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ABSTRACT: A series of homologous statistical polymethacrylate comb copolymers with tail-end 4-(di-
methylamino)pyridinium ionic groups were synthesized by partial quaternization of high molar mass
poly(12-bromododecyl methacrylate). The copolymers of lower ion content are found to be biphasic by
differential scanning calorimetry, resembling classical ionomers, with a lower glass transition temperature
(Tg) that remains constant up to about 20 mol % ion content before increasing and a higher Tg that
increases monotonically with ion content. X-ray analysis indicates the presence of a soft phase with an
invariant microstructure for all of the copolymers, whereas the hard-phase microstructure, considered to
be a disordered partial bilayer in the ionic homopolymer, is characterized by an increasing long period
with decreasing ion content. Models to reconcile the various data are proposed, which show how large
amounts of nonionic units can be incorporated into the hard-phase microstructure, with the invariant
soft-phase microstructure also rationalized. This copolymer series thus bridges ionomer and mesomorphic
polysoap characteristics by the presence of two phases whose relative proportions vary with ion content,
both of which possess their own (short-range) microstructure that determines the nature of their evolution
with copolymer composition.

Introduction

Both ionomers1 and liquid crystalline polymers2 have
been extensively studied for many years. In the first,
which are generally statistical copolymers with a rela-
tively low proportion of ionic co-units, two-phase be-
havior is frequently observed due to ionic aggregation
in a relatively nonpolar matrix, with consequent reduc-
tion in mobility of neighboring nonpolar regions leading
to the formation of a second phase of higher glass
transition temperature. In the second, which are most
commonly composed of flexible and rigid moieties, self-
assembly and nanophase separation into specific micro-
structures (often lamellar for side-chain architecture)
frequently occur due to the geometric and chemical
dissimilarity of the two moieties. Comblike polymers
without mesogenic moieties also generally lead to
nanophase-separated morphologies,3 as do ionic side-
chain polyamphiphiles or polysoaps.4,5 In copolymer
form,6 the latter at lower ion content can be considered
as ionomers.

Our group has recently synthesized and studied new
tail-end polyamphiphiles of the type poly(ω-pyridinium
alkyl methacrylate)s with various 4-substituted pyri-
dinium bromide groups and spacer lengths.5 They
generally present an amorphous, lamellar-like morphol-
ogy, with a single, well-defined glass transition whose
value depends markedly on the spacer length and
nature (rigidity, volume) of the pyridinium moiety. As
a corollary to those homopolyamphiphiles, this paper
describes a series of copolyamphiphiles prepared by
partial quaternization of a nonionic precursor polymer,
a poly(ω-bromoalkyl methacrylate), by one of the pyri-
dine moieties used for the homopolymer series, namely

(dimethylamino)pyridine (DMAP). This provides a unique
set of copolymers combining several aspects of the
above-mentioned classes of materials. In particular, they
are comb copolymers possessing two different types of
long side chains of identical spacer length, one nonionic
and the other ionic, where the terminal ionic moiety
resembles a (short) thermotropic mesogen. Their general
structure is shown in Scheme 1, noting that charge
delocalization is possible over the DMAP cation.

These copolymers may thus be expected to form a
bridge between ionomers on one hand and tail-end
amphiphilic homopolymers (side-chain liquid crystalline
or mesomorphic homopolymers) on the other. They are
complementary to a rather small number of other ionic
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copolymers and ionomers with side-chain liquid crystal-
line or mesomorphic character that have been reported
in the literature.6-10 In these studies, the ionic group
is usually located near the polymer backbone and is
often distinct from a classic mesogenic group, and its
content is limited to low values in several cases. An
investigation of ionomers with ionic groups located at
the end of long side chains11 should also be mentioned
for comparison.

In the following, we will describe the thermal and
structural properties of the copolymers, in addition to
their synthesis, and relate their behavior to ionomer and
mesomorphic characteristics. The copolymers will be
denoted as AB-y, where A and B refer to the nonionic
and ionic units, respectively. Fi and Wi denote the molar
and weight fractions, respectively, of component i (A or
B) in the copolymers, with y equal to 100FB. Thus, AB-
17 is a copolymer containing 0.17 molar fraction of B
units (17 mol % ion content).

Experimental Part

Materials. All reagents were obtained from Aldrich. Tet-
rahydrofuran (THF) was distilled over a disodium benzophe-
none complex and dimethylformamide (DMF), toluene, and
triethylamine over calcium hydride. Acetonitrile was dried over
molecular sieves (4 Å). Hexane, ethyl acetate, methanol,
4-(dimethylamino)pyridine (DMAP), 12-bromododecanol, and
methacrylic anhydride, all of the best reagent grades available,
were used as received. 2,2′-Azobis(isobutyronitrile) (AIBN) was
recrystallized from toluene. Column chromatography was
performed using silica gel [Merck, Kieselgel 60 (70-230
mesh)]. Thin-layer chromatography (TLC) was carried out on
precoated silica gel plates (Merck, F-254).

Techniques of Analysis. NMR spectra were recorded at
ambient temperature with a 200 MHz Bruker spectrometer.
Chemical shifts, δ, are given in ppm with respect to the solvent
residual resonances, fixed at 7.27 ppm for CDCl3. Elemental
analysis was performed in-house (ICS).

