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ABSTRACT: This work unravels the bulk microstructure of a w
doubly charged homopolymer by correlating crystallographic EE Sina'v—m«m XKD ‘\3‘}»/\}
details from single-crystal X-ray diffraction (SCXRD) of the NG /\@’\/@@/
monomer with the crystalline order of the polymer utilizing - A
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powder X-ray diffraction (PXRD). The homopolymer, synthesized % Cormeation

through reversible addition—fragmentation chain transfer (RAFT) SR —) A“ / X
polymerization, features a styrenic backbone with amphiphilic oo, WREEEE MY 3D Structure of Polymer
pendant groups containing a doubly charged 1,4- 1D Information

diazabicyclo[2.2.2]octane (DABCO) salt that is attached to a

terminal octadecyl (C,g) chain. SCXRD of the single crystals grown from the monomers reveals that the amphiphilic monomers
prefer to pack into a highly ordered herringbone lamellar structure that facilitates electrostatic interactions between the DABCO salt
units and hydrophobic associations of the styrene moieties and pendant Cg chains. Following living radical polymerization from a
homogeneous solution, the resulting homopolymer was found to be semicrystalline, despite the expected stereoirregularity (atactic
configuration) of the styrenic backbone. Surprisingly, comparisons of the PXRD patterns of the monomer and annealed
homopolymer suggest that the homopolymer also crystallizes into a herringbone lamellar structure similar to that of the monomer.
Moreover, the V-shaped counterion geometry likely plays an important role in the formation of the herringbone structure for the
monomer and the homopolymer to maximize dipole—dipole interactions. Through correlations of the precise crystallographic details
of the monomer with the PXRD patterns of the semicrystalline homopolymer, this study highlights a powerful approach in
developing a structural model to define the morphology of polymers with complex chemical structures and hierarchical ordering.

B INTRODUCTION based polymers are also of interest because of their
antibacterial efficacy to serve as potential new coatings or

Quaternary ammonium compounds (QACs) are classified as a ) ) ) )
membrane materials for biomedical devices, filters, and food

family of salts that contain at least one ion pair of positive

ammonium cations that are electrostatically bonded to free processing industries.'' " Kawabata and co-workers'"”
counteranions. The synthesis is achieved through bimolecular verified efficient elimination of bacteria, yeasts, and fungi
nucleophilic substitution reactions of an amine with an alkyl using poly(N-benzyl-4-vinylpyridinium chloride)-based water
(or benzyl) halide. Polymerization of quaternary ammonium filtration membranes. Lu et al. reported the efficacy of
monomers affords ion-containing polymers with positively poly((dimethylamino)ethyl methacrylate)s against E. coli and
charged polymer backbones. Typical QAC-based polymers S. aureus."”” The extensive commercial impacts of charged
involve imidazolium-, trialkylammonium-, or pyridinium-based Polymers triggered the development of advanced synthetic
cations. These polymers have garnered tremendous attention avenues to afford novel QAC-based polymers with different
due to their excellent ionic conductivity compared to other compositions, topologies, and architectures,”'*™>* especially

ionic or nonionic counterparts and find potential applications

in energy storage such as batteries, supercapacitors, fuel cells,
124 1. -

and actuators.  Imidazolium-based polymers are the most

polymers that contain ionic moieties carrying multiple charges
in each monomer unit instead of only one cation and anion

extensively studied category among QAC-polymers, for which pair.
the polymer’s ionic conductivity has been systematically

