruker Avance III
500 instrument at 298 K using a 5 mm broadband probe, with
an observed frequency of 500.18 MHz.

Gel permeation chromatography (GPC)

GPC experiments were performed in N,N-dimethylacetamide
(DMAc) with 50 mM LiCl at 50 °C and a flow rate of 1.0 mL
min~" (Agilent isocratic pump, degasser, and autosampler;
columns: Viscogel I-series 5 pm guard + two ViscoGel I-series
G3078 mixed bed columns, molecular weight range 0-20 x 10°
and 0-100 x 10* g mol™"). Detection consisted of a Wyatt
Optilab T-rEX refractive index detector operating at 658 nm
and a Wyatt miniDAWN Treos light scattering detector operat-
ing at 690 nm. All polymer samples were purified using 7K
MWCO dialysis tubing before GPC measurements. Absolute
molecular weights and molecular weight distributions of PAS
materials were calculated using the Wyatt ASTRA software and
dn/dc values obtained from 100% mass recovery. Due to the
insolubility of pPAS16Li, the number of repeating units (1) of
PpPAS16Li was determined from pPAS16H.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES)

The content of Li in pPAS16Li was determined by ICP-OES
using Genesis ICP, Spectro Analytical. A 10 mg of pPAS16Li
was digested at 95 °C for 1 h in 5 mL of concentrated HNO;
and 2 mL of H,0,. Deionized water was added to a final

This journal is © The Royal Society of Chemistry 2022
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volume of 50 mL. The standard deviation of Li content was
determined from three replicates.

Thermal analysis

Thermogravimetric analysis (TGA) was performed with TA
Instruments SDT Q600 under air with a flow rate of 100 mL
min~'. The weight change was recorded with an increasing
temperature up to 480 °C and a 10 °C min~" ramping rate,
after the equilibration for 5 min at 100 °C. Differential scan-
ning calorimetry (DSC) experiments were performed with TA
Instruments DSC2500 between 50 and 300 °C at a 10 °C min™*
ramping rate under a nitrogen atmosphere. All samples were
measured for two cycles of heating and cooling.

X-ray scattering experiments

X-ray scattering experiments were performed (Xeuss 2.0 from
Xenocs) in the Dual-source and Environmental X-ray Scattering
(DEXS) facility at the Laboratory for Research on the Structure
of Matter, University of Pennsylvania. A PILATUS 1M detector
and 100K detector were used for small-angle and wide-angle
scattering, respectively. The sample to detector distance was
~370 mm and ~158 mm for the small- and wide-angle detec-
tors, respectively. The beam source GeniX3D generates 8 keV
Cu Ka (wavelength ~ 1.54 A). The 2D scattering data were col-
lected at room temperature for 20 min. The X-ray scattering
profiles of disordered pPAS10Li are collected for 20 min at
260-230 °C every 10 °C after an equilibration time of 10 min.
In situ X-ray scattering profiles of pPAS16Li are collected for
10 min at 40-250 °C for every 10 °C upon heating with
ramping at 10 °C min~" and equilibrating for 5 min. The scat-

a H2N NH2
HO5S
meta diamine isomer 0 0
i + CI)LH/“\CI
HoN X
x=4 5 0r10
HO3S NH,

para diamine isomer

HaN 0 0

HO
HO3S NH, 16
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tering data were isotropic and integrated into I(g) plots. Small-
and wide-angle I(q) plots were arbitrarily shifted to display the
scattering dataat 1 nm™' < g <18 nm™".

Results and discussion

A library of polyamide ionomers was synthesized according to
the routes shown in Scheme 1. To achieve mPAS4Li and
mPAS5Li, 2,4-diaminobenzenesulfonic acid was reacted with
adipoyl chloride or pimeloyl chloride, respectively, in a solu-
tion of N-methyl-2-pyrollidone (NMP) and diisopropyl-
ethylamine at room temperature. The polymerization yielded
the diisopropylethylammonium salt of the desired polyamide
sulfonate, so a series of ion exchanges were carried out in a
solution of LiCl in NMP to yield the lithiated form of the
polymer. Finally, the polymers were purified by aqueous dialy-
sis and lyophilized to yield the pure products, mPAS4Li and
mPAS5LI.

