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ABSTRACT: The structural analysis of a series of amorphous statistical copolymers of n-butyl acrylate (A) 
and dimethyl(3-methacrylamidopropyl)(3-sulfopropyl)ammonium betaine (B) was performed through 
differential scanning calorimetry (DSC), small-angle X-ray scattering (SAXS), and solid-state NMR 
spectroscopy ('H broad line and 13C high resolution). In copolymers of low and moderate B content [0.04 
< FB (molar fraction) < 0.351 strong dipolar interactions between the zwitterionic units ( p  25 D) result 
in a typical biphasic structure. DSC clearly shows two well-separated glass transitions, allowing a quantitative 
description of the copolymer morphology in terms of a soft matrix (-46 < T,S ("C) < -20) containing only 
very low amounts of B units (FsS < 0.07) and hard domains (30 < TgH ("C) < 120) containing rather high 
amounts of A units (0.45 <  FA^ < 0.73). Solid-state NMR analysis confirms the fair purity of the mobile 
phase and the chemical heterogeneity of the rigid phase, which may be quantitatively correlated with the 
hard domains identified in DSC. The presence of a single SAXS peak and the variations of the corresponding 
Bragg spacings d (4-7 nm) according to a power law of the type d 0: @,8+"' (@B = volume fraction of B units) 
suggest a random distribution of the dipolar scattering entities within the apolar matrix. A low fraction of 
the zwitterions still remain strongly associated in rigid aggregates stable a t  very high temperatures such as 
TgH + 100 "C. With respect to phase separation, the zwitterionic copolymers may appear as a very versatile 
alternative to the corresponding quaternary ammonium cationic ionomers. 

Introduction 
In the first part of this series' we reported the synthesis 

and the molecular characterization of statistical amorphous 
copolymers of n-butyl acrylate (A) and dimethyl(3-meth- 
acrylamidopropyl) (3-sulfopropyl)ammonium betaine (B): 

'CH -C -O(CHz),CH, (A)  

-(CHz)3--fN(CHz)3SO; (E) 
CH3 I 
I 

CH, 

By analogy with the closely related ethyl acrylate-(sul- 
fopropy1)ammonium betaine copolymers studied pre- 
v i o u ~ l y , ~ - ~  with literature results on other s ta t i s t i~a l ,~- l~  
telechelic," or zwitterionic copolymers, and, finally, with 
well-known ionomers,11-'6 the bulk copolymers of low or 
moderate zwitterion content are expected to show a very 
specific biphasic structure characterized by a dispersion 
of B-rich microdomains within a B-poor matrix: obviously, 
the very likely strong dipolar interactions between the 
zwitterionic units" ( p  = 25 D for (CZH&N+(CHZ)~SO~- la), 

and the fairly low polarity ( ( P ~ / N ) O . ~  = 1.85 D19) and the 
high mobility ( TG = -46 "C) of the n-butyl acrylate matrix, 
would favor microphase separation in such materials. The 
present work is devoted to the structural and morphological 
characterization of the zwitterionic copolymers in bulk by 
three complementary techniques: differential scanning 
calorimetry (DSC), wide- and small-angle X-ray scattering 
(WAXS and SAXS), and solid-state NMR spectroscopy 
('H broad line and 13C high resolution). While DSC 
appears as a global method sensitive to structural heter- 
ogeneities on a rather large scale, SAXS tests the material 
homogeneity on a substantially lower scale, and the NMR 
techniques provide useful information on both chain 
dynamics and composition on a local level for polyphasic 
materials. 
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Compared to the large number of studies devoted to 
ionomers,12-'6 work on statistical zwitterionic copolymers 
has been quite modest. Still, these polymers with strongly 
interacting lateral groups randomly distributed along the 
backbone are of considerable interest both for basic studies 
and for potential technological applications. 

Experimental Section 
Synthesis of the Statistical Copolymers. The copolymers 

were obtained by radical-initiated copolymerization of n-butyl 
acrylate (A) and dimethyl(3-methacrylamidopropyl)(sulfopro- 
py1)ammonium betaine (B) monomers = 0.42, r B  = 6.0 a t  50 
"C) restricted to low conversion (<20%) as described elsewhere.' 
The stoichiometric blends of copolymers with LiC104 ( [LiC104]/ 
[B] = 1) were obtained by evaporation of their dilute solutions 
in trifluoroethanol. All the samples used for the structural studies 
were dried to constant weight a t  80 OC under Torr ( N 1.3 Pa) 
for 24 h before any experiment. 

Differential Scanning Calorimetry (DSC). The glass 
transition temperatures, Tg,  were measured with a Perkin-Elmer 
DSC-2 or a Perkin-Elmer DSC-4 apparatus interfaced with a 
computer data station, using either 10-20-mg samples in the 
usual aluminum pan or 25-35-mg samples in O-ring stainless 
steel large-volume capsules (water-tight joint). The following 
heating-cooling sequences were systematically repeated until 
reproducible scans were obtained (most often the third one for 
the low transition and the fourth one for the high transition): 
heating to Tg + 100 "C a t  a rate of 20 "C min-1, annealing for 10 
min a t  this temperature, cooling to a low temperature, depending 
on the polymer glass transition, a t  a rate of 40 "C min-I, and 
annealing for 5 min. The transition temperature was determined 
as the midpoint of the baseline shift (AC,/2). The transition 
width was estimated by A T  = TZ - TI, where TI and Tz are the 
intersections of the extrapolated glassy and liquid baselines with 
the tangent to the thermogram inflection point. 