evaluated as a function of alkyl linkage lengths, counterion
types, and backbones structures.””*~" The synthesis and
physical properties of trialkylammonium-based polymers,
including poly(vinylbenzylammonium) and poly(2-
(dimethylamino)ethyl methacrylate), have been reported by
our group.”'’ In addition to excellent conductivity, QAC-
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Scheme 1. Synthesis of VBDC,;BrCl Homopolymer via RAFT Polymerization
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The bicyclic organic diamine 1,4-diazabicyclo[2.2.2]octane
(DABCO) is receiving increasing attention due to its synthetic
versatility. A two-step nucleophilic substitution reaction readily
quaternizes the DABCO into doubly charged QACs. High
charge density in the DABCO—QACs moiety increases its
affinity to negatively charged bacteria cell surfaces compared to
the singly charged QACs.”* Therefore, incorporation of
DABCO—QAC functionalities into polymers provides avenues
to novel polymers with enhanced antimicrobial perform-
ance.”*™”” Yuan et al. synthesized a series of ionenes through
randomly linking the DABCO units and the imidazole groups
with benzylic or allylic dihalides.’® In vitro assays verified
excellent biocompatibility of the polymer and demonstrated
the efficacy of the polymer in eliminating a broad range of
microbes. Dizman and co-workers** developed DABCO-based
polymethacrylate homopolymers containing DABCO—QAC
pendant units that are attached to alkyl linkers. The
homopolymer exhibited resistance against S. aureus and
E. coli, and the antimicrobial activity can be tuned through
varying the alkyl linkage lengths. However, most of these works
focused on cell culture studies and the solution properties of
the DABCO—QAC containing polymers. Reports of the
influence of enhanced ionic interactions to the solid-state
properties of the polymers are rare. We hypothesize that
incorporating strong ionic interactions into the polymers will
result in interesting thermal properties, mechanical perform-
ance, and morphological behaviors that are significantly
different from the singly charged analogues. Therefore,
exploring structure—morphology—property relationships of
the DABCO—QAC containing polymers is crucial to facilitate
a fundamental understanding of the doubly charged polymers
at the molecular level.

Recently, our group designed a styrenic DABCO salt
containing monomer series (VBDC,BrCl) for novel charged
polymer synthesis.'” Zhang et al. randomly copolymerized the
DABCO salt monomer with a relatively soft monomer, n-butyl
acrylate, to produce poly(VBDC,BrCl-co-nBA) ionic thermo-
plastic elastomers and studied the effect of concentration, alkyl
chain length, and counterion type on the physical properties of
the polymers.'® In our most recent work, we reported the
doubly charged ABA triblock copolymer series poly-
(VBDC,BrCl-b-nBA-b-VBDC,¢BrCl)s with the amphiphilic
DABCO salt pendant units in the external blocks.” Self-
assembly of the block copolymer and strong ionic interactions
contributed to a reinforced physical network and led to
significantly improved thermomechanical properties compared
to the doubly charged random copolymer and singly charged
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ABA block copolymer analogues. Small-angle X-ray scattering
(SAXS) revealed that the block copolymers phase-separated
into a highly ordered, lamellar structure on a large length scale
and an interesting secondary ordering within the poly-
(VBDC,BrCl) phase on a smaller scale. However, this
secondary ordering remains elusive due to a complicated
molecular chemical structure and physical interactions within
the poly(VBDC,¢BrCl) phase. Thus, further investigation is
necessary to provide a detailed 3D picture of the micro-
structure within the poly(VBDC,4BrCl) phase.

Single-crystal X-ray diffraction (SCXRD) is a powerful tool
for determining the three-dimensional structure of crystalline
solids. Through the identification of a unit cell and atomic
coordinates, a 3D structure is produced to allow for analysis of
bond length, angles, and packing arrangements. SCXRD is
most commonly used to reveal the structure of small molecules
or macromolecules including salts, minerals, proteins, and
drugs.”*™*' Because most synthetic polymers are semicrystal-
line or amorphous, it is extremely difficult to obtain polymer
single crystals that are large enough for SCXRD. Instead,
powder X-ray diffraction (PXRD) is used in the form of both
SAXS to assess long-range order and WAXS (wide-angle X-ray
scattering) to assess shorter range dimensions. However, with
PXRD, the information from a 3D solid is compressed into a
1D scattering profile, hindering the ability to precisely predict
3D structure. Peak overlap and peak broadening due to small
crystal sizes also limit the amount and reliability of the
information that can be extracted from the PXRD to elucidate
polymer microstructure.”> Most commonly, one determines
the distances of the strongest periodicity in semicrystalline and
amorphous solids, but the relative directions of the interaction
distances to each other in 3D space are lost.