The yield for these two polymerizations was low: 6% for
mPAS4Li and 19% for mPAS5Li. We hypothesized that the elec-
tron-withdrawing nature of the sulfonic acid group signifi-
cantly hindered the nucleophilicity of the two aryl amines in
2,4-diaminobenzenesulfonic acid, since each amine is either
ortho or para to the sulfonic acid. To enhance the nucleophili-
city of the diamine monomer, we considered other isomers, in
which the sulfonic acid group had less electronic communi-
cation with the amino groups. By reacting 2,5-diaminobenze-
nesulfonic acid with either adipoyl chloride or dodecanediol
chloride under the same polymerization conditions described

i N
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— > 2. mMPASSLI

lon exchange H

PBOW N
9033 N)L(V)/U\)n\
Lie H X

3. pPASA4LI
4. pPAS10LiI

Neat, 195°C AN 5 o

-
H A ——— % o654 NJ\(V)’ILL
q H 16 "

lon exchange L@

5. pPAS16LI

Scheme 1 Synthesis of precise ion-containing polyamides were performed (a) in an NMP solution for mPAS4Li, mPAS5Li, pPAS4Li, and pPAS10Li,

and (b) from the melt state for pPAS16Li.
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above, we obtained pPAS4Li and pPAS10Li, respectively.
Gratifyingly, the yields for these reactions were significantly
higher (53% for pPAS4Li and 28% for pPAS10Li). The 'H NMR
spectrum of all polymers in Scheme 1a is consistent with the
expected amide, aromatic, and aliphatic protons (Fig. S17). A
diisopropylethylammonium cation was associated with the sul-
fonate groups in the first step of the synthesis, to solubilize
the diaminobenzenesulfonic acid monomers. The absence of
the diisopropylethylammonium peaks from the 'H NMR
spectra of the polymers indicated successful Li* exchange.
Encouraged by the improved nucleophilicity of 2,5-diamino-
benzenesulfonic acid (para-substituted) in comparison to 2,4-
diaminobenzenesulfonic acid (meta-substituted), we targeted
the synthesis of pPAS16Li with a longer alkyl spacer (x = 16). In
this case, due to the lack of commercial availability of the
diacyl chloride, we developed a new set of reaction conditions
using 1,18-octadecanedioic acid. We found that by combining
the two monomers neat and heating to 195 °C, the polymeriz-
ation was able to proceed in the melt.”>*® The solubility
profile of pPAS16Li is distinct from that of the other polyamide
ionomers reported here; pPAS16Li is insoluble in water, NMP,
and LiCl/NMP (unlike the other lithiated PAS materials), likely
due to the enhanced crystallinity of the longer alkyl block.
Consequently, we were unable to obtain solution-state NMR
spectra of pPAS16Li. Instead, the purified polymer was charac-
terized by infrared spectroscopy and X-ray scattering, and
these spectra were compared to data collected on the two
monomers, 2,5-diaminobenzenesulfonic acid and octadecane-
dioic acid (Fig. S21). In addition, the Li content of 1.66 +
0.031 wt% in pPAS16Li measured by the inductively coupled
plasma optical emission spectroscopy agrees with the calcu-
lated Li content of 1.62 wt%, indicating the successful cation
exchange. These results indicate the formation of the desired
pPAS16Li shown in Scheme 1b, without residual monomer.
The absolute molecular weights of the PASxLi materials
were determined from gel permeation chromatography (GPC)
equipped with a light scattering detector. The molecular
weights of pPAS4Li and pPAS10Li are significantly higher than
those of the meta diamine isomers (Table 1), which we hypoth-
esize to be a result of the higher nucleophilicity in para-substi-
tuted monomers than the meta-substituted diamine mono-

Table 1 Number-averaged molecular weight (M,)) and dispersity (D) for
polyamide ionomer samples, as determined by gel permeation chrom-
atography (GPC). The values of n represent the number of repeating
units in these (AB), alternating copolymers. The volume fraction of polar
blocks (fooar) is determined from the ratio of van der Waals volume

Polymer M, (g mol™) D n Jpolar
mPAS4Li 6260 1.48 20.6 0.71
mPAS5Li 5080 1.61 16.0 0.67
PPASA4LI 12100 1.37 39.8 0.71
PpPAS10Li 19100 1.46 49.1 0.51
PpPAS16H” 4420 1.43 9.46 0.40

% pPAS16Li was sparingly soluble in the dimethylacetamide (0.05 M
LiCl) solution used for GPC, so the M,, value was determined from the
protonated form of the polymer, pPAS16H.