Wide- and Small-Angle X-ray Scattering (WAXS and 
SAXS). WAXS and S A X S  experiments were carried out 
between -40 and +180 OC with the usual experimental device20 
operating with a linear collimation of a monochromatic X-ray 
beam of X = 0.154 nm of large height and fitted with a linear 
detector for quantitative analysis. The previously dried samples 
were directly transferred to the sample holder for X-ray mea- 
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Table I 
Glass Transitions and Composition Data of the Various Copolymers As Derived from DSC 

copolymer WB Tgv "C ACp,  J*g-'*K-' w WeS WBH 
A 0 -46.5 0.335 1 

AB-2.0 
- 

0.045 -43.2 0.343 1 
- 

AB-4.0 0.087 -40.1 

AB-4.6 0.098 -41.7 

AB-7.1 0.148 -37.7 

AB-7.1 + LiC104" 0.148 -37.1 

AB-9.7 0.197 -35.1 

AB-10.9 0.218 -35.1 

- 

+33 

+44 

+59 

+32 

+60 
AB- 11.3 

AB-12.0 fractionb 

AB-12.0' 

AB-12.8 

AB-15.6 

AB-27.3 

AB-48.9 

AB-88.6 

0.225 

0.236 

0.237 

0.250 

0.297 

0.462 

0.686 

0.946 

-36.0 
+58 
-33.9 
+64 
-32.7 
+63 
-36.5 
+52 
-31.3 
+87 
-26.0 
+117 

+156 

+237d 

- 

- 

0.280 1 

0.251 0.840 0.030 0.453 
0.042 
0.226 0.798 0.060 0.498 
0.067 
0.238 
0.100 
0.209 0.685 0.081 0.449 
0.075 
0.209 0.713 0.081 0.558 
0.075 
0.184 
0.067 
0.184 
0.105 
0.167 
0.096 
0.197 
0.079 
0.155 
0.096 
0.113 
0.130 

0.146 

0.171 

I 

- 

0.683 0.074 0.551 

0.695 0.088 0.573 

0.700 0.095 0.569 

0.613 0.074 0.529 

0.651 0.109 0.648 

0.459 0.142 0.733 

0 

0 

a [LiCl01l/[Bl = 1, amorphous blend. * Fractionated copolymer: M ,  = 4.9 X lo4, M,/M, = 1.24. e Unfractionated copolymer: M ,  = 9.2 
X lo4, M,/M,  = 1.75. d Estimated value just before thermal degradation. 

surements. Molding of the sample a t  100 "C under vacuum does 
not lead to any significant change in the SAXS patterns. 

Specific volumes a t  25 "C of the homopolymers A, and B, 
were 0.944 and 0.721 mL g-1, respectively, as taken from 
literaturez1 for A, and from partial specific volume measurements 
in H20-0.1 N LiC104 solution for B, (Anton Paar KG digital 
densitometer, Model DMA-02). 

Solid-state NMR Techniques. lH Wide-Line Analysis. 
Solid-state NMR line shape analysis was performed on a Bruker 
SXP spectrometer operating a t  60 MHz. Signals were digitized 
with 8 bits (accuracy of 1/100) a t  a fastest sampling rate of 10 
MHz (Bruker BC 100 q)  or with 12 bits (accuracy of 1/2000) a t  
a fastest sampling rate of 5 MHz (Le Croy 6810). In each 
converter, memory is filled a t  a lower sampling rate to obtain 
simultaneously an accurate base line and the slowly decaying 
component (samplings between 100 kHz and 1 MHz). A signal/ 
noise ratio of 500 by digital averaging was typical for adjusting 
sums of exponentials ( 1 2  components) by iterative least squares 
nonlinear fits. Polynomial** or Gaussian functions were adjusted 
to the fast decaying part of the fid, allowing extrapolation through 
the 7 - p s  dead time to the origin of the fid (taken a t  the middle 
of the 90° rf pulse). 

l3C High Resolution. 1H-l3C cross-polarization, proton 
dipolar decoupling, and magic angle spinning (CPIDDIMAS) 
NMR experiments were performed a t  50.3 MHz on a Bruker 
CXP 200 fitted with a 7-mm, double-bearing, variable-temper- 
ature probe (Bruker). The matched spin-lock cross-polarization 
and decoupling involved 13C and lH magnetic field strengths of 
40 kHz. To avoid water moisture, the rotor was driven by NP gas 
from a liquid nitrogen evaporator (Cryodiffusion EMP 160). 

The spectrum of the mobile (non cross-polarizable) phase was 
recorded by 90" 13C excitation and lH broad-band decoupling 
using a repetition time of 3 s. 