The above limitations of PXRD make it extremely
challenging to obtain comprehensive structural information
about semicrystalline polymers that cannot form large single
crystals required for SCXRD. Although a few studies have
suggested that the characteristic structural ordering of the
monomers may be retained in the corresponding polymers
through comparing the X—raz scattering patterns of the
monomer and the polymer,3"34 a detailed 3D structural
analysis of the semicrystalline polymer from SCXRD/PXRD
correlations has remained limited. To advance this powerful
approach, this work provides a detailed example of a structural
analysis of a semicrystalline polymer poly(VBDC,3BrCl)
through correlating the crystallographic details from SCXRD
of the VBDC,4BrCl monomer to the crystalline order of the
polymer revealed by PXRD. In-depth structural analysis
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demonstrates the poly(VBDC ¢BrCl) is self-assembled into
similar structures as the monomer crystal structure, which
enables the derivation of a 3D structure model for poly-
(VBDC,4BrCl).

B RESULTS AND DISCUSSION

Polymer Synthesis and Thermal Analysis. To facilitate
the structural ordering of the polymer, we utilized RAFT
polymerization (Scheme 1) to afford a more controlled chain
propagation and a lower polydispersity that is not achievable
with conventional free-radical polymerization.”*® An identical
difunctional chain transfer agent, diDDMAT-NH, is selected
to keep consistency with our previous doubly charged ABA
triblock copolymer analogues.”> Using a DMF/MeOH
cosolvent permits the reaction mixture to stay homogeneous
throughout the polymerization process. The monomer
conversion reached 78% after 24 h of reaction, which was
determined by using '"H NMR in an CD;0D/CDCl; mixture
(Figure S1). Purification through dialysis in a MeOH/CHCl,
cosolvent for 3 days and subsequent drying in vacuo afforded
light yellow homopolymer solids that are extremely brittle
presumably due to high ionic incorporation and rigid polymer
structure. Similar to many ion-containing polyme1‘s,8’20 strong
molecular aggregation and solubility difficulty of the
homopolymer in common solvents prevent molecular weight
analysis using gel permeation chromatography (GPC); there-
fore, the molecular weight of the homopolymer is estimated
based on monomer conversion, which reveals a number-
average molecular weight (M,) of 60.7 kDa.

DSC thermograms in Figure 1 show that both the monomer
and the homopolymer exhibit crystalline order. As expected,

Heat Flow (W/g)

—— VBDC:sBrCl monomer

Poly (VBDCsBrCl )

40 90 140

Temperature (°C)

-60

Figure 1. DSC thermograms of VBDC gBrCl monomer and
homopolymer. DSC was performed from —80 to 140 °C at 10 °C/
min under N,.

the monomer yields a sharp melting transition attributed to a
highly ordered crystalline structure. In contrast, the homopol-
ymer yields a broad endothermic peak located around —10 °C
indicative of a less ordered, semicrystalline morphology. The
broad endotherm observed in this homopolymer is essentially
identical with the endothermic event observed in our previous
VBDC,(BrCl ABA triblock copolymers™ and has been
attributed to the formation C,g crystalline domains. Despite
the expected stereoirregularity of the styrenic backbone, these
data suggest that the strongly associating functionalities of the
monomer units facilitate the crystalline packing of the pendant
alkylated DABCO groups along the polymer chains. While
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semicrystalline ordering in other atactic polymers containing
small associating groups (e.g., atactic poly(vinyl alcohol)) is
known,”” ™ the unexpected ordering of the very large pendant
groups in these polymers merits further exploration.
Monomer Crystal Structure. Figure 2 illustrates the
single-crystal X-ray structure of the VBDC gBrCl monomer

Figure 2. Anisotropic displacement ellipsoid drawing (50%
probability) and atom labeling diagram for the asymmetric unit of
VBDC 4Br, ,,Cly 5 H,O. Only the major component of the
disordered styrene group is labeled. Atoms X1 and X2 represent the
compositionally disordered halide Br™/CI™ halide site. H atoms not
involved in hydrogen bonding are omitted for clarity.