5814 | Polym. Chem., 2022,13, 5811-5819
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mers. The number-averaged molecular weight (M,,) of pPAS4Li
is ~2 times larger than mPAS4Li at the same reaction con-
dition. The GPC analysis for pPAS16Li was hindered by the
poor solubility in the GPC solution (0.05 M LiCl in dimethyl-
acetamide), and therefore the M,, of pPAS16Li was determined
from the pPAS16H precursor (before cation exchange).

Thermal analysis of PAS materials

Thermogravimetric analysis (TGA) was performed to character-
ize the thermal stability of the PASxLi materials (Fig. 1). All
polymer samples exhibit great thermal stability of less than
5% mass loss up to 300 °C, which is attributed to the presence
of aromatic rings on the polymer backbones. We compared the
thermal stability of PASxLi materials to other precise ion-con-
taining sulfonates with lithium counter ions, in which the
ionic group is also strictly segmented by the x-carbons spacer.
See Fig. S31 for the block chemistries that we compare to
PASxLi.®?” First, precise polyester sulfonates (PESxLi) contain-
ing a single Li*SO;~ group on the linear hydrocarbon back-
bone provide a comparison of backbone chemistry (aromatic
vs. aliphatic). Both PES12Li and PES18Li exhibit ~50% mass
loss at 300 °C, indicating the superior thermal stability of
PASxLi materials relative to PES materials (Fig. S4t). Further,
thermal stability decreases when the precise phenyl lithium
sulfonates are located on the side chain of every 5th carbon
(p5PhSA-Li),%” rather than located on the polymer backbone as
in the PASxLi materials. Thus, TGA results demonstrate the
enhanced thermal stability of PASxLi materials in comparison
to other precise ion-containing materials, due to the presence
of phenyl lithium sulfonates in the polymer backbone.
Differential scanning calorimetry (DSC) was performed to
characterize the thermal transition properties of the PASxLi
polymers (Fig. 2). For mPAS4Li, mPAS5Li, and pPAS4Li, no
thermal transitions are observed, indicating that the glass tran-
sition temperature (T,) is inaccessible prior to polymer degra-

1.0+ ——\
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S
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©
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= ——— mPASALI
——— mPASS5LI
0.21—— pPAsaLi
—— pPAS10Li
00 pPAS16LI
100 200 300 400

Temperature (°C)

Fig. 1 Thermogravimetric analysis of the PASxLi polymers at a heating
rate of 10 °C min~.,
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Fig. 2 The second heating of DSC traces (exo up) of the PAS polymers.

dation. In contrast, pPAS10Li, with a longer alkyl block and
lower fioar, clearly shows a T, ~ 227 °C. With a further increase
of the alkyl spacer, pPAS16Li exhibits a T, ~ 125 °C and
endothermic transition peaks at 235 °C and 243 °C. The
decrease in T, with a longer alkyl block length was also
observed in PES materials, where the decrease in T, was attribu-
ted to the decreased volume fraction of polar blocks and weaker
electrostatic contributions to 7,.”® Thus, the decrease in T, with
a lower f,o1ar in PASxLi polymers is consistent with other precise
ion-containing polymers. Note that the presence of rigid phenyl
rings on the polymer backbone leads to a much higher T,
(~227 °C, fyolar = 0.51) in pPAS10Li compared to an analog with
an aliphatic polyester backbone, PES12Li (T, ~ 65 °C, fyolar =
0.41). Further, the T, of pPAS10Li is higher than the semi-aro-
matic polyamide, poly(decamethylene terephthalamide), which
has T, ~ 133 °C.*’ This indicates that the ionic groups of
PPAS10Li contribute to increasing the polymer Ty, relative to the
non-ionic and semi-aromatic polyamides.