Results and Discussion 
The copolymers (see Experimental  Section) were chem- 

ically homogeneous,' had fairly high degrees of polym- 

1 1  

1 
.30 30 T e m p e r a t u r e  'c 

Figure 1. Representative DSC thermograms of various monopha- 
sic or biphasic copolymers. 

erization (1000 C DP, < 2300), and had reasonable 
molecular weight dis t r ibut ions (M,/M, N 1.7-2.2). 

will refer to t h e  
molar fraction, the weight fraction, and the volume fraction 
of componen t  i in  the copolymers,  which a r e  denoted  as 
AB followed by a figure related to their  molar  composition: 
For instance, AB-7.1 is a copolymer containing 7.1 mol  7% 
of B units. 

Differential Scanning Calorimetry Measurements. 
The DSC resul ts  a r e  shown in  T a b l e  I. T h r e e  types  of 
behavior m a y  be recognized depending  o n  the zwitterion 
c o n t e n t  of t h e  copolymer (Figure 1). 

(a) For WB < 0.10 (FB < 0.046), a single t ransi t ion is 
observed: the corresponding "low-temperature" Tg is well 
reproducible  and defined with a good accuracy (f1.5 " C ) ,  
a n d  t h e  t ransi t ion is fairly s h a r p  (AT = 1 2  f 2 "c). 

In the following text ,  Fi, W,, and 
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with the endotherm reported recently for a series of zwit- 
terionic copolymers of alkyl methacrylates.I0 Both Tis 
increase with the zwitterion content (see Figure 2), but 
much more rapidly for the higher one, and their variations 
may be correlated (regression coefficient R )  with copolymer 
composition according to the following: 

2 5 0 1  

200 1 

0 y ,?,,'' 

I I I I I 
0 2 5  0 50 0 7 5  1 

WB 

Figure 2. Composition dependence of the glass transition tem- 
peratures of the AB copolymers. 

(b) For 0.10 I WB I 0.65 (0.046 I FB < 0.4491, two 
well-separated transitions are observed, as shown in Figure 
1 for two representative copolymers. In this composition 
range, the transition width AT (AT = 16-28 "C) for the 
"low" Tg is significantly increased with respect to the 
previous case, and that of the "high" Tg is still broader 
(AT N 20-45 "C): this feature suggests an enhanced 
compositional distribution of the chain segments involved 
in this latter transition (see further). Moreover, quench- 
ing the sample from the liquid state ("high" Tg + 100 "C) 
down to -130 "C at the fastest cooling rate of 320 K min-l 
before running the thermogram does not yield any 
significant change in both transitions compared to the 
usual cooling rate of 40 K mi&. For various samples of 
the same copolymer dried under the same conditions and 
for identical DSC cycles (see Experimental Section), the 
reproducibility of the 'low" Tg remains fairly good (f1.5 
"C) while that of the "high" Tg is definitely worse and 
composition dependent: f 5  "C for the copolymers with 
the higher B content ( WB > 0.2), and only f10  "C for the 
copolymers with the lower B content ( WB < 0.2). We 
have no satisfactory explanation for this behavior. Finally, 
molecular weight and molecular weight distribution have 
no significant effect on either transition: compare for 
instance the two runs AB-12.0 in Table I. 

(c) For WB > 0.65 (FB > 0.449), only a single "high- 
temperature" Tg is observed. 

The most striking feature of all these DSC results plotted 
in Figure 2 is the occurrence of two clearly separated glass 
transitions for the copolymers of intermediate zwitterion 
content. This is indeed very unusual for such materials: 
only a single Tg has been observed over the whole 
composition range for the closely related ethyl acrylate- 
zwitterionic system3 or for some other zwitterionic co- 
polymers described in the literat~re.~JO To the best of 
our knowledge, only styrene-sodium styrenesulfonate (0.18 
mole fraction of the salt unit) shows two well-separated 
Tis in DSC  experiment^.^^ Moreover, for our system, no 
noticeable event can be detected in the DSC traces at 
temperatures above the "high" Tg up to the thermal 
degradation of the samples ( ~ 2 5 0  "C), in sharp contrast 

for 0 < WB < 0.46, "low" Tg: 

Tg ("C) = -46.4 + 52.3WB; R(13) = 0.981 

for 0.098 < WB < 0.946, "high" Tg: 

Tg ("C) = 5.1 + 238WB; R(12) = 0.968 

Obviously, these purely empirical linear correlations 
have no physical meaning since they rely on the overall 
copolymer composition (see further). 