determined at 100 K. The monomer crystallizes in the
monoclinic space group, P2,/c, with unit cell parameters: a =
6.70540(10) A, b = 40.6996(9) A, ¢ = 12.4989(3) A, p =
93.864(2)°, and V = 3403.28(12) A’ The asymmetric unit
consists of one monomer dication, two halide anions, and one
water molecule of hydration. Both Br~ and CI™ are present at
the halide sites (denoted X1 and X2 in the structure) with the
relative occupancies refined to give the formula [Cy3HggN,]-
Br; ,,Cly76H,0. The hydrogen bonds formed between the
water and the halides results in a “V-shaped” counterion
geometry. In addition, there are some relatively short
intermolecular C--X and C--O distances (Table 1). Except
for C17—C18—C19—C20, which adopts a gauche conforma-
tion, all torsion angles are anti in the long alkyl pendant unit,
forming a planar zigzag chain.

Table 1. Closest Nonbonding Interactions for
[C33H;sN, Bry 5,Cly76'H,0 [A and deg]”

D-H-A d(D-H) d(H--A) d(D--A) «(DHA)
0(2)-H(2C)--X(1)* 0.99(5) 2.32(5) 3.285(3) 165(4)
0(2)-H(2D)-X(2) 1.01(S) 2.23(5) 3.215(3) 166(4)
C(1)—-H(1A)--0(2) 0.99 224 3.039(4) 136.5
C(1)-H(1B)--X(2)#1 0.99 2.87 3.687(3) 1404
C(2)—-H(2A)--X(1)#1 0.99 2.78 3.638(3) 145.4
C(3)—H(3A)--0(2)#1 0.99 2.84 3.673(4) 142.7
C(4)—H(4A)--X(1)#2 0.99 2.83 3.685(3) 145.3
C(4)—H(4B)--X(1)#1 0.99 2.74 3.658(3) 154.1
C(6)—H(6B)--X(1)#2 0.99 272 3.621(3) 150.9
C(7)—H(7A)--X(2)#1 0.99 2.70 3.625(3) 155.6

“Symmetry transformations used to generate equivalent atoms: #1 x,

b 1
—y+1/2, 2+ 1/2; #2 x—1, —y + 1/2, z + 1/2. "X = halide site with
compositional Br and Cl disorder.

Figure 3 highlights the well-ordered packing diagram viewed
down the crystallographic g-axis. The molecules are arranged
into bilayer structures where the favorable interaction between
the hydrophilic, doubly charged DABCO units affords distinct
regions from the hydrophobic styrenic and alkyl groups. The

multiple short-range nonbonding interactions (Table 1) all

https://dx.doi.org/10.1021/acs.macromol.0c01270
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Monomer bilayer

Herringbone lamellar

Figure 3. View down the crystallographic a-axis (b-axis = green, c-axis = blue). Hydrogen atoms are omitted for clarity. When viewed along the c-
axis, the DABCO orientation alternates left, right, resulting in antiparallel packing of the hydrocarbon chains within the monomer bilayer. The
single C17—C18—C19—C20 gauche torsion angle causes a kink in the chain relative to the DABCO group and results in the herringbone packing
motif. A network of hydrogen-bonding water and halide atoms separates the DABCO groups of the antiparallel chains. The closest interchain

distances are ~4 A.

occur in the hydrophilic regions and help define both the
DABCO and hydrocarbon packing arrangements. A c-glide
mirror operation perpendicular to the b-axis at z = 1/2 relates
the adjacent bilayers and oppositely orients the monomer
when viewed along the c-axis. The c-glides sit at the monomer
bilayer markings in Figure 3. When viewed along the g-axis, the
oppositely oriented monomers form interdigitated hydro-
carbon regions between the hydrophilic domains. The gauche
torsion angle in the octadecyl chain causes a “kink” relative to
the DABCO orientation, giving rise to a herringbone lamellar
structure. The unit cell parameter b corresponds to the spacing
of each herringbone lamellar unit. Moreover, the DABCO
functional groups align parallel to the a-axis, and the H-bonded
water and halides separate the adjacent DABCO units along
the c-axis (Figure 3). Such highly ordered packing is attributed
to the amphiphilic nature of the monomer, which facilitate the
formation of segregated hydrophobic and hydrophilic domains.
In addition, strong noncovalent interactions, including electro-
static dipole—dipole interactions and hydrogen bonding,
further promote intra- or interlayer packing, enhancing the
structural alignment in three dimensions. Moreover, it is
assumed that the V-shaped structure adopted between the
water molecule and the halides directs the formation of the
herringbone pattern, where the positively charged DABCO
unit is preferably positioned with the V-shaped water halides
structure to maximize the dipole—dipole interactions. A similar
herringbone structure had been revealed for the dialkylimida-
zolium salt containing a V-shaped pentaiodide (I;”) counter-
ion.*” Several other reports also provide evidence for the
strong dependency of salt crystal structures on the size or
chemical structure of the counterions.”'™*