PASxLi polymers with aliphatic carbon lengths of x = 4, 5,
and 10 show no endothermic peaks in DSC traces, which indi-
cates the absence of melting transitions. Note that the conven-
tional aliphatic polyamide of nylon-6,6 exhibits the melting
transition of ~270 °C.”® For PASxLi materials with shorter alkyl
spacers (x < 10), the absence of crystallization is attributed to
the bulky ionic groups that hinder chain packing. The
endothermic transitions of pPAS16Li are the result of longer
hydrocarbon chain length and semicrystalline polymer back-
bones, which will be discussed in conjunction with the X-ray
scattering experiments below. Although the crystallization
requires a longer alkyl chain length, the transition tempera-
tures in pPAS16Li are much higher than the melting transition
in polyethylenes (~100-140 °C).>?*°

Morphology characterization of PASxLi materials

X-ray scattering data of PASxLi materials at room temperature
were collected to investigate the correlations between polar

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 X-ray scattering data of mPAS4Li, mPAS5Li, pPASA4Li, and
pPAS10Li at room temperature.

Intensity (arb. units)

18 20

blocks and the structures of the polymer backbone (Fig. 3). As
indicated by a broad amorphous halo at ¢ ~ 15 nm™", the
PASxLi polymers with x < 10 are amorphous, which is consist-
ent with the lack of melting transitions (Fig. 2). In contrast,
the 12-carbon blocks of PES12Li crystallize with hexagonal
packing.® As the f,or Of pPAS10Li (0.51) is larger than the
PES12Li (0.41), we conclude that the presence of bulkier polar
blocks and rigid phenyl rings in pPAS10Li impede polymer
crystallization. Therefore, X-ray scattering further indicates
that PASxLi polymers with x < 10 have alkyl blocks that are too
short to allow crystalline chain packing. In polymers with
short alkyl block lengths (x = 4, 5), no correlations between the
polar blocks are detected, as indicated by the absence of peaks
in the small-angle region (g < 8 nm™"). In contrast, pPAS10Li
exhibits a correlation peak at g* ~ 3.5 nm™" that corresponds
to 1.8 nm. We assign this peak to a disordered morphology,
because the peak is broad and higher order peaks are absent.

It is useful to compare the extent of ion-ion correlations in
PAS materials with other precise ion-containing polymers with
various polar block chemistries. The p5PhSA-Li polymer pro-
duces disordered ionic aggregates with distinct ion-ion corre-
lation peaks at g* ~ 3.2 nm™" and all-atom simulations have
identified the percolated and stringy ionic aggregate struc-
tures.®® In contrast, PASxLi materials with x = 4 or 5 do not
exhibit such ion-ion correlations. Therefore, the pendant ionic
groups of p5PhSA-Li produce a greater degree of ionic aggrega-
tion relative to ionic groups embedded in the polymer back-
bone. Also, the chain flexibility of the polar blocks impacts the
ionic aggregate morphologies.>® While the linear and aliphatic
polar blocks in PES12Li assemble into layered ionic aggregates
with the crystallization of hydrocarbon blocks, the reduced
chain mobility of the rigid polar blocks in pPAS10Li hinders
the formation of ionic aggregates. These comparisons of ion—-
ion correlations improve the understanding of how polar block
chemistries impact the ionic aggregate morphologies in
precise ion-containing multiblock copolymers.

Polym. Chem., 2022, 13, 5811-5819 | 5815
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Based on the disordered morphology of pPAS10Li, the
effective Flory-Huggins interaction parameter (y) of pPAS10Li
was calculated using the random phase approximation for
(AB),, multiblock copolymers where the number of repeating
units (1) > 20.>** The equation for fitting is provided in ESL}
Note that the absolute molecular weight of pPAS10Li deter-
mined from the GPC measurements corresponds to an n value
of ~49. As the value of y is inversely proportional to the refer-
ence volume, we normalized y with a common reference
volume of 0.118 nm’.*>?*® The volume-based degree of
polymerization is ~5.05, as calculated from the molecular

Intensity (arb. units)

2 3 4 5 6
g (hnm™)