The occurrence of two transitions cannot be ascribed to 
strong compositional polydispersity effects, as already 
observed in some statistical copolymer~,2~.~5 since the 
chemical homogeneity of the samples is well documented.' 
I t  has to be considered an unambigous proof of the bi- 
phasic structure of the material, resulting from the 
aggregation of B units in B-rich microdomains of "high" 
Tg (hard phase, TgH) dispersed in a B-poor matrix of "low" 
Tg (soft phase, TgS). Assuming that the Ti in each ith 
phase obeys the Fox equation, as previously observed for 
the ethyl acrylate-zwitterionic system3 (no more theo- 
retically sound mixing law may be used because of the 
lack of data, especially ACp values, for the Bn homopoly- 
mer; see further), a complete and quantitative description 
of the structure in terms of internal composition (weight 
fractions W B ~  and W B ~ )  and relative importance of the 
hard and of the soft phases (weight fractions WH and W 
and volume fractions (PH and as, respectively) may be 
easily derived from the following relations: 

where i refers to the S (soft) or the H (hard) phase and 
Tg(A,) and Tg(B,) to the glass transition temperatures of 
the parent homopolymers. 

The various W, W B ~ ,  and WBH values given in Table 
I were calculated taking the experimental DSC Tg(A,) 
value of -46 "C (literature data: -52 "C from dynamic 
mechanical spectroscopy26) and an estimated Tg(Bn) value 
of about 255 0C.27 Fortunately, the low accuracy of the 
TgH values only results in weak variations on the calculated 
compositional data: in the most unfavorable case such as 
for copolymer AB-7.1 (TgH f 10 "C), the fluctuations of 
W B ~  and WH around their mean values are <lo%. 

The contribution of the B units to the heat capacity 
increment of the soft phase, ACpS, may be neglected in 
first approximation because their concentration remains 
very weak, <lo% in most cases; moreover, the Tgs 
variations cover a sufficiently narrow temperature range 
(about 20 "C) to consider the AC,(An) values roughly 
constant,28 identical to that measured at Tg(An): AC,(A,) 
= 0.335 J g-l K-l (literature value:26 0.322 J g-l K-l). Within 
these simplifying assumptions, the fraction of A units in 
the soft phase may be derived according to the ratio R = 
(AC,S/hC,(A,))/ WA and compared with the value W A ~ W I  
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WA. For B-poor copolymers (WB C 0.24) the R ratio is 
only about 10 '36 lower than the otherwise calculated value: 
this fairly good agreement (taking into account the 
accuracy of the ACp measurements of about f 5 % )  may 
be considered an independent check on the reliability and 
of the self-consistency of the composition data derived 
from the T i  analysis, which implies the a priori choice of 
a model for the T i  dependence versus composition. 

Three main structural features should be outlined for 
the biphasic copolymers. 

(a) The progressive development of the hard phase is 
almost parallel with the overall increase of the zwitterion 
content in the copolymer. Its volume fraction reaches a 
maximum (PH = 0.50 for copolymer AB-27.3, but it could 
probably become slightly predominant for samples within 
the range 0.28 C FB C 0.48 where the coexistence of two 
distinct transitions cannot be ascertained from our ex- 
perimental results. However, for higher B contents, FB > 
0.45 ( WB > 0.68), no phase inversion (dispersion of soft 
microdomains in a hard matrix) can be detected: the 
copolymers appear monophasic again. 

(b) The A and B units are obviously concentrated 
preferentially in the soft and hard phases, respectively, 
but with significant differences. The fraction of B rejected 
in the soft phase (WBSW/ WB) decreases from about 0.30 
to 0.15 when WB increases from 0.10 to 0.50. The molar 
fraction of B in the soft phase, F B ~ ,  remains always lower 
than 0.07, as expected from the lack of any solvation of 
the zwitterion by the alkyl acrylate units,4 and the soft 
phase may thus appear fairly pure. On the other hand, 
the fraction of A rejected in the hard phase ( W A H v /  WA) 
decreases from about 0.40 to 0.10 when WA increases from 
0.3 to 0.9. The mole fraction of A in the hard phase,  FA^, 
is always higher than 0.45, becomes rapidly the major one 
for most of the samples ( WB I 0.30), and may reach values 
over 0.7 even for copolymers of relatively high B content 
( WB I 0.20). The vicinal A segments chemically linked 
to the interacting zwitterionic B units are incorporated in 
the hard microdomains, which appear as a quite "mixed" 
phase. 

(c) Addition of a stoichiometric amount of LiC104 to 
the copolymer ([LiC104]/[B] = 1) results in a completely 
amorphous blend (no trace of crystalline salt in the WAXS 
pattern) showing identical T,sand a significantly increased 
TgH: see sample AB-7.1 + LiC104 in Table I. This feature 
suggests strongly preferential solvation of the ionic species 
in the hard phase, in good agreement with the already 
known complexation of various mineral salts by poly- 
[ (sulfopropy1)ammonium betaines] through specific ionic 
interactions. 

Small- and Wide-Angle X-ray Scattering. The broad 
diffusion halo observed in WAXS patterns at about 1.1 
nm for relatively B-poor copolymers is very similar to that 
observed for the A, homopolymer, and it may be ascribed 
to interchain interactions between A blocks, as generally 
observed for alkyl acrylate polymers;30 it vanishes for FB 
values between 0.12 and 0.16, corresponding to an average 
n-butyl acrylate sequence length of about 9. 