Differential scanning calorimetry (DSC) investigations were
carried out using a Perkin-Elmer DSC-7 calorimeter, cali-
brated with indium (Tm ) 156.6 °C, ∆Cp ) 28.5 J g-1 °C-1)
and, in some cases, mercury (Tm ) -38.8 °C) to validate the
low-temperature transitions. The sample chamber was flushed
with He or N2. Heating scans were performed at 20 °C/min
after quenching (nominally -200 °C/min), never exceeding 160
°C (samples confirmed to be stable to at least this temperature
by thermogravimetric measurements), on 10-20 mg of samples
dried in vacuo for 6 days at 60 °C or 2 days at 80 °C prior to
sealing in aluminum pans. The glass transition temperatures
(Tg) were determined by the midpoint of the heat capacity jump
and verified by the maximum of the peaks in the first
derivatives of the scans. For the copolymers with a double Tg,
the intermediate minimum in the first-derivative curves served
as a check on the location of the estimated intermediate
baseline (arbitrarily given a slope similar to those of the
baselines before and after the double Tg). The data obtained
are based on at least five scans involving a minimum of two
different capsules per sample. It was verified that more
rigorous drying conditions (2 days at 100 °C in vacuo for
samples placed in pans with previously pierced covers) and
slow cooling (-20 °C min-1) did not affect the results.

Polarizing optical microscopy (POM) observations of the
samples were made using a Zeiss Axioskop equipped with a
Leica (UT40/0.34) objective. The temperature was regulated
with a Mettler FP5 temperature controller and Mettler FP52
hot stage.

Two sets of X-ray diffraction data were obtained on dried
samples placed in sealed Lindemann capillaries (Charles
Supper) of 1.5 mm i.d. for y g 27, and in the form of 1 mm
thick films (molded between two Teflon-lined aluminum plates
pressed together via a screw-down mechanism at 120 °C in

vacuo for about 5 h) for the other samples. The first set covered
2θ angles between 1.1° and 40°, using nickel-filtered Cu KR
radiation (1.542 Å) produced by a Rigaku rotating anode X-ray
generator (Rotaflex RU-200BH), operated at 55 kV and 190
mA, with collimation effected by a Soller slit and a 1 mm
pinhole. A scintillation counter (SC-30) coupled to a pulse-
height analyzer was used as detector, with a sample-to-
detector distance of 37.2 cm. The profiles obtained were left
untreated, but it was verified that there were no specific
features in the background that could obscure the results.

The second set of data covered the small-angle region, using
a Bruker diffractometer equipped with a sealed-tube Cu anode
operated at 40 kV and 40 mA and a two-dimensional position-
sensitive wire detector; collimation was effected by a graphite
monochromator and a 0.8 mm pinhole. The sample-to-detector
distance was fixed at 9 cm for samples with y g 58 and at 20
cm for the others, using a homemade beam stop, which was
off-centered for the latter configuration in order to cover a 2θ
range between 0.7° and 5°. After subtraction of the capillary
background for the copolymers of high mesogen content and
of air scattering for the other copolymers, the appropriate 2D
range was integrated to obtain intensity as a function of 2θ.

Molecular lengths (l) for the A and B units in their lowest
energy conformation with all-trans-methylene units were
estimated from Hyperchem 3 software (Hypercube Inc.). This
length corresponds to the distance from the outermost hydro-
gen of the methyl group on the polymer backbone to the
terminal atom of the side chain (including van der Waals
radius at the extremities, but not including the Br- ion in the
B unit).

Synthesis of Monomer. 12-Bromododecyl Methacrylate
(A). To a solution of 5 g (18.8 mmol) of 12-bromododecanol,
3.9 mL (28.3 mmol) of triethylamine and 0.230 g (1.9 mmol)
of 4-(dimethylamino)pyridine in 50 mL of THF previously
cooled to 0 °C were added dropwise under a nitrogen atmo-
sphere and while stirring 4.2 mL (28.3 mmol) of methacrylic
anhydride. The solution was stirred overnight at room tem-
perature, then concentrated to half of its volume by rotary
evaporation, and diluted with 150 mL of an aqueous solution
of NaCl. The monomer was extracted with hexane, and the
organic phase washed three times with an aqueous solution
of Na2CO3. Hexane was exhaustively removed by rotary
evaporation, and the crude product was purified by column
chromatography [eluent: hexane/ethyl acetate (90/10 v/v)].
Yield: 3.1 g (62%) of a yellow oil. Anal. Calcd for C16H29O2Br:
C, 57.66; H, 8.77; O, 9.60; Br, 23.97. Found: C, 58.07; H, 9.23;
O, 9.17; Br, 23.27. 1H NMR (200 MHz, CDCl3): δ ) 6.09 and
5.54 [2s, 2H, CH2dC]; 4.13 [t, 2H, CH2-O]; 3.40 [t, 2H, CH2-
Br]; 1.94 [s, 3H, CdC(CH3)]; 1.85 [m, 2H, CH2-C-Br]; 1.67
[m, 2H, CH2-C-O]; 1.15-1.45 [m, 16H, C-(CH2)8-C].

Polymerization and Quaternization. The reactions were
performed in a double-walled reactor fitted with a magnetic
stirrer and connected to an external Lauda thermostat (tem-
perature monitored to (0.1 °C). The system containing the
solvent and all the reagents was degassed at room temperature
by three successive vacuum-argon sweeping cycles. The reac-
tions were then performed at constant temperature for a given
time under slightly positive argon pressure.

Poly(12-bromododecyl methacrylate) (An). Free radical po-
lymerization was performed in a homogeneous ethyl acetate
solution under the following experimental conditions: [A] )
1.3 mol L-1; [AIBN] ) 6.5 × 10-3 mol L-1; 60 °C; 17 h. The
resulting polymer was recovered by precipitation into methanol
and dried in vacuo at 40 °C. Yield: 78%; Mw ) 1.3 × 106 from
light scattering (Chromatix CMX 100) in THF solution (dn/dc
) 0.082 mL g-1 at λ ) 632 nm).

Quaternized Copolymers (AB-y). Reaction of the precursor
polymer, An, with calculated amounts of DMAP was performed
in a 10-15 wt % homogeneous DMF/toluene (50/50 v/v)
solution for 48 h at 60 °C while stirring. The copolymers were
recovered by precipitation into diethyl ether, thoroughly
washed with diethyl ether, and dried at 40 °C in vacuo.
Elemental analysis (C, H, N, Br) lead to self-consistent
compositional data. The number y in AB-y thus represents the

860 Vuillaume et al. Macromolecules, Vol. 34, No. 4, 2001



mole percent quaternization determined from the N content.
For one copolymer (AB-17), the Br- ion content was also
determined by potentiometry in a toluene/methanol/acetic acid
(5v/40v/4v) mixed solvent using 0.01 N aqueous AgNO3 as
titrating agent. This gave a mole fraction of Br-, FB(Br-) )
0.168, in excellent agreement with FB(N) ) 0.174 based on the
N content.

It was noted that, whereas the copolymer solutions re-
mained apparently homogeneous after completion of the
quaternization reaction, the copolymers with higher quater-
nization degrees were difficult, if not impossible, to redissolve
following recovery and drying. This was also observed for the
homopolymer, Bn, and similar quaternized homopolymers.5
Since the method of synthesis of the copolymers should
preclude any cross-linking, this lack of solubility is presumably
related to the particular amphiphilic character of the pyri-
dinium tail-end polymers, combined with the effects of high
molar mass, as previously postulated for the homopolymers.5

Poly(12-methacryloyloxydodecyl-4-(dimethylamino)pyridin-
ium bromide) (Bn). To ensure quantitative quaternization, the
homopolymer Bn was synthesized by free radical polymeriza-
tion of the corresponding monomer, as described previously.5

Results
Copolymer Synthesis. The general strategy of the

copolymer synthesis, shown in Scheme 2, is based on
the controlled functionalization of a high molar mass
polymer precursor, An, to obtain a series of homologous
copolymers, AB-y, of different compositions but identical
chain length, similar unit distribution, and similar high
compositional homogeneity. The successive steps, de-
tailed in the Experimental Section, will be commented
on briefly in what follows.

In the first step, esterification of 12-bromododecanol
by methacrylic anhydride catalyzed by DMAP gave pure
methacrylate A in fair yield (∼60%) and was more
successful than acylation using methacryloyl chloride.
It should be emphasized that the monomer thus ob-
tained is completely free from any dimethacrylate
species. By contrast, in the route described in a previous
publication,5 where the monomer was prepared through
an SN2 substitution between an excess of 1,12-dibromo-
dodecane and cesium methacrylate, contamination by
minute amounts of dimethacrylatesand hence light
cross-linking leading to incompletely soluble precursor
polymer (An) that could complicate subsequent quaterni-
zationscannot be rigorously excluded.

In the second step, free radical polymerization of
monomer A in homogeneous ethyl acetate solution leads
to high molar mass chains, DPw ∼ 3.9 × 103, with a good
yield of 78% (see Experimental Section).

In the final step, quaternization of the precursor
polymer, An, by DMAP was performed in solution in

the binary solvent, toluene/dimethylformamide (50/50
v/v), where both the precursor and functionalized co-
polymers are completely soluble. The degree of quater-
nization is determined by the initial ratio r ) [DMAP]0/
[A]0. In the experimental conditions used (see Experi-
mental Part), quaternization, favored by the presence
of a highly dipolar aprotic solvent like DMF,12 is
quantitative even for the copolymer of highest r value
synthesized: FB ) 0.58 for r ) 0.58. Moreover, no chain
scission is expected to have occurred during the reaction
given that it was performed at a moderate temperature
of 60 °C under an argon atmosphere.

Although a detailed analysis of the unit distribution
along the copolymer chain, AB-y, and of the composi-
tional homogeneity is beyond the scope of this work,
some general aspects should be discussed. According to
literature data,13,14 kinetics of quaternization of chlori-
nated polymers [usually poly(p-chloromethylstyrene)] by
tertiary amines (in one case, a long chain alkylamine13)
in homogeneous solution in polar solvents generally
show only fairly weak deviations from ideal behavior,
at least for moderate conversions (e50%): one rate
constant throughout the reaction and no significant
neighboring group effects,15 despite potential steric
effects, which are otherwise a major factor in quater-
nization reactions of amines12 [in particular, of poly-
amines such as poly(vinylpyridines)15]. In our system,
because of the very efficient decoupling of the reaction
site from the polymer backbone by the long alkyl spacer,
deviations from ideal behavior should be even more
negligible than in the systems just cited. Under these
conditions, the unit distribution is Bernoullian and may
be expressed in terms of the mole fraction of B units
centered in the various triads and of the average length
of B blocks, lhB:

The mole fraction of nonisolated B units is already
significant even for low B content: F(ABB + BBB) )
0.19 for FB ) 0.10. With the same kinetic assumption,

Scheme 2

F(ABA) ) (1 - FB)2 (1)

F(ABB + BBA) ) 2(1 - FB)FB (2)

F(BBB) ) FB
2 (3)

lhB ) 1
1 - FB

(4)
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the mean-square standard deviation for the composition,
σ2, may be readily approximated by16

Given the high molecular weight of the polymer precur-
sor, eq 5 indicates that the copolymers have very good
compositional homogeneity.

Thermal Characterization. The DSC thermograms
for the copolymers and homopolymers studied, and their
corresponding first derivatives, are given in Figure 1,
with the Tg’s and heat capacity increments (∆Cp) listed
in Table 1. The copolymer of highest ion content (FB )
0.58) displays a single, well-defined glass transition, as
do the homopolymers, whereas the other three copoly-
mers (FB ) 0.09, 0.17, and 0.27) show two glass
transitions, which are particularly evident in the de-
rivative curves, at “low” and “high” temperature. The
variation of the Tg’s as a function of composition is
illustrated in Figure 2. The low Tg increases in temper-
ature very little, if at all, up to about 20 mol % ion
content, compared to that of the homopolymer An, and
then appears to increase rapidly before no longer being
detectable somewhere below 58 mol % ion content. The
high Tg is observed in all of the copolymers studied,
including AB-9, and increases with ion content toward
the value for the homopolymer Bn. The intensities of
the low and high Tg’s, measured by the corresponding

heat capacity increments, ∆Cp, decrease and increase,
respectively, with increase in ion content (Table 1).

These features are characteristic of a biphasic mate-
rial and may readily be explained by the Eisenberg-
Hird-Moore (EHM) “multiplet-cluster” concept devel-
oped for classical ionomers;1,17 namely, the coexistence
of an ion-poor “soft” phase of low Tg (Tg

S) and of an ion-
rich “hard” phase of high Tg (Tg

H), whose proportion
decreases and increases, respectively, with increase in
B content. [The soft and hard phases are also frequently
referred to, in the ionomer literature, as the “matrix
phase” and the “cluster phase”, respectively. Ionic
groups or ionic aggregates called multiplets may be
dispersed in the soft or matrix phase. The hard or
cluster phase is essentially composed of complex ag-
gregates of multiplets along with a considerable propor-
tion of nonionic material whose mobility is significantly
reduced, thus leading to a higher Tg than the soft or
matrix phase.1] It is notable that the two Tg’s are DSC-
detectable in our materials, as for only a minority of
other ionomers; most often, they are detected instead
by dynamic mechanical methods.1

The constancy of Tg
S up to FB ∼ 0.2 [Tg

S ∼ Tg(An)]
indicates that the soft phase is essentially a pure An
phase devoid of B units in this ion content range. This
contrasts with the behavior of most statistical iono-
mers,1 including styrene ionomers with the ionic group
at the end of a long alkyl spacer, where low but
significant amounts of ionic units are present in the soft
phase.11 A similar purity of the matrix is observed in
segmented ionenes and zwitterionomers18 and is also
generally expected for block copolymers.

Table 1. DSC Data for the Various Copolymers and the Corresponding Homopolymersa

polymer WB Tg
S (°C) ∆Cp

S (J g-1 °C-1) Tg
H (°C) ∆Cp

H (J g-1°C-1) WS WB
S WB

H

Bn 1 76 0.33
AB-58 0.65 49 0.24 0 0.65
AB-27 0.34 -37 0.08 16 0.16 0.33 0.06 0.49
AB-17 0.22 -50 0.16 1 0.07 0.49 0 0.43
AB-9 0.12 -51 0.23 -6 0.03 0.70 0 0.40
An 0 -52 0.33
a For the biphasic copolymers, the ∆Cp

S and ∆Cp
H data are the primary values normalized to 1 g of copolymer.

Figure 1. DSC thermograms of the polymers studied and
their corresponding first derivatives, with the Tg’s specified
by arrows.

σ2 )
FB - FB

2

DPn

(5)

Figure 2. Glass transition temperatures of the soft (Tg
S) and

hard (Tg
H) phases as a function of ion content for the AB-y

copolymers and corresponding homopolymers.
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For AB-27, the increase in Tg
S may suggest that a

certain proportion of B units are now incorporated into
the soft phase, as generally observed in ionomers.
Another explanation for the Tg

S increase may be the
reduction in mobility caused by the soft phase being
embedded as a minority phase of reduced size (consis-
tent with the low ∆Cp) within what is now a hard-phase
matrix (high ∆Cp), accompanied by strong interconnec-
tivity of the two phases through common chains crossing
the interfaces.19,20 In other words, the soft phase is still
sufficiently large to be detected by DSC as a separate
phase but small enough that the “hard-wall” effect of
the surrounding hard phase to which it is strongly
connected (creating an “interphase” of reduced mobil-
ity17,20) is pronounced.