Identification of Characteristic Correlation Spacings
within the Monomer Crystal Structure. Figure 4 compares
the PXRD pattern of the bulk monomer powder with a
calculated PXRD pattern from the single-crystal X-ray

43
020 —PXRD of monomer at 100 K

—Crystallography of monomer at 100 K

I(au.)

20 (deg)

Figure 4. Comparison of 100 K bulk monomer PXRD pattern with
the powder pattern calculated from the 100 K single-crystal X-ray
structure. The indices of some of the Bragg refractions are identified
in the single-crystal pattern and correlated to the powder pattern.

structure at 100 K. A select number of indices, hkl, of the
Bragg reflections of the stronger peaks in the calculated single-
crystal pattern are also correlated to peaks in the powder
pattern. Although the PXRD pattern has broader peaks than
the calculated single-crystal pattern due to existence of smaller
crystals in the bulk monomer powder and the rapid 5 min
scans required to avoid beam damage, a strong agreement
exists between peak positions and peak intensities in the two
patterns. This confirms that the bulk powder has essentially the
same crystalline structure as the single crystal taking into
account the peak broadening. The consistency between the
patterns means that the high-resolution calculated single-
crystal X-ray pattern can be used to identify important
interplanar spacings in the monomer and subsequently in the
SAXS and WAXS patterns of the polymer (vide infra).
Figure S5 depicts the orientation and spacing of the
corresponding lattice planes (hkl) for three characteristic

https://dx.doi.org/10.1021/acs.macromol.0c01270
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Figure S. Monomer packing diagrams of the single-crystal X-ray structure with significant lattice planes overlaid: (A) (020) planes, (B) (100)
planes, and (C) (122) planes. The crystallographic axes are also shown on each image, where a-axis = red, b-axis = green, and c-axis = blue.

diffraction peaks observed in both the SCXRD and PXRD data
sets (Figure 4), enabling the identification of important
features in the crystal packing diagrams. The (020) planes in
Figure SA have an interplanar distance of 20.35 A, ie., half the
b-axis lattice parameter, which depicts the periodicity of the
monomer bilayer in the herringbone structure. Viewing down
the c-axis (Figure SB), an interplanar spacing of 6.70 A
between the (100) planes represents the DABCO repeat
distance along the g-axis. In addition, the packing of Cg alkyl
chains is characterized by the (122) planes, as shown in Figure
SC. The (122) planes aligned with the C, alkyl chains have an
interplanar spacing of 4.30 A, corresponding to the distance
between alkyl chains in adjacent monomers. Viewing down the
a-axis (Figure S3), the interplanar spacing for the (082) planes
indicates a distance of 3.94 A for C ¢ chains measuring from
another direction.

Thermal analysis of the monomer using DSC (Figure 1)
reveals an endothermic transition between —40 and —20 °C
that is attributed to the melting of the Cg chain.”® To probe
the temperature effect on the monomer morphology in this
phase transition region, we further performed PXRD analysis
for the monomer at 223 K (=50 °C) and 300 K (27 °C)
(Figure S4). Comparison of the 100, 223, and 300 K PXRD
patterns indicates the structure is generally conserved across
the temperature range from 100 to 300 K. Noteworthy, all
peaks shift slightly to lower scattering angle with increasing
temperature, indicating a slight increase of the unit cell
parameters attributed to thermal expansion. The unit cell
parameters of the single-crystal monomer at 100 and 300 K
(Table 2) confirm the thermal expansion of the structure upon
heating. The a-axis expands the least (0.5%), followed by the c-
axis (1.2%) and the b-axis (2.7%). As the strongest
intermolecular interactions occur between the DABCO,
H,O, and halides, which are parallel to the a- and c-axis,
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Table 2. Single-Crystal Unit Cell Parameters of the
Monomer at 100 and 300 K