The SAXS patterns were recorded between room tem- 
perature and 180 "C for scattering vectors q in the range 
0.2-3 nm-l (q = 4 ~ s i n  O/X, where X is the X-ray wavelength 
and 20 the scattering angle). 

For copolymers of low and moderate zwitterion content, 
0.04 I FB I 0.49, the SAXS patterns show a single well- 
defined scattering peak corresponding to a Bragg spacing 
d between 3 and 8 nm (d = 2n/q): see Figure 3. This peak 
is very similar to that previously observed in the ethyl 
acrylate-zwitterionic system2 (0.12 5 F B  5 0.36), although 

1 I I 
0 1 2 

S C A T ' E R I N G  V E C T O P  q i n m - ' I  

Figure 3. Representative SAXS profiles of some AB copolymers 
at room temperature: (A) AB-2.0; (0) AB-4.0; (0) AB-48.9. 

it exists over a broader composition range, and it is highly 
reminiscent of the well-known "ionic" peak generally found 
in ionomers:12-16 it merely reflects a periodic variation in 
electron density within the samples, and the lack of another 
maximum in the scattering profiles suggests a liquid-like 
order rather than any highly ordered structure. Moreover, 
the negligible variation of the product q31(q) (linear col- 
limation) observed at high q values is also consistent with 
a two-phase morphology and would suggest a rather sharp 
interface: however, this feature is uncertain since the 
experimental data are restricted to a narrow q range (1.8 
C q (nm-l) C 3.0). The influence of a number of parameters 
on the characteristic scattering peak has been probed. 

(a) With respect to the zwitterion content, the SAXS 
peak appears slightly before the detection of the hard 
domains in DSC experiments and disappears simulta- 
neously with the soft phase. 

(b) Its sensitivity to the molecular weight distribution 
is probably very weak, since it is essentially identical for 
the polydisperse copolymer AB-12 ( M ,  = 9.25 X lo4, M,/ 
M,, = 1.75) and a narrower fraction ( M ,  = 9.34 X lo4, 
M,IM,, = 1.24) of the same composition. 

(c) Temperature effects depend on sample composition 
(Figure 4). For FB = 0.04, the SAXS peak vanishes 
progressively between 100 and 130 "C, while for FB = 0.12 
a temperature increase from -40 to +la0 "C results in a 
slight enhancement of the peak intensity, and a weak shift 
toward longer Bragg spacings (d = 5.16 and 5.68 nm at -40 
and +la0 "C, respectively): the peak remains clearly 
defined in the liquid state at about 120 "C above the TgH, 
and temperature effects are not completely reversible since 
the SAXS maximum remains slightly more intense when 
cooling the sample to 25 "C. The thermal history of the 
copolymers and their potential annealing at a given tem- 
perature may influence the SAXS patterns as already 
observed for some i ~ n o m e r s , ~ ~  but their systematic study 
is beyond the scope of the present work. 

(d) Addition of stoichiometric amounts of LiC104 
([LiC104]/[B] = 1) to copolymer AB-7.1 does not alter 
significantly the Bragg spacing, d = 6.35 f 0.08 nm, which 
is practically independent of temperature between 25 and 
150 "C. 

(e) Increasing the zwitterion content of the copolymer 
results in a simultaneous broadening of the peak and a 
decrease of the Bragg spacings from about 8 to 3 nm (see 
further discussion). 

In spite of a number of theoretical and experimental 
approaches, the origin of the "ionic" SAXS peak in ion- 
omers still remains a controversial topic.I3 However, 
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a 

b 

I L 

S C A T T E R I N G  V E C T O R  q i n m - ' l  

Figure 4. Temperature effects on the SAXS patterns of 
copolymers AB-4.0 (a) and AB-12.0 (b). 

7 - 1  I n  6, 

I 
i 

2 

- 3  - 2  I n  O B  0 - 

Figure 5. Variations of the SAXS average correlation distance 
d (nm) with the volume fraction of B units, @B (O), or of the hard 
domains, @H (@), in the copolymers. 

according to most authors,le it may be ascribed to inter- 
particle rather than intraparticle interferences, and the d 
spacings may be thus interpreted as the correlation 
distances between the centers of the scattering entities 
dispersed in the surrounding matrix. As shown in Figure 
5, the d variations with composition obey a power law of 
the type d 0: @B-0'27, as compared with d 0: w ~ ~ . ~ ~  for the 
closely related zwitterionic-ethyl acrylate system2 (0.12 
5 FB < 0.36) and with d 0: Wg-0.21 for sulfonated 
polystyrene ionomers31 (0.014 < Fion 5 0.055). The 
oversimplified structural model which assumes quanti- 

1 I 

0 0 2 5  q2 jnm-21 050 

Figure 6. Guinier plot of the SAXS experimental data for 
copolymer AD-4.0 at 160 (0) and 180 " C  (0).  

tative and selective segregation of the B units in chemically 
pure microdomains of constant size randomly distributed 
within the A matrix leads to a power law13 d 0: (PB-1/3. An 
alternative interpretation would be to consider the hard 
microdomains previously identified in DSC experiments 
as the scattering entities: the experimental data lead in 
this case to an analogous power law, d a 