Fig. 4 Small-angle X-ray scattering data (@ < 6 nm™) of pPAS10Li at
260 °C and its fit (red line) to the random phase approximation theory of
(AB),, multiblock copolymers where y = 2.92 using the reference volume
118 nm>.
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weight and density of melt polyethylene block, and the f,o1ar is
~0.51. The value of y at 260 °C for pPAS10Li was determined
to be 2.92 (Fig. 4), revealing the high incompatibility between
the polar ionic and non-polar blocks. This value of y for
PpPAS10Li is close to the y at 260 °C for PES12Li ~ 3.10, which
contains the same lithium sulfonate groups alternating with
alkyl blocks and linked by ester groups.® While y values of
block copolymers are usually inversely proportional to temp-
erature, the y values of pPAS10Li are insensitive to varying
temperatures between 230-260 °C (Fig. S51). A temperature-
independent y is also observed in ion-containing polystyrene-
b-poly(ethylene oxide) and salt systems.>”

When the hydrocarbon block contains 16 carbons,
PpPAS16Li, X-ray scattering reveals well-defined ionic layers and
a semicrystalline polymer backbone (Fig. 5a). The crystalliza-
tion of the 16-carbon blocks is enabled by the exclusion of
polar blocks from the crystals, presumably by chain folding of
the polar block and similar to the chain conformation found
in precise polyethylenes with acid functional groups.’?® A
mixture of monoclinic and orthorhombic crystal structures is
assigned to the wide-angle scattering peaks at g > 12 nm ™" and
is consistent with previous reports of polyethylene-based ion-
containing polymers.>*® The crystallization of hydrocarbon
blocks in these multiblock copolymers produces layered ionic
aggregate morphologies. Notably, we observe three layer-spa-
cings corresponding to g,*, g,*, and g;* for pPAS16Li, that we
attribute to the significant electron density difference between
the Li'SO;~ head-group (1640 nm™>), amide linkages
(1140 nm™?), and hydrocarbon blocks (803 nm™). The sche-
matic in Fig. 5b illustrates the well-ordered ionic layers of
PpPAS16LI consisting of three distinct layers of the ionic groups
(@), amide linkages (b), and hydrocarbon blocks (c) and
stacked as abcba. The distance between the ionic layers

(a) (b)  e¥ 028" 025" 028"
@ n C} H & H C_—; H & H ij H D o, H Cj H\ _
.:i’: E 2.29 nm
c
S
o) = - -
N og"o.. oo' 2 oo' -
— Li Li Li 0 45 nm
> a oL’ okt oll* .
a ~ Hoﬁoﬁ Hoﬁok HosoH
2 b oiOfe ofiie ofOHo o —
[}
= c
2.75 nm
2 4 6 8 10 12 14 16 18 20 b'ﬂﬁg 0 59:;, o gQ:«,, Wi
a °u Oy Li* Opi*

g (nm’) -

Fig. 5
q1*, g2*, and gz*. The schematic shows the ionic groups, amide linkages,

(a) X-ray scattering of pPAS16Li at room temperature. (b) Schematic of chain conformations of pPAS16Li corresponding to the Bragg peaks at

and the alkyl chains arranged in abcba stacks. The (hk()y and (hkl)o corres-

pond to the monoclinic and orthorhombic crystals of the hydrocarbon (16-carbon) blocks.
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Table 2 Summary of observed Bragg peak positions (q) in Fig. 5a from the abcba layered assembly and crystalline hydrocarbon blocks, and their

real-space distances (d) at room temperature

Layered ionic assembly

Hydrocarbon crystals

- - Polyethylene™®
g (nm™) d (nm) g (nm™) d (nm) d (nm)
g%, 2q1%, 3¢, 2.28 2.75 (001)y 13.8 0.455 0.456
42, 245*, 3¢,* 2.74 2.29 (110)o 15.3 0.411 0.413
qs* 14.0 0.45 (200)m 16.4 0.384 0.384
— (200)0 16.7 0.376 0.372
— (—=201)y 17.7 0.354 0.355

(2m/q,* = 2.75 nm) is the sum of distances of 2n/g,* = 2.29 nm
and 2m/g;* = 0.45 nm. Similarly, a trilayer structure has been
observed in charged bottle-brush block copolymers.*® Also, tri-
layers of the crystalline triblock terpolymer exhibited similar
X-ray scattering patterns.*'"*> Table 2 summarizes the observed
diffraction peaks of pPAS16Li and provides the corresponding
spacings for the self-assembled layers and crystal structures.
Note that the monoclinic and orthorhombic crystal structures
assigned for pPAS16Li are consistent with established poly-
ethylene crystal structures.*?