100 K 300 K
a, A 6.70540(10) 6.739(6)
b, A 40.6996(9) 41.801(12)
¢ A 12.4989(3) 12.646(4)
a, deg 90 90
B, deg 93.864(2) 93.24(4)
7, deg 90 90
v, A3 3403.28(12) 3557(4)

these dimensions are held together more tightly, and thus the
smaller expansion is consistent with the stronger intermolec-
ular interactions of the charged units. Expansion is the greatest
parallel to the b-axis, ie. the bilayer lamellar direction
associated with the interdigitated antiparallel arrangement of
the alkyl chains. In addition, the variable temperature PXRD
data in Figure S4 show a subtle reduction in intensity of the
(082) peak at 300 K, consistent with a reduction in alkyl chain
order at temperatures above the observed melting transition in
Figure 1.

The room temperature single-crystal structure of the
monomer could not be determined because the sample is
susceptible to irreversible structural transition under X-ray
exposure over the duration of the experiment (Figure SS).
Analysis of styrene packing in the single-crystal structure in
Figure S6 also provides convincing evidence for X-ray-induced
transformation. The vinyl groups of the monomer single-
crystal are aligned appropriately with an interatomic distance
of 5.831(10) A to allow polymerization to occur parallel to the
a-axis. Solid-state polymerization is a well-known phenomenon
that occurs within the monomer single crystal upon photo-
irradiation.**~*
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Homopolymer and Monomer Structural Correlations.
X-ray scattering profiles in Figure 6 compare the morphology
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—SAXS of homopolymer at 300 K
—PXRD of homopolymer at 300 K
—PXRD of monomer at 300 K
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Figure 6. Scattering patterns of the homopolymer cast from ethylene

glycol/NMP and the monomer at 300 K. Profiles are vertically shifted
for clarity.

of the homopolymer and the monomer. For the homopolymer,
the SAXS and WAXS patterns reveal sharp scattering maxima
at positions consistent with 1q, 2q, 3q, 5S¢, and 11q, which are
indicative of well-ordered lamellar microstructures. The even
order reflections are suppressed, exhibiting a lower intensity
compared to the odd number reflections, which suggests a
nearly symmetric lamellar structure.”™>' Note that the
homopolymer cast from the lower boiling cosolvent
(MeOH/CHCL,) only reveals broader and lower orders of
scattering maxima (up to 3q, Figure S7), which is consistent
with faster solvent evaporation leading to the formation of
kinetically trapped morphologies.”****

A close comparison of the PXRD pattern of the
VBDC4BrCl monomer and homopolymer at 300 K in Figure
6 shows strong 0kO reflections, implying the homopolymer cast
from ethylene glycol/NMP cosolvent is self-assembled into
analogous lamellar microstructure as observed in the monomer
when viewed parallel to the b-axis. The scattering maxima for
the homopolymer located at 1q, 24, 3¢, 5q, and 11q agree with
the periodic arrangement of the 020 and 040 reflections of the
monomer. Note, the 0kO, k = odd reflections for the highly
ordered monomer are not observed in the monomer crystal
structure because the symmetry of the 2, screw axis Il b in
space group P2,/c results in these reflections being systemati-
cally absent.

Not surprisingly, the 0kO scattering peaks of the homopol-
ymer shift to lower 26 compared to the monomer. This shift
indicates an increase in the lamellar dimension from ~42 A for
the monomer to ~46 A for the homopolymer. Because the
monomer crystal structure represents an energetic minimum in
packing arrangement, polymerization would disrupt this
packing and increase the lamellar dimension. It is presumed
that the slight expansion of the lamellar dimension of the
homopolymer compared to the monomer crystal is attributed
to styrenic backbone polymerization, where the formation of
the stereoirregular single bonds along the backbone disrupts
conformational ordering, which is consequently accommo-
dated by an expansion of the lamellar dimension. In addition,
the molecular weight distribution of the polymer might cause
structural irregularity of the polymer and reduce packing
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efficiency. The scattering features between 12 deg and 30 deg
for the monomer are replaced with a broad amorphous halo in
the homopolymer, suggesting the loss of characteristic
monomer scattering dimensions due to polymerization.
Proposed 3-D Model for the Homopolymer Struc-
ture. Figure 7 depicts a schematic representation of the 3D