It would be of great interest to derive the size of the 
scattering entities (radius of gyration R,) from a Guinier 
analysis of the experimental data obtained at low values 
of the scattering vector q (In I(q) = -Rg2q2/3, where I is 
the scattered intensity): unfortunately, the overlap with 
the "ionic" peak is too important, and its contribution to 
the overall SAXS profile can never be safely neglected. 
However, in a first approach a Guinier analysis was 
performed on the data obtained at high temperature on 
the copolymer of the lowest B content (FB = 0.04), where 
the peak disappears at 130 "C while a strong scattered 
intensity still persists: straightforward calculations (see 
Figure 6) lead to R, values of about 1.38 and 1.95 nm a t  
160 and 180 "C, respectively, corresponding to a radius of 
1.78 and 2.52 nm, assuming a spherical shape for the 
scattering entities which show no correlation because of 
their very low concentration. These primary values have 
to be considered quite cautiously, since significant devi- 
ations from the Guinier model may likely arise from non- 
uniformity in the size of the scattering particles. Moreover, 
there is no definite explanation for the observed rather 
strong temperature dependence. 

To conclude with an oversimplified structural picture, 
a simple space-filling model leads to an average radius R 
for the spherical scattering microdomains distributed on 
a cubic lattice according to @B or aH = (4/37rR3)/d3. 
Calculations show that the R variations are negligible over 
the whole composition range where the peak is observed 
(0.04 < FB < 0.49): R = 2.03 f 0.05 or 2.24 f 0.05 nm 
depending on the choice of aB or IPH as the volume fraction 
of the scattering entities. Both R values are compatible 
with those derived from the Guinier analysis of the 
experimental data. The greater dimensions calculated for 
the hard phase merely reflect that the scattering micro- 
domains involve significant amounts of A units in this 
case. The number of B units in these spherical hard mi- 
crodomains would increase from about 50 to 100 for 
copolymers within the range 0.046 < FB < 0.273. 

It is clear that the SAXS results alone cannot provide 
more reliable structural parameters. It may be emphasized 
that if the Bragg spacings are quite compatible with those 
generally observed in ionomers (studied in most cases for 
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CHANNELS 
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104 5 5 3  919 1 29 1 65E-4 
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Figure 7. lH FID of copolymer AB-27.3 at 37 "C. Part a (thin 
line) shows the signal. The first 300 points are digitized at 5 
MHz and the following one at 1 MHz. The signal is decomposed 
in three components: part b shows the initial part (170 ps) fitted 
with the sum of a Gaussian (49.5% of the signal, T2 = 11.2 ps or 
A 4 2  = 11 GZ) and an exponential (34.8% of the signal, T2 = 33 
ps); the thick line in part a shows the slowest decaying component 
(exponential corresponding to 15.6% of the signal, T2 = 123 ps). 

molar ionic fractions lower than 0.15), the estimated R 
dimensions of the scattering microdomains are signifi- 
cantly higher.'6 The greater bulkiness of the (sulfopropy1)- 
ammonium betaine compared to the usual alkali metal 
ion pairs and the antiparallel alignment of the dipoles in 
the aggregates17 may account for this difference. As a 
further comparison, the dipolar microdomains in lamellar 
polysiloxane dizwitterionomers5 have been shown to have 
aradius of gyration independent of the zwitterion content, 
of about 2.2 f 0.2 nm. 

Solid-state NMR. Two complementary techniques 
were used for the study of the mobile and rigid nuclei in 
the copolymers: wide-line 'H NMR analysis as a direct, 
quantitative but nonselective method and high-resolution 
MAS 13C NMR as an indirect, qualitative but selective 
method. Measurements were restricted to three copol- 
ymers of low and intermediate zwitterionic contents (FB 
< 0.27) representative of both monophasic and biphasic 
structures as indicated by DSC. 

1H dipolar line shape analysis was performed over a 
broad temperature range from -50 to +220 "C. Typical 
free induction decays (fid's) were decomposed into com- 
ponents of exponential or Gaussian shape as shown in 
Figure 7. While the homopolymer A,, shows a sharp step 
decrease of the unique fast component (see Figure 9) cor- 
responding to a Tg (taken conventionally a t  the middle of 
the step) of about -38 O C ,  the copolymers' FIDs are 
characterized by three widely different time constants: 
the faster ( E  10 ps) may be ascribed to a rigid phase (second 
moment of Mz of several gauss9 and the slower ones P 3 0  
11s) to mobile phases (Figure 7). The variations of the 
weighted average time constants of the intermediate and 
long components with temperature show the characteristic 
behavior of a thermally activated process: see, e.g., the 
Arrhenius plot given in Figure 8 for copolymer AB-27.3. 
However, the average values of the activation energy 
derived from the slopes of such diagrams (E,  N 17, 15, 
and 6 kJ mol-' for copolymers AB-4, AB-12, and AB-27.3, 
respectively) have to be considered quite cautiously as 
regards their true physical meaning.32 

I .  I 

I I I 
I 1  1 

Figure 8. Temperature dependence of the weighted average 
time constants (Tz) of the exponential components plotted in an 
Arrhenius form for copolymer AB-27.3. 

2 3 
1000/T IKI 

For a given copolymer a t  a given temperature, extra- 
polation of the data to the fid time origins yields directly 
the relative importance of the coexisting phases of distinct 
rigidity; this procedure allows us to derive a structural 
map giving the sample composition in terms of fractions 
(measured in H nuclei) of the rigid, intermediate, and 
mobile phases at  any temperature (Figure 9). A number 
of interesting features may be outlined from the com- 
parative analysis of these structural maps with the DSC 
results (Table 11). 

(a) The first fairly sharp decrease in the rigid fraction 
occurring at  low temperature allows us to define a cor- 
responding low Tg (conventionally taken at  the middle of 
the transition) which may be directly correlated with the 
Tgs previously observed in DSC. The shift toward higher 
temperature (20-40 "C) for NMR measurements reflects 
the difference of the two methods with respect to their 
frequency scale. 

(b) The second decrease of the rigid fraction occurring 
a t  high temperature is not so well defined, especially 
because of the persistence of a residual, weak but well- 
ascertained fraction of rigid phase at  the highest practi- 
cable temperatures (see further) as clearly shown, e.g., by 
the still fairly high value of the second moment MZ of 
about 4.5 G2 a t  220 O C  for copolymer AB-27.3 (Figure 10). 
The fraction of the rigid phase estimated within the tem- 
perature range between the two NMR transitions, aR, 
would be directly correlated with the fraction of hard phase 
derived from DSC measurements (PH (after conversion 
using the H nuclei as the unit): the agreement experi- 
mentally observed for copolymers AB-12 and AB-27.3 
(see Table 11) is quite good and very gratifying. Since the 
NMR calculations are independent of any model, the self- 
consistency between the two sets of results may be 
considered a quantitative check on the DSC calculations. 
The intermediate phase identified in NMR belongs 
obviously to the soft phase identified in DSC. 

(c) The residual rigid phase still stable at  about 100 OC 
above their TgH (DSC) for copolymers AB-12 and AB-27.3 
more especially may be tentatively correlated with the 
SAXS "ionic" peak remaining at  these temperatures. 
Assuming that they are free from A units, an upper limit 
of the fraction of B units involved in these aggregates, T ,  

may be calculated and compared with the corresponding 
fraction of B units in the hard phase (DSC, W e H w I  WB) 
(Table 11). Only a minor part of these zwitterions are still 
associated in rigid and very stable structures at such high 
temperatures. 

The '3C MR spectra allow us to obtain the composition 
of the phases of different mobilities. 

(a) 13C dipolar-averaged spectra at moderate spinning 
rates, as shown in Figure 11 for copolymer AB-4.0, are 
characteristic exclusively of the mobile phase. All the 
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resonances typical of the zwitterionic units B (identified 
by comparison with the high-resolution 13C NMR spectrum 
of the homopolymer B, in D20 solution34) (Figure 11). 
The chemical heterogeneity of the rigid phase is thus well 
established. 

(c) The technical capabilities of our 13C NMR probe 
unfortunately do not allow polarization experiments above 
100 "C, and the composition of the residual rigid phase 
stable at  high temperature cannot be checked. 

Structural Comparison of Butyl and Ethyl Acry- 
late Zwitterionomers. To summarize the preceding data, 
there is no doubt of a phase separation. The quantitative 
data of the relative importance and the composition of 
the coexisting phases and the persistence of a weak fraction 
of strongly interacting zwitterionic units in aggregates still 
stable a t  very high temperature in the liquid state may be 
considered as well documented on the basis of the self- 
consistency of the DSC, SAXS, and solid-state NMR 
experimental results. To the best of our knowledge, the 
occurrence of two well-separated Tg's in DSC measure- 
ments allowing the derivation of a fairly reliable structural 
model for the copolymers is unusual, if not unique, in the 
field of ionomers and zwitterionomers. 

The much more pronounced phase separation observed 
in the butyl acrylate as compared to the ethyl acrylate 
betaine B' copolymers studied previou~ly~-~  is worth 
emphasizing. I t  may be first tentatively ascribed to the 
different lengths of the spacer between the ammonium 
betaine and the chain backbone: 
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The influence of this factor should be significant 
according to recent results on styrene carboxylate iono- 
mers of various structures.35 However, it cannot be reliably 
predicted and it is probably not sufficiently important to 
account for the difference observed between the two 
copolymer systems. As a second potential factor, unit 
distribution is not identical in the two copolymer chains 
(see reactivity ratios'% Within the composition range 
0.05 < F B , B ~  < 0.45, the average length of the zwitterionic 
blocks increases from about 1.1 to 2.0 for ethyl acrylate 
copolymers and from 1.1 to 2.3 for butyl acrylate copol- 
ymers. The slight increase of 'blockiness" of the chain in 
the latter case may likely favor phase separation, but mi- 
crostructure differences are probably not strong enough 
to account alone for the observed behavior. Variations of 
the polarity and thus of the solvation power of the matrices 
toward the zwitterionic units are expected to influence 
phase separation. Here again no definite conclusion may 
be drawn, since contradictory results are derived from 
dielectric and solvatochromic29 measurements which lead 
to an average dipole moment (pO2/N)O.5 and an 'apparent 
local dipole moment" p* respectively of 1.0 D36 and 2.7 D 
for poly(ethy1 acrylate) and 1.8 D19 and 2.1 D for poly- 
(n-butyl acrylate). However, the M* values which arise 
from the polarity effects of the bulk polymer on the in- 
tramolecular charge-transfer transition of 4-ethylpyridi- 
nium dicyanomethylide chosen as a reporter probe29J7 may 
probably be considered as better polarity parameters for 
the solvation of the zwitterionic units: the lower polarity 
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Table I1 
Comparison of DSC and Solid-state NMR Experimental Results 