The lack of a DSC-detectable soft phase for AB-58
may be compared with the behavior of a series of
statistical biphasic n-butyl acrylate zwitterionomers21

for which a similar feature occurs near FB ) 0.5. The
apparent monophase (hard phase) in AB-58 must obvi-
ously contain a high proportion of A units, accounting
at least in part for the decrease of its Tg compared to
that of Bn. The continued decrease of Tg

H with increase
in overall A-unit content in the biphasic copolymers
suggests that the proportion of A units in the hard phase
also increases as the overall A content increases and/or
that the decreasing size of the hard-phase regions
results in increasing influence of the interconnected soft
phase on their mobility.

The DSC data can be used to analyze semiquantita-
tively the biphasic structure in terms of the relative
importance of the soft and hard phases (weight fractions
WS and WH, respectively) and their internal composition
(weight fraction Wi

j with i ) A or B and j ) H or S), as
often done for biphasic materials such as segmented
copolymers and ionomers with two DSC-detectable
Tg’s.18,22 For the two copolymers of lowest ion content
(FB ) 0.09 and 0.17), the apparent purity of the soft
phase indicates that WA

S ) 1. Straightforward calcula-
tions, involving only the experimental values of the heat
capacity increment, ∆Cp

S, of the fairly well-defined low-
temperature glass transition and a simple mass balance,
lead to the following relations:

where ∆Cp
An is the heat capacity increment at the Tg of

the homopolymer An. The resulting values for AB-9 and
AB-17 are given in Table 1.

It is noted that eq 6 implicitly assumes that the
intrinsic heat capacity increment at Tg

S (∆Cp
S normal-

ized to 1 g of the soft phase) is identical to ∆Cp
An, in

other words, that ∆Cp
S decreases in the copolymers only

because of the loss of a fraction of the A units to the
hard phase. In fact, the interconnectivity of the domain
structure and the resulting reduction of chain mobility
in the matrix due to the hard domains behaving as
physical cross-links may also lower ∆Cp

S, the more so
the higher the B content.19,23,24 Thus, the WS and WB

H

values given in Table 1 could be slightly underesti-
mated, in particular for AB-17, which is near the limit
that has been estimated (average molar mass between
cross-links of ca. 2000 g/mol23) below which the inter-
connectivity effect is insignificant.

For the biphasic copolymer of highest ion content, AB-
27, the soft phase with its higher Tg might include some

ionic units (implying WA
S < 1) and certainly would be

subject to the effects of interconnectivity on ∆Cp
S, so that

the previous calculations are no longer valid. Moreover,
again because of the interconnectivity of the domains,
the composition of the soft and hard phases cannot be
calculated from any Tg-composition equations, which
all suppose that the phases are independent. In an
alternative, very empirical approach, a rough but rea-
sonable estimate of the structural parameters may be
obtained by plotting the variations of WH and WB

H with
WB for the two copolymers of lower ion content and
graphically extrapolating to higher WB [knowing that
WH and WB

H must increase monotonically with WB (WH

) 1 for WB ) 0.65) and ensuring that mass balance is
respected by the extrapolated values]. The results of this
extrapolated approximation for AB-27 are given in Table
1. Interestingly, it indicates that there are insignificant
amounts of ionic B units in the soft phase of even this
copolymer.

Although the specific numerical results of the above
calculations must be taken with caution, the tendencies
observed are certainly reasonable and consistent with
the qualitative observations described earlier. It may
be noted that the calculations indicate that the segrega-
tion rate of A units, SR, which measures the fraction of
A units located in the soft phase of the biphasic
copolymers (SR ) WA

SWS/WA; SR ) 1 for quantitative
segregation), appears as a decreasing function of ion
content: SR ) 0.79, 0.63, and 0.47 for AB-9, AB-17, and
AB-27, respectively. The calculations also suggest that,
although the ionic B units are located (almost) exclu-
sively in the hard phase, the A units nevertheless
predominate in this phase, with the molar ratio FA

H/
FB

H appearing as a decreasing function of ion content
at 2.0, 1.8, and 1.4 for AB-9, AB-17, and AB-27,
respectively.

Structural Characterization. When observed
through the polarizing optical microscope, all of the
copolymers studied, as well as the two homopolymers,
display an ill-defined white birefringence, which is
indicative of the existence of some order in the materi-
als. It tends to decrease in intensity but to persist to
higher temperatures, with decrease in pyridinium con-
tent, being no longer observable by about 100 °C for Bn
and AB-58 and by about 150, 170, and 200 °C for FB )
0.27, 0.17, and 0.09, respectively; birefringence persists
to at least 200 °C for An.

In view of the POM observations, X-ray studies were
undertaken, and Figure 3 shows the ambient temper-
ature profiles obtained. A common feature of all profiles
is the diffuse band at wide angles, centered near 2θ )
19.5°, that reflects the average lateral distance (∼4.5
Å) between disordered side chains. The absence of sharp
peaks in this region indicates the absence of any
crystallinity.

At smaller angles, the profiles vary with ion content.
That for the fully quaternized homopolymer, Bn, shows
two weak diffraction peaks at about 2.5° and 5.3° (2θ).
Their reciprocal distances are approximately in the ratio
1:2, and the derived Bragg spacing, d, is 35 Å, compared
to a calculated molecular length, l, of 28 Å for the fully
extended B unit. As discussed elsewhere for Bn and
similar polyamphiphiles,5 this profile is consistent with
lamellar ordering in the form of a partial bilayer over
rather short correlation distances.

The profile of the nonionic homopolymer, An, also
shows two small-angle peaks, which are still weaker,

WS ) ∆Cp
S/∆Cp

An with WH ) 1 - WS (6)

WB
H ) WB/(1 - WS) with WA

H ) 1 - WB
H (7)
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at 4.3° and 6.5° (2θ). These two peaks are visible in the
profiles of all of the copolymers studied, and their
position appears invariant within the precision of the
measurements. It can be concluded that they reflect an
essentially pure or unmodified An phase in the copoly-
mers and that this phase is structured, albeit imper-
fectly or over short correlation lengths considering the
weakness of the reflections. The first peak at 2θ ) 4.3°
indicates a Bragg spacing, d, of 21 Å compared to a
calculated molecular length, l, of 23 Å for the fully
extended A unit. These peaks possibly reflect a lamellar
organization, as is considered to be the case for amor-
phous long-chain n-alkyl polymethacrylates.3 If so, the
observation that their reciprocal distances are in a ratio
of about 2:3 would suggest that they correspond to
second- and third-order reflections of an essentially
bilayer arrangement. (Indeed, there appears to be a hint
of what is perhaps a very weak first-order peak near
2θ ) 2.2°, but this was not verified by the small-angle
data in Figure 4.) Other microstructures are not ex-
cluded.

For AB-58, the two peaks in the Bn profile move to
smaller angles, with the second-order peak appearing
approximately coincidental with the (invariant) An
reflection at 2θ ) 4.3°. The latter is deduced from the
fact that the intensity of the peak at this position is
greater than that of the An peak near 2θ ) 6.5° (in the
form of a shoulder in this copolymer), contrary to what
is observed for An and the other copolymers. It is also
notable that the intensity of the first-order Bn peak is
now significantly greater than that of the second-order
reflection, in contrast to the Bn homopolymer and other
similar polysoaps.5 In AB-27, only the first-order Bn
peak seems to be present, and it has moved to still
smaller angles. This peak is much reduced in intensity
in AB-17 and is barely if at all visible in AB-9 but
appears to undergo little further change in position.

To verify the variation in position of the smallest-
angle Bn peak with composition, a series of X-ray
experiments optimized for the small-angle region were

performed, and the profiles obtained are shown in
Figure 4. Here, it is unambiguous that the Bn peak is
indeed present in all of the copolymers, and its position
decreases with decrease in B content. The corresponding
Bragg spacings or long periods, d, are plotted as a
function of mole percent B content in Figure 5. The
variation in the data appears linear (within the limits

Figure 3. Ambient temperature X-ray diffractograms of the
AB-y copolymers and corresponding homopolymers.

Figure 4. Small-angle X-ray profiles at ambient temperature
of the AB-y copolymers and corresponding homopolymers. The
numbers given are the Bragg spacings (d) calculated from the
peak maxima.

Figure 5. Bragg spacings (from Figure 4) as a function of
ion content, with a least-squares fit shown by the solid line.
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of the small number of points available) with a slope of
0.27 Å/mol %, although it is also possible to view d as
tending toward a maximum of about 58 Å at low B
content.

In summary, the diffraction profiles for the copoly-
mers appear to be a superposition of that for the
brominated homopolymer (An pattern), which is invari-
ant, and that related to the pyridinium homopolymer
(Bn pattern), which moves to lower angles and loses the
second-order reflection as the pyridinium content de-
creases. In light of the two-phase morphology of the
copolymers, as revealed by the DSC analysis, the two
patterns can be associated with the soft and hard
phases, respectively, of the copolymers. The invariance
of the An pattern indicates that the B units are
essentially excluded from the An phase, which remains
present up to high B content (at least 58%) at the
detection level of the X-ray experiments. In contrast,
the evolution of the Bn pattern indicates that A units
are somehow incorporated into the hard-phase micro-
structure.

Discussion

We will first consider how the evolution in the hard-
phase microstructure with increasing A content can be
accounted for and propose two possible models, then we
will rationalize the constancy of the soft-phase micro-
structure, and, finally, we will discuss the consistency
between the thermal behavior and the proposed models.
As mentioned above and analyzed previously,5 the
microstructure of the homopolymer, Bn, is most likely
lamellar in nature, albeit with a short correlation
length. A reasonable packing arrangement proposed in
ref 5 is shown schematically in Figures 6a and 7a.
(Other packing arrangements are not excluded, such as
a different degree of interpenetration of the mesogens,
an average tilting of the mesogens, a different localiza-
tion or delocalization of the Br- ions, or even some
degree of variability in the local structure involving one
or more of those variants that may contribute to the
observed weakness of the small-angle reflections; how-
ever, this would only change the details of the following
discussion, not the overall picture.) The X-ray data for
copolymer AB-58 are also consistent with a lamellar
structure for the hard phase, but with a thicker layer
spacing. With only a single diffraction peak apparent
for the hard phase of the other copolymers, its micro-
structure can only be presumed, and for simplicity, we
will presume that lamellar packing is maintained at
least locally. We can then identify two distinct ways in
which A units might be incorporated into the Bn
microstructure, resulting in arrangements that re-
semble the double-comb bilayer structures of “mixed”
and “demixed” side chains considered by Neumann et
al.25 for liquid crystalline random copolymers of two
different long side chains.