Homopolymer
Monomer

Figure 7. Representation of the proposed 3D structure of the
VBDC BrCl homopolymer based on the monomer structure. Black =
vinyl (monomer) or backbone (polymer), blue = benzene, yellow =
DABCO, and green = Cg chain; the halide ions are not shown for
clarity.

structure of the homopolymer. In the proposed structure, the
self-assembled homopolymer organizes in the same way as the
monomer, with polymer chains packing into well-ordered
herringbone lamellar regions parallel to the b-axis. The pendant
alkyl arms of the polymer chain maintain the kinked
conformation with respect to the DABCO unit, tilting toward
the same orientation and interdigitating with a set of
antiparallel alkyl groups from another chain. Moreover, the
self-assembled structure alternates on every other interdigi-
tated layer, and one lamellar periodicity is composed of a
herringbone unit. This high degree of organization achieved in
the homopolymer originates from the strong chemical
incompatibility of the pendant moieties, which arranged into
separate nanodomains consisting of hydrophilic charged units
and hydrophobic styrene and alkyl groups. Moreover, ionic
association within the hydrophilic domains and the crystal-
lization within the hydrophobic domains further promote self-
assembly and help to define the lamellar structure. Because the
ordered morphology stems from the self-assembly of pendant
groups and independent of the degree of polymerization (N),
it provides promising avenues to achieve ordered, sub-10 nm
features that are extremely difficult to realize for block
copolymers. Similar pendant group organizations had been
observed in other semicrystalline polymers such as poly(n-
alkylvinylimidazolium)s,”*>> poly(n-alkyl (meth)acrylate)-
> and amphiphilic alkyl-containing random copolymers.58
Noteworthy, our poly(VBDC sBrCl) homopolymer demon-
strated significantly higher ordering compared to the previous
examples, displaying well-defined characteristic scatterings up
to 11gq. This surprisingly highly ordered structure is
presumably attributed to the greater association strength of
the doubly charged DABCO-salt units, which serve as strong
physical cross-links to improve the packing and reinforce the
polymer structure.

B CONCLUSIONS

In summary, we report the synthesis of poly(VBDC,sBrCl)
using RAFT polymerization. The polymer is composed of
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styrenic DABCO-based repeating units with the doubly
charged QAC moiety and the terminal octadecyl hydrocarbon
chain. SCXRD analysis of the monomer at 100 K demonstrates
that the monomers organize to maximize interactions between
chemically compatible regions to form hydrophilic quaternary
ammonium salt regions and hydrophobic styrene and alkyl
chain regions. The incompatibility between charged moiety
and the nonpolar units drives the self-organization, forming
monomer bilayers. Within each hydrophobic region, the
octadecyl chains adopt zigzag conformations, which are kinked
and interdigitate with a set of antiparallel alkyl chains. The
adjacent bilayers are related through a c-glide mirror operation,
forming an ordered herringbone structure with the lamellar
direction parallel to the b-axis. The V-shaped geometry formed
between water and halides likely templates the formation of the
herringbone structure. PXRD of the monomer revealed a
consistent crystalline structure compared to SCXRD and
enables the measurement of characteristic spacings in the
monomer and polymer. Moreover, comparisons of the
homopolymer and monomer PXRD pattern suggest that the
polymer preserves the lamellar herringbone structure of the
monomer with only a slight expansion of the characteristic
dimensions. On the basis of the significant agreement between
the monomer and polymer X-ray diffraction patterns, a 3D
model is proposed for the homopolymer microstructure. This
paper illustrates the analytical power of combining high-
resolution monomer SCXRD structure with semicrystalline
polymer PXRD analysis to deduce the hierarchical structure of
a complex self-assembling polymer.
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