DSC NMR 
copolymer Tgs, "C TgH, "C @H ( W B H v ) / W B  Tgs, "C TgH, "C P a T 

AB-4 -40.1 -23 62 * 5 <0.5b 
AB-12 -32.7 63 0.28 0.72 -3 127 0.25 0.50 
AB-27.3 -26 117 0.52 0.85 12 212 5 0.45 0.36 
aH and OR are the fractions weighted in H atom of hard (DSC) and rigid (NMR) phases in the copolymer, respectively. b Very roughly 

estimated value because of the poor accuracy on the residual hard phase a t  170 "C. 

300 4 00 5 00 
Temperature I K I  

Figure 10. Variations of the second moment MP versus tem- 
perature for the copolymer AB-27.3. 
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Figure 11. Solid-state I3C-NMR high-resolution spectra of the 
copolymer AB-4.0 a t  27 "C: (a) mobile phase; (b  and c) rigid 
phase for a contact time of 2 ms and 500 ps, respectively. The 
arrow points to a peak characteristic of B units. 
of the butyl acrylate matrix would thus enhance phase 
separation as expected. Obviously the greater AT, dif- 
ference between the two parent homopolymers in the bu- 
tyl acrylate system (AT, E 300 "C versus 150 "C in the 
ethyl acrylate copolymer) leads to a higher separation of 
the potential TgH and Tgs. However, for a hypothetical 
ethyl acrylate copolymer analogous, e.g., to sample AB- 
12.8 (TgS = -33 " C ,  TgH = +63 " C )  and showing soft and 
hard phases of identical molar composition, the Tgs and 
TgH values (Fox equation) of respectively 1 and 70 "C 
would remain sufficiently separate to be clearly detected 
in DSC measurements: thus, the lack of two well-defined 
transitions cannot be ascribed to a too low sensitivity and 
accuracy of the technique. Finally, the high mobility of 
the butyl acrylate matrix (T ,  = -46 "C) appears to be the 
decisive factor for the optimized phase separation exper- 

imentally observed: it allows the development of zwit- 
terion-rich domains on a large enough scale to behave as 
an independent well-defined phase with its own glass 
transition. The strong analogy with cationic ionomers (4- 
vinylpyridinium methyl iodide) of butyl acrylate which 
are "clustered" copolymers38 while those of ethyl acrylate 
only show "multiplet"  association^^^ is especially striking. 

Conclusion 

As anticipated (see Introduction), the statistical zwit- 
terionic butyl acrylate copolymers, readily obtained by 
radical copolymerization of industrial monomers,' provide 
very interesting polymeric materials reminiscent of the 
"clustered" ionomers.12-16 Their morphology is in good 
agreement with the new multiplet-cluster model recently 
proposed by Eisenberg and al.:40 when increasing the 
dipolar unit content, the microdomains of increased 
rigidity surrounding the multiplets progressively overlap 
into clusters of sufficient size to show their own high glass 
transition temperature. Although the general trends of 
the phase separation are well documented, a number of 
important questions still remain to be answered: geometry 
(shape, dimensions), polydispersity and distribution of 
the hard microdomains in the soft matrix, and organization 
of the dipolar units within the hard phase. These difficult 
problems have been already approached on low molecular 
weight model compounds17 and on semitelechelic and tel- 
echelic zwitterionic polyisoprenes," but a straightforward 
transposition to statistical copolymers is probably haz- 
ardous because of quite different steric constraints around 
the interacting dipolar structures. Forthcoming papers 
will tentatively address these topics through 13C CP/DD/ 
MAS NMR (study of the T1J'H) relaxations versus tem- 
perature for the rigid phase), SAXS analysis of the 
copolymers preferentially plasticized by apolar or dipolar 
solvents, and dynamic mechanical properties. Finally, 
sufficient experimental data have been collected to con- 
sider the "zwitterionomers" of the (sulfopropy1)ammo- 
nium betaine type as a versatile and promising alternative 
to the more classical ammonium cationic ionomers because 
of their greater thermal stability1 and of their at  least 
equal ability to yield microphase-separated materials of 
potential technological interest. 
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