To explore the thermal and morphological transitions in
PPAS16Li, in situ X-ray scattering data were collected every
10 °C upon heating from 40 to 250 °C. Fig. 6 shows the inten-
sity profile of pPAS16Li at 250 °C. Full scattering data are
shown in Fig. S6.1 The single peak at ¢ ~ 14.5 nm™" indicates
the hexagonal symmetry of the polyethylene ecrystals,***>
which are also observed in the PES materials.®® Therefore, the
presence of hexagonal crystals in pPAS16Li at 250 °C reveals
that the endothermic peaks in DSC (235 and 243 °C) traces
shown in Fig. 2 correspond to transitions of crystal structures
from monoclinic and orthorhombic to hexagonal symmetry,
rather than a melting transition. In ion-containing polyethyl-
enes, a higher melting transition than that of typical neat poly-

(100),

2q

Intensity (arb. units)

3q

2 4 6 8 10 12 14 16
q (nm™)

Fig. 6 X-ray scattering of pPAS16Li at 250 °C. The (100), indicates the
hexagonal crystals of the polymer backbone.

18 20
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ethylene is attributed to the strong association between the
ionic groups, which impedes the melting of polyethylene crys-
tals even though the crystals are small and poorly ordered.***
The high melting temperature of pPAS16Li (>280 °C) is likely
due to the strong electrostatic interaction between the polar
ionic blocks, hydrogen bonding between the amide linkages,
and the presence of aromatic rings in the polymer backbone.
While X-ray scattering shows the abcha layered structure at
room temperature, X-ray scattering at 250 °C shows a simpler
ab layered structure. We attribute this difference to the
thermal fluctuation of polar blocks that no longer exhibit a dis-
tinct electron density difference between the amide linkage
and ionic head groups. As shown in Fig. S6,T the two distinct
primary peaks (¢* = 2.28 and 2.74 nm™') present at 40 °C
gradually merge upon heating to g* ~ 2.52 nm™" at 250 °C.
While PESxLi polyesters with aliphatic polar blocks (x = 12-23)
exhibit ordered ionic layers below 130 °C,*® pPAS16Li signifi-
cantly extends accessible nanoscale ionic layers up to 250 °C.

Conclusions

This study explores precise ion-containing (AB), multiblock
copolymers with new block chemistries comprised of poly-
amide phenylsulfonates (PASxLi), in which the polar blocks
and x-carbons alkyl blocks are strictly alternating. The
structure of the diaminobenzene monomer was found to affect
the polymer molecular weight, leading to a higher molecular
weight for pPAS4Li (para-substituted monomer) than mPAS4Li
(meta-substituted monomer). The presence of phenyl rings in
the polymer backbone promotes thermal stability of the poly-
mers, and all polymers exhibit less than 5% mass loss at
300 °C. The glass transition temperatures (T,) of PASxLi
materials with x < 5 were inaccessible up to ~300 °C, while
PPAS10Li and pPAS16Li exhibit T, of ~227 and ~125 °C,
respectively. The combination of amide groups and aromatic
rings in the polymer backbone increases backbone rigidity
that reduces ion-ion correlation for x = 4 and 5. When x = 10,
X-ray scattering reveals a disordered morphology from which
an interaction parameter for pPAS10Li was determined to be
~2.92, indicating an ultrahigh incompatibility between the
polar and non-polar blocks. In pPAS16Li, the semicrystalline
polymer backbone coexists with well-defined ionic layers with
a spacing of ~2.7 nm. Compared to the previously studied
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polyester multiblock copolymers, the nanoscale ionic layers of
PPAS16Li persist up to 250 °C due to increased thermal stabi-
lity. These PASxLi polymers expand the accessible block chem-
istries and provide insights to achieving ordered nanoscale
morphologies in precise ion-containing (AB), multiblock
copolymers.
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