In the first case, A units are located, or effectively
dissolved, within the Bn lamellae (mixed side chains25),
as illustrated in Figure 6b,c. This causes extension of
the alkyl side-chain spacers to accommodate the added
volume of the A units while maintaining maximal ionic
interactions, thus accounting for a progressive increase
in lamellar thickness, d, with A content. At low A
content, the partial bilayer structure of the Bn phase
can remain intact with the Br tip of the A unit
“adsorbed” near the pyridinium sublayer, or the Br tip
may insert itself in the pyridinium sublayer as also

shown (Figure 6b). In the latter case, the interdigitation
of the pyridinium groups is decreased, which may be
accommodated by appropriate delocalization or relocal-
ization of the positive charge to maintain optimal
electrostatic interactions. At high A content, the struc-
ture shown in Figure 6c can be envisaged. It allows for
maximal incorporation of A units (about 50 mol %) with
the B units in efficiently packed lamellae and gives a
lamellar thickness estimated to be about 53 Å. This
mixed structure is all the more conceivable in that the
terminal Br atom of A can be attracted to the ionic
sublayer by dipolar forces.

Another way to incorporate A units into the Bn
microstructure is by nanophase separation of the A and
B units (demixed side chains25), such that each lamellae
is composed of a B sublayer with unperturbed Bn
packing (constant dB equal to d of Bn) and an A sublayer
whose thickness, dA, varies with A content, as il-
lustrated in Figure 7b,c. At low A content, the A
sublayer may be thin (small dA) to favor uniform
coverage of the B sublayers (Figure 7b). This is conceiv-
able given the disordered (noncrystalline) state of the
A side chains combined with the lack of rigid mesogen
and the relatively weak amphiphilic character of the Br-
terminated alkyl chain so that minimal bromine ag-
gregation can be tolerated. With increasing A content,

Figure 6. Idealized schematic models of mixed structures
showing how A can be accommodated within the Bn micro-
structure, with corresponding lamellar thicknesses, d, indi-
cated: (a) pure Bn microstructure, (b) low A content, (c)
maximal A incorporation.

Figure 7. Idealized schematic models of demixed structures,
with corresponding lamellar (d) and sublamellar (dA and dB
for the A and B sublayers, respectively) thicknesses indi-
cated: (a) pure Bn microstructure, (b) low A content, (c) high
A content (approximately 50 mol %).
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the A sublayer thickens due to the A alkyl chains
becoming increasingly extended in order to accom-
modate the increasing amount of A. This is shown in
Figure 7c for about 50 mol % A, giving a total lamellar
thickness of about 56 Å. The latter coincides with the
sum of the Bragg spacings of Bn and An (considering
the An peak near 4.3°), which possibly represents a
maximum lamellar thickness for the demixed structure.
However, a greater maximal thickness or an indefinite
lamellar thickness is not excluded. It may be added that
the arrangement of the A units shown in Figure 7c,
although reasonable, is hypothetical.

On the basis of the available data, it is not possible
to decide unequivocally between the two structures. Nor
are they necessarily mutually exclusive. For example,
the copolymer hard phase may be essentially a mixed
structure accompanied by some additional thickening
due to demixed A; this may account for the estimated
maximum lamellar thickness for the mixed structure
being somewhat short of the highest d’s measured, 58
Å. On the other hand, a basically demixed structure
with a certain amount of dissolved A in the B sublayer,
or intermediate mixed/demixed structures are also
conceivable. The most important result is that the
models proposed rationalize the incorporation of a high
proportion of A units in the hard phase.

In contrast, essentially no B units are incorporated
into the soft-phase (An) microstructure over the entire
range of copolymer compositions studied. This is in
opposition to what is generally observed in ionomers
where a certain proportion of ionic groups or aggregates
(multiplets) are generally dispersed within the soft
phase.1 In terms of a possible A-dominated mixed
structure, this exclusion can be rationalized by noting
the very different shape of the relatively elongated,
planar (due to charge delocalization), and rigid DMAP
moiety compared to the simple Br sphere. Given that
the An phase is itself structured, however imperfectly,
it can thus be expected that pyridinium moieties will
perturb the local packing of the Br units in the An phase
(in contrast to A in the Bn phase), thus disfavoring any
A-dominated mixed structure. In terms of a possible
demixed structure, the exclusion can be rationalized by
considering, first, that when the ionic groups in iono-
mers are located far from the polymer backbone, as in
the present case, the ionic aggregates are generally large
because of less steric hindrance to such aggregation.1,11

This, along with the tendency of the B units to form
lamellae and their capacity to incorporate high propor-
tions of A units as described above, would result
immediately in a B-dominated microstructure (hard
phase) rather than in an A-dominated demixed micro-
structure (soft phase containing B units) in the regions
of ionic aggregation. This is all the more plausible given
that there are variable length sequences of A and B in
random copolymers: thus, the A units in longer se-
quences of A in a given polymer chain are the most
likely to form the pure soft phase, whereas those in
shorter sequences are most susceptible to being incor-
porated into the hard-phase microstructure.

The thermal behavior is consistent with the proposed
models, keeping in mind the different detection limits
of the DSC and X-ray methods. First, the increase in
Tg of the soft phase for AB-27 and the inability to detect
any soft phase by DSC for AB-58, despite its presence
in essentially pure form in both copolymers according
to X-ray analysis, can reasonably be interpreted as

reflecting the simultaneous decrease in the size of the
An domains (to below the DSC detection limit for AB-
58) and in their mobility due to their interconnectedness
with the less mobile ionic hard-phase domains, as the
A content decreases. Furthermore, the decrease in the
Tg of the hard phase can be attributed, in part, to the
incorporation of the A units in either mixed or demixed
structures and, in part, to An domains that are too small
and rigidified to participate in the DSC soft-phase Tg.
The high proportion of A units in the hard phase as
calculated from the DSC data (WA

H) also concords with
the models, although, again, part of this proportion must
reside in small An domains. It is notable that AB-58
has less than 50 mol % A in its hard phase (its only
DSC-detectable phase), and its d is also significantly
less than the maximum lamellar thickness suggested
by the models. On the other hand, the estimated A
content in the hard phase of the biphasic copolymers (y
e 27) is greater than 50 mol % according to the DSC
analyses, and their d’s are correspondingly similar to
or greater than what the models suggest for the
incorporation of about 50 mol % A.

It is of interest, in this connection, that the Bragg
spacings, d, obtained for the hard phase from the small-
angle X-ray results (Figure 4) and the A content in the
hard phase, WA

H, obtained from the DSC calculations
(1 - WB

H, Table 1) can be related, to a first approxima-
tion, by the linear relationship

where R is the regression coefficient of the data for the
five polymers involved (Bn, for which WA

H ) 0, and the
copolymers). This relationship neglects any difference
in specific volume between the A and B units and does
not take into account the different detection limits of
DSC and X-ray. Nevertheless, it indicates the coherence
of the two sets of data as well as their consistency with
the proposed models for the hard phase.

Two final aspects may be discussed briefly. First, it
may be noted that the first-order small-angle peak of
the Bn pattern in the X-ray profiles can be viewed as
the so-called “ionomer peak” generally observed in
ionomers.1 In the EHM model,17 this peak is considered
to represent the average distance of closest approach
between neighboring ionic aggregates or multiplets. In
our case, with the aggregates considered to be in
lamellar domains, the lamellar thickness (or the long
period) is simultaneously the effective distance of closest
approach between neighboring pyridinium subplanes.

Finally, our system may be contrasted with siloxane
dizwitterionic copolymers reported in the literature.26

These also form lamellar ionic domains, but the lamellar
structure is the same throughout the material, consist-
ing of a very thin, zwitterionic and hard, sublayer and
a very thick, nonpolar and soft, polysiloxane sublayer
that possesses no internal structure. The long period
varies from 50 to 400 Å in order of decreasing ion
content (studied up to 10 mol % ionic units only). Our
system, in the ion content range studied by us, presents
a greater level of complexity, where pure An soft-phase
domains of unspecified overall geometry but with an
internal (possibly lamellar) microstructure coexist with
hard-phase lamellar domains that are also of unspeci-
fied overall geometry but possess a specific internal
microstructure in the form of (lamellar) mixed and/or
demixed domains of A and B units.

d (Å) ) 34.1 + 18.8WA
H R(5) ) 0.9937 (8)
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Conclusions
We have synthesized a series of homologous tail-end,

long side-chain statistical comb copolymers, with ion
contents ranging between 0 and 100 mol %, by partially
quaternizing poly(12-bromododecyl methacrylate) with
(dimethylamino)pyridine. They are ionomer-like at lower
ion contents, with two DSC-detectable Tg’s found up to
at least 27 mol %, whereas X-ray analysis indicates a
two-phase structure for all the copolymer compositions
studied.

The soft-phase microstructure, the same as that of
the nonionic homopolymer, appears invariant over the
whole range, indicating that ionic units are rejected
from this phase. This is in agreement with the constant
soft-phase Tg for FB < 0.2, whereas the increase in this
Tg for FB ) 0.27 and then its disappearance in DSC at
higher ion content (FB/0.58) can be explained by the
simultaneous decrease in size of the pure soft phase to
below the DSC detection limit and in its mobility due
to strong coupling with the surrounding hard phase by
interconnecting chains. The rejection of ionic units from
the soft phase is attributed to its microstructure, which
would be perturbed by the much bulkier ionic unit, as
well as to the tendency of decoupled ionic units (as
terminal moieties of long side chains) to form large ionic
aggregates, which, in the range of ion contents studied,
lead directly to the hard-phase microstructure.

In contrast, the long period of the hard phase in-
creases with decreasing ion content, which is attributed
to the incorporation of nonionic units in the hard-phase
microstructure. This is rationalized by demonstrating
that both mixed and demixed layer structures can
accommodate up to at least 50 mol % nonionic units
within the basic disordered bilayer structure of the ionic
homopolymer, resulting in increased lamellar thickness
consistent with the X-ray data. The increasing incor-
poration of nonionic units into the hard phase with
increase in copolymer A content concords with the
monotonic decrease of the hard-phase Tg, and the large
amounts involved are in good agreement with DSC
calculations.

Thus, the copolymer series investigated spans materi-
als with ionomer and mesomorphic characteristics by
the presence of two phases whose relative proportions
vary with ion content, as in classical ionomers. Both
phases possess their own (short-range) mesomorphic
microstructure that determines the nature of their
evolution with copolymer composition. In this context,
the SAXS long period that characterizes the lamellar
thickness of the hard-phase microstructure can be
identified with the so-called “ionomer peak”.
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