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ABSTRACT: Phase separation has been quantitatively analyzed through DSC and solid state *H-NMR
spectroscopy (line shape and Tip analysis) on a series of segmented PTMO zwitterionomers carrying
dipolar functions of the ammoniopropanesulfonate or ethoxydicyanoethenolate type and of their analogous
ionenes. All the amorphous copolymers (Mﬁ(PTMO segment) < 3 x 10%) display a typical biphasic
structure characterized by a strongly predominant soft matrix of pure PTMO (T: = —77 °C) and polar
hard domains (TgH = —5 to 40 °C) where all the polar junctions are concentrated and where every polar
unit locks and rigidifies about the two or three vicinal PTMO monomeric units. The thermal stability of
the polar aggregates which persist at temperatures much higher than the glass transition Tg' depends
on their chemical structure: for promoting high cohesion, zwitterions are much more efficient than ion
pairs (zwitterionomers versus ionenes) and the ammoniopropanesulfonate function is more efficient than
the ethoxydicyanoethenolate one in spite of similar dipole moments (~25 D). Semicrystalline copolymers
(Mﬂ(PTMO segment) > 3 x 10%) still show phase separation in their amorphous state in the higher
temperature range above their melting points (T, ~ 10—25 °C). The typical biphasic morphologies of all
these copolymers may be readily interpreted within the multiplet—cluster concept revisited by Eisenberg,
and the rigidification of the PTMO units immediately surrounding the polar multiplets is unambiguously
evidenced in solid state NMR spectroscopy. The specific sesgmented chain topology results, however, in
an earlier (lower polar unit contents) and far better phase separation than in similar statistical copolymers.

Introduction

Previous studies in our laboratory have clearly shown
that statistical amorphous zwitterionomers combining
weakly polar n-butyl acrylate A units and low to
moderate amounts (molar fraction ~ 0.04—0.35) of
highly dipolar zwitterionic B units of the
ammoniopropanesulfonate!=* or (ammonioethoxy)dicya-
noethenolate® type (functional side groups N*(CH,)3SO3™,
u = 24 D, or N¥(CH,);0COC(CN),, u = 25.9 D,
respectively) show a very typical two-phase morphol-
ogy: it is essentially characterized by the dispersion of
zwitterion-rich and “hard” microdomains in a fairly pure
A “soft” matrix, without any long range order. The close
analogy with the well-known ionomers®~° is quite
evident: the strong dipolar interactions between the
zwitterionic units within the very mobile and only
weakly polar matrix are the driving force of the observed
microphase separation. These complex heterogeneous
structures may be readily analyzed within the “multi-
plet—cluster” concepts recently revisited by Eisenberg
et al.t® or within the elegant framework of phase
separation in multiblock copolymers considered in the
so-called “superstrong segregation regime” (very high
Flory y(A—B) interaction parameter, which is precisely
the case of ionomers and zwitterionomers) and extrapo-
lated to the limiting case of only one polar B unit per
polar block.’! On the other hand, we described in the
first paper of this series the synthesis and the molecular
characterization of a series of homologous segmented
zwitterionomers and ionenes based on poly(tetrameth-
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ylene oxide) (PTMO) corresponding to the general
formula:12
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+
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—(CH)p-SO;  p-3,4
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CH3—(CH,),—S0,

C,Hs-0—COC(CN),,

wwPTMOMW = ‘{—(CHz)r(ﬂ'n— ; R = (CHx with x=3,6 or wPTMOwm

In these model copolymers, the chain topology is
characterized by the regular alternation of weakly polar
PTMO segments of well-controlled molecular weight and
polydispersity (M2 ~ (1.7-8.0) x 103, M%/M? < 1.15)
and of strongly polar zwitterionic or ionic short junctions
of functionality f = 1 (R = PTMO segment) or f =2 (R
= (CHy)). It is thus quite different from that of the
previously discussed statistical zwitterionomers and
ionomers, and it may likely result in some specific
structural features. The purpose of the present work
is thus to analyze quantitatively the microphase sepa-
ration in this series of homologous PTMO-segmented
zwitterionomers and ionenes as a function of chain
structure with special emphasis on the following points:

einfluence of the density of the polar junctions along
the chain

sinfluence of the chemical structure of the polar units
and, more specifically, comparison between homologous
zwitterions and ion pairs characterized by identical
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Table 1. DSC Analysis (Standard Thermal Cycle) of the Segmented Polymers?2

copolymer Weg TS (°C) Acﬁ Jg*K1)  T(°C)  AH(Jg9gYH Tm(°C) AHm@IJ.g™D T'; (°C) AC? (J-g K™Y
Z20-E3-6 0.184 =77 0.43 15 0.12
Z17-E2-3 0.179 —76 0.48 24 0.12
Z20-S4-6 0.174 —78 0.48 21 0.13
Z17-S3-3 0.167 =77 0.52 16 0.09
Z20-S3-6 0.164 =77 0.47 38 0.17
Z22-E2-6 0.161 =77 0.48 25 0.17
Z36-E2-6 0.103 —78 0.45 —41 —-16.4 7 16.9

Z37-S3-6 0.096 —78 0.28 —52 —7.2 15 32.8

Z52-E2-6 0.074 —78 0.23 —57 —6.6 19 40.5

Z752-S3-6 0.070 =75 0.17 17 39.3

Z67-E2-6 0.059 =77 0.19 25 49.2

767-S3-6 0.055 —76 0.2 22 445

Z19-E2 0.080 —78 0.60 17 0.8

Z19-S3 0.073 —79 0.62 -3 —3.8 20 5

119-E-6 0.191 —-75 0.41 6 0.09
119-S-6 0.182 =77 0.48 —4 0.10

a All the ACp values are the primary apparent values normalized to 1 g of copolymer. Tg = —77 £ 1 °C and Tm ~ 28—30 °C for PTMO

a,o-diol (Mn® ~ 2.2—6.7 x 103).

structures of the charged sites (zwitterionomers versus
ionenes) and comparison with literature data related
to similar PTMO segmented ionenes13-15

sinfluence of the chain topology by comparison with
literature data on zwitterionomers bearing the same
functional groups: segmented versus statistical copoly-
mers (the very important question of the potential
development of long range order (spatial organization
of the polar domains) favored by the specific segmented
topology of the chain will be, however, addressed in a
forthcoming paper)

The analysis of chain dynamics through two different
methods, differential scanning calorimetry (DSC) and
solid state broad line nuclear magnetic resonance
spectroscopy (line shape and Tjp analysis), will be
systematically used for the identification of the coexist-
ing phases in the bulk materials and for a quantitative
structural description in terms of internal composition
and relative importance of the polar domains and of the
nonpolar matrix. The sample identification systemati-
cally used throughout the following text allows us to
identify successively zwitterionomers (Z) or ionenes (1),
the molecular weight of the PTMO block (Mﬂ/lOO),
zwitterions or ion pairs of the alkanesulfonate (Sp) or
alkoxydicyanoethenolate (Ep) type with p methylene
groups in the intercharge arm for zwitterionic struc-
tures, and finally, the number of methylene groups x
in the short diamino segment:

Zor | M2(PTMO)/100 — Sp or Ep — x
n

Thus, sample Z22-E3-6 is a zwitterionomer carrying
PTMO segments of number average molecular weight
2.2 x 103, functionalized with an (ammoniopropoxy)-
dicyanoethenolate structure separated by a short seg-
ment of six methylene groups. Sample 122-E-6 is the
homologous ionene, where the figure p has been obvi-
ously deleted. Z19-S3 is a zwitterionomer carrying
monofunctional ammoniopropanesulfonate junctions be-
tween PTMO segments of M2 = 1.9 x 102,

Experimental Section

Materials. The synthesis and molecular characterization
of the various PTMO zwitterionomers and ionenes were
described previously.’? The weight average degrees of poly-
condensation in the segmented chains are never lower than
15, and the overall polydispersity indexes of the copolymers
are about 2. The synthesis of the polymeric models of the
zwitterionic structures S3 and E2, PZ-S3-6 and PZ-E2-6 is

detailed elsewhere'® (see Results and Discussion for the
chemical formula).

Differential Scanning Calorimetry (DSC). DSC mea-
surements were performed on Perkin-Elmer DSC 7 and DSC
4 apparatus (low and high temperature ranges) interfaced with
a computer data station, after previous calibration with
n-decane, gallium, and indium, T, = —29.7, 29.8, 156.6 °C,
respectively. About 10—15 mg of the previously dried samples
were weighted with an accuracy of £0.03 mg in stainless steel
pans and they were further dried at 60 °C under vacuum (<0.1
Torr) for at least 4 days, before sealing the pans under argon
at 60 °C directly in the oven fitted with a vacuum—argon flow
system. Residual moisture should be thoroughly eliminated
since it may result in selective plasticization of the hard
domains and redistribution of the zwitterionic units in less
numerous multiplets of increased aggregation number, as
previously shown in n-butyl acrylate statistical zwitteriono-
mers.* The crystallization and melting temperatures, T, and
Tm, were measured at the maximum of the exothermic and
endothermic peaks, respectively, and the glass transition
temperature was determined at the midpoint of the baseline
shift (ACy/2). The transition width was estimated by AT =
T, — T1, where T; and T, are the intersections of the
extrapolated glassy and liquid baselines with the tangent to
the thermogram inflection point. Thermal cycles were sys-
tematically repeated until reproducible scans were obtained.
In the standard heating—cooling sequences adopted for all the
segmented zwitterionomers and ionenes and for reference
PTMO, a temperature range from —130 to +130 °C was
alternatively scanned with cooling and heating rates of 40 and
20 K-min~1, respectively. The reproducibility obtained gener-
ally after the second cycle was about +2 deg on the crystal-
lization, melting, and glass transition temperatures T¢, Tr, and
Ty, about £0.02 J-g~1-K~1 for the heat capacity increments AC,
at Tg, and about +0.5 J-g~* for the crystallization or melting
enthalpies AH; and AHp.

Solid State *H-NMR Spectroscopy. The copolymers were
dried as previously described for DSC, directly in the NMR
tubes which were finally flushed with argon before any
experiment. Measurements were performed on a Bruker SXP
spectrometer operating at 60 and 90 MHz. For *H wide-line
analysis signals were digitized with 12 bits (accuracy 1/2000)
at a fastest sampling rate of 5 MHz (Lecroy 6818). In the AD
converter, the memory is filled at a lower sampling rate to
obtain simultaneously an accurate baseline and the slowly
decaying component (sampling between 100 kHz and 1 MHz).
A signal/noise ratio of 500 by digital averaging was typical
for adjusting sums of exponentials (<2 components) by itera-
tive least squares nonlinear fits. Gaussian functions were
adjusted to the fast decaying part of the FID, allowing
extrapolation through the 5 us dead time to the origin of the
FID (taken at the middle of the 90° of pulse).t” Deconvolution
into Gaussian components was performed only where the ratio
of their characteristic spin—spin relaxation times T, was
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higher than 3. The 'H rotating frame spin—lattice relaxation
time, Tip, was measured by the sequence 90-spin lock-
observation.!” To analyze the wide spectra of decay constants,
at least 50 locking durations were recorded on each decay. The
spin locking field was adjusted to 50 kHz.

Results and Discussion

For simplification, the TMO units and the zwitterionic
or ionic junctions will be identified as the A and B
components of the segmented chain and the composition
of the copolymer or of its various phases will be
expressed in terms of their molar, weight, or hydrogen
fraction (*H-NMR) F;, W;, and ®;, respectively (i = A or
B). Structural data derived from the DSC and solid
state NMR analysis will be discussed successively.

Structural Analysis through DSC Measure-
ments. Segregation of Polar Domains in the
Amorphous or Semicrystalline Systems. The ex-
perimental results and the three representative ther-
mograms given in Table 1 and in Figure 1 clearly show
three major points.

(@) Whatever the composition, all the copolymers
display the same narrow glass transition at low tem-
perature, Tgs, identical to that of the pure reference
PTMO homopolymer:

To=T,"=-77+£2°C, AT=10+2°C

(b) For the higher polar junction contents, 0.16 < Wg
<0.19 (M < 2.2 x 108, f = 2), the zwitterionomers and
ionenes are amorphous materials (lack of any melting
endotherm) which display a second broader glass tran-
sition (AT = 25—35 °C) in a higher temperature range,
TH. Its position depends on the chemical structure of
the polar units, and it occurs at temperatures higher
for zwitterionomers (T'g'| = 15-38 °C) than for ionenes
(—4 to +6 °C).

These two features confirm without any ambiguity the
biphasic morphology of these amorphous copolymers
characterized by the coexistence of a soft phase of pure
PTMO (TS) and of a hard phase containing all the
polar junctions and a low fraction of the TMO units (
T™). Quantitative analysis of this two-phase structure
will be discussed further in the text.

(c) For the lower polar junction contents, 0.06 < Wg
<0.10 (M2 =1.1 x 103 with f =1, M° > 2.2 x 10® with
f = 2), only the transitions of the soft PTMO phase are
clearly identified: glass transition of the amorphous
fraction at —77 + 2 °C, partial recrystallization between
—60 and —20 °C and, finally, melting of the crystalline
fraction between —20 and +40 °C. The melting endo-
therms are, however, strong enough and cover a broad
enough temperature range in order to mask eventually
a second glass transition: compare, for instance, ther-
mograms la and 1b in the temperature range around
Ty and Tm. Moreover, on the thermogram 1ic, the
weak AC, observed when crossing the melting endo-
therm may be related more likely to a glass transition
occurring within the same temperature range and
involving a very small fraction of the material rather
than to an erratic fluctuation of the baseline during the
temperature scan.

A series of thermal treatments were thus applied to
zwitterionomers Z52-S3-6 and Z67-S3-6, chosen as
representative semicrystalline samples, in order to
reveal the possible high-temperature glass transition of
the dipolar domains. After melting at 90 °C, the
samples were quenched and kept for 5 min at a given
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Figure 1. DSC thermograms of three representative zwitter-
ionomers.

temperature Tj, the initial temperature of the DSC scan;
the temperature was then increased up to 90 °C at a
heating rate of 10 K-min—%. Three behaviors may be
readily differentiated according to the T; value:

(i) for any T; < —10 °C, sample crystallization under
cooling can never be avoided, even for very fast quench-
ing rates (200 K-min~1, or inserting for 5 min the DSC
pan in an aluminum block precooled in liquid nitrogen,
before transfer to the calorimeter previously cooled at
—130 °C). It was not thus possible to observe succes-
sively the two glass transitions Ty and T{' during the
same DSC scan.
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(if) For T; = 0 °C, however, and even for much slower
guenching rates (40 K-min~1), the thermograms lack
any melting endotherm and do show a rather broad
glass transition which is quite reproducible on succes-
sive scans:

752-S3-6 T =44°C AT =33°C
H_ - Lloe—1
ACH'=0.10 J-g7HK
767-S3-6 Ty =45°C AT =40°C

H_ 1,51
ACH =0.08 J-g" K

(iii) Finally, for T; = 25 °C, crystallization can be
detected only after an annealing for at least 1 week.
Very slow crystallization kinetics at room temperature
have already been noticed on some segmented PTMO
ionenes.13

Thus, DSC measurements performed according to
procedure ii confirm the biphasic morphology of these
two zwitterionomers considered in their metastable
amorphous state: as expected, there is no discontinuity
in the copolymer structure with respect to their dipolar
content Wg. For the homologous zwitterionomers of the
dicyanoethenolate type Z52-E2-6 and Z67-E2-6, the
suitable quenching temperature T; should be high
enough to avoid any crystallization but lower than the
potential Tg' (by at least 30 deg) in order to allow a
reliable identification of the glass transition of the polar
domains: such a T; temperature could not be found.
This behavior merely arises from the TgH decrease
when going from sulfonate to dicyanoethenolate struc-
tures for zwitterionomers of otherwise similar PTMO
segment length and functionality: see Table 1 and
further discussion.

Crystallization of the Zwitterionomers. Its de-
tailed study is beyond the scope of the present work,
but the DSC experimental data obtained in the standard
thermal treatment of the various copolymers (see Ex-
perimental Section) may be briefly analyzed in terms
of variations of the melting temperature T, and of the
crystallinity degree Xc with composition Wg:

AH,,
Xo=—"g (1)

(1 — Wg)AH,,
where AHy, is the apparent melting enthalpy normal-
ized to 1 g of copolymer.

The literature values of the melting enthalpy of
PTMO, AHY, are broadly scattered between 152 and
200 J-g~! and calculations were performed using the
value of 167 J-g~! derived from a study of PTMO
crystallization by DSC and solid state broad line NMR
spectroscopy.’® The crystallinity degree Xc and the
melting temperature T, are quasi linear decreasing
functions of the zwitterionic content, as shown in Figure
2. For a bifunctional dipolar junction, extrapolation
leads to a minimum value of the PTMO block molecular
weight Mﬂ necessary for significant crystallization,
M? ~ 3 x 103, whatever the structure of the zwitterion.
This estimation is in good agreement with the amor-
phous character of the various bifunctional zwitteriono-
mers Z17, 220, and Z22 and still remains self-consistent
with the very low crystallization degrees measured on
the zwitterionomers Z19-E2 and Z19-S3 (X¢c < 0.05)
where the influence of the shorter PTMO segment
length is balanced by the presence of a monofuntional
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Figure 2. Variations of the crystallinity degree X. and of the
melting temperature T, with composition Wg for various series
of zwitterionomers (standard thermal cycle): E2-6 (®); S3-6
(m); Z19-E2 and S3 (a); PTMO o,w-diol (M° ~ (2.2-6.7) x
10%) (O).

junction. The Ty, and Xc values reported in Figure 2
are obviously strictly related to the well-defined thermal
history of the copolymers (standard cycle in the DSC
scan, as detailed in the Experimental Section): they
may be, however, significantly increased by a well-
adjusted annealing but without reaching the highest
values typical of the free PTMO segment. For instance,
in the case of the zwitterionomer Z67-S3-6, an annealing
at room temperature for four weeks increases Xc from
0.28 to 0.31 and T, from 22 to 45 °C.

All these features related to the influence of the
PTMO segment length and of composition on crystal-
lization of the copolymers are in good agreement with
the general trends observed on segmented polyethers
such as PTMO ionenes or poly(oxyethylene) polyure-
thanes?!® even if the chemical structure of the junctions
may lead to significant differences: consider, for in-
stance, the Xc value of about 0.3 for PTMO ionenes
carrying a rather short PTMO segment, Mﬂ ~ 18 x
103, and rigid bifunctional junctions of the bipyridinium
halide typel® (Wg = 0.11—0.18) while the zwitteriono-
mers under study with similar PTMO segments are
fully amorphous. The locking of the chain ends of the
crystallizable PTMO segments in chemically different
junctions which segregate in separate microdomains
likely contributes to the strong decrease of the crystal-
linity degrees and melting temperatures.

Quantitative Analysis of the DSC Data in Terms
of Biphasic Morphology. The analysis of the DSC
data allows a quantitative description of the biphasic
morphology in terms of relative importance of the soft
and hard phases (weight fraction WS and WH, respec-
tively) and of their internal composition (weight fraction
W! with i = A or B and j = S or H). The previously
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Table 2. Compositional Data of the Amorphous Biphasic
Copolymers As Derived from DSC Analysis (in All Cases

Wi =1)
copolymer Wg ws wh Fo SRs
Z22-E2-6 0.16 0.67 0.48 0.14 0.80
Z17-E2-3 0.18 0.67 0.54 0.18 0.81
Z20-E3-6 0.18 0.60 0.46 0.17 0.73
Z20-S3-6 0.16 0.65 0.47 0.14 0.78
Z17-S3—3 0.17 0.72 0.60 0.24 0.87
Z20-S4-6 0.17 0.67 0.52 0.16 0.80
119-E-6 0.19 0.57 0.44 0.11 0.70
119-S-6 0.18 0.67 0.55 0.17 0.82
Z19-E2 0.08 0.83 0.48 0.29 0.90
Z19-S3 0.07 0.86 0.53 0.35 0.92

noticed identity T = T," observed on all the seg-
mented copolymers clearly shows that the soft matrix
is essentially pure PTMO: Wi = 1. Straightforward
calculations involving only the experimental heat capac-
ity increment at TS and a simple material balance lead
to the following relations:

W® = ACY/AC)" Wh=1-w* @)

WE = Wg/(1 — W°) wh=1-wf @3

SR = W/(1 — Wp) (4)

where ACA” is the heat capacity increment at the glass
transmon of pure PTMO, ACQ” = 0.72 J-.g71-K1.20
The segregation rate SRs?122 measures the fraction of
nonpolar A units located in the nonpolar soft phase (SRs
= 1 corresponds to the ideal quantitative phase separa-
tion of the two components A and B). The accuracy of
about 5% on the ACS values (C; ~ (0.3—0.5) & 0.02
J-g71-K™1) implies that Wj is not defined with an
accuracy better than £10%. The compositional data
describing the two-phase morphology of all the amor-
phous segmented chains are given in Table 2.

It is highly tempting to compare the glass transition
parameters of the hard phase (not involved in the
previous calculations) with those of a copolymer or of a
homogeneous blend of the same composition. This
approach has been performed using the low molecular
weight polyzwitterions PZ-S3-6 (DP,, = 20) and PZ-E2-6
(DPy, = 22) given below as model polymers for the S3-6
and E2-6 types of bifunctional junction.

o o
{‘(CHz)rNL(CHz)s‘]‘ erHz)a-N*—(CHz)ajL
CH n | n
éHZ (GHos
[ 2 oy
(o]
%_o' PZ-S3-6
/C\
CN CN
PZ-E2-6

The segmented zwitterionomer is thus considered as
an (AxB2)n chain and the glass transition parameters of
its hard phase are derived from its composition accord-
ing to the Couchman equation? in its more general form

for T and to a simple additivity rule for AC}!:

" WRACS" In T, + WEAC]" In Tg" )
n =
o WRACS" + WEACS"
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ACH™* = WHAC" + WGACH" (6)

The comparison between the observed and calculated
parameters of the high-temperature glass transition,
given in Table 3, is, however, systematically biased by
the choice of the glass transition parameters of the free
PTMO chain for the calculation of the contribution of
the TMO units rejected in the hard phase to its glass
transition: these very short segments (see below),
directly anchored to the zwitterionic aggregates, actu-
ally display strongly restricted mobility with respect to
the free chain, as clearly shown by solid state 'H NMR
spectroscopy (see further in the text). Such a typical
behavior has also been recently evidenced by high-
resolution solid state 13C-NMR spectroscopy on hala-
totelechelic polystyrenes where the sodium carboxylate
multiplets are surrounded by a shell of strongly con-
strained styrene units located at the chain ends.?* In
the same way, the modeling of the contribution of the
short difunctional junctions to the Tg' through the Ty
parameters of the polyzwitterions PZ-E2-6 and PZ-S3-6
is obviously oversimplified. Thus, the drastic underes-
timation of the calculated T;' values quoted in Table 3
are not surprising. On the other hand, the excellent
agreement between the calculated AC'F;'* and the ex-

perimental and normalized ACE‘/\NH values has likely
no real physical meaning and may be incidental, favored
by the rather narrow range of AC, variations from
PTMO to the model polyzwitterions. Finally, the previ-
ous comparison also implicitly implies that the two
coexisting phases are independent while they are strongly
interconnected by common chains crossing the inter-
faces and for such segregated structures the relaxations
of the two phases are actually correlated.?®

The structural parameters derived from the DSC
analysis and detailed in Table 2 allow us to point out
some common features of zwitterionomers and ionenes
carrying a low molecular weight PTMO segment (Mg <
2.2 x 10%) and various polar junctions.

(a) The pure PTMO soft matrix is the predominant
phase and the segregation rates of the PTMO units in
the matrix are high: SRs = 0.78 £+ 0.08 and 0.90 for
bifunctional and monofunctional junctions, respectively.

(b) The hard phase is not chemically homogeneous,
and it is characterized by a molar content in TMO units
much higher than in polar B units, even if it concen-
trates all the polar B junctions of the macromolecular
chains. Thus, the values of the molar ratios FR/F5 =
59 + 14 and 2.1 £ 0.03 for f = 2 and 1, respectively,
show that on an average for a given copolymer chain, a
zwitterionic or ionic site locks the two or three vicinal
TMO units in the hard phase. This estimation may be
critically discussed within the recent structural model
developed by Eisenberg et al. for ionomers:1° the apolar
chain emerging from the polar multiplet is rigidified
over a distance d similar to its persistence length q. For
the PTMO chain, q is about 0.51 nm as derived accord-
ing to Flory:26 C., = (2g/l) — 1, where the characteristic
ratio C. is 5.727 and the average bond length | = 0.153
nm. The upper and lower limits between the ends of a
very short segment of 2 or 3 PTMO units may be
estimated according to

Omax = L = Ny 0yl sin(6/2) @)

dmin” = (Fo?) = 2Lq — 29°[1 — exp(—L/q)]
(see ref 28) (8)
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Table 3. Glass Transitions of the Model Polyzwitterions PZ-E2-6 and PZ-S3-6 and of the Hard Phase of Zwitterionomers
Z22-E2-6 and Z22-S3-6

sample Te(°C)  AC,(J-g LK) sample Ty(exp) (°C)  Tg'(cale) (°C)  ACH/Wh (J.g7K™Y)  AC™* (J-g7-K™?)
PZ-E2-6 110 0.34 722-E2-6 25 -33 0.54 0.52
PZ-S3-6 143 0.22 722-S3-6 38 —43 0.49 0.49
where L is the contour length of the segment in its fully ABU S3 ABu E2
extended conformation, N is the number of monomeric CH,
units, the parameters n; l;, and 6; being related to the /\’/ -~
number, the length, and the valence angle of the i bond. /1/ & /?CK /\c/
These two relations lead to the following d ranges: "™ o WH o~ 0 o o
: ) Ch (CH),
2TMO units 09 =d(nm)=<1.2 CHs—PﬂiCHs CHy—N*CHy
. CH
3 TMO units 12=d(nm) =18 (zg?_)a ¢,
3 | -
These distances and more especially their upper e
limits corresponding to the most probable extended CN/C\CN

conformation!116:29 gre actually higher than the persis-
tence length, but they remain, however, of the same
order of magnitude. Moreover, Eisenberg’s concept may
appear somewhat questionable since it involves the
“static” parameter q for the interpretation of essentially
dynamic phenomena.t!

(c) The chemical structure of the polar junction
between the PTMO blocks does not play a major role
on the definition of the material morphology in terms
of internal composition and relative importance of the
coexisting phases: more specifically, there is no signifi-
cant difference between zwitterionomers and ionenes at
least at this level. However, the junction structure,
together with the fraction of TMO units rejected in the
hard phase WY, determine the hard phase rigidity, as
measured by its glass transition temperature. For a
given junction R = (CHy)s, the decreasing order of
efficiency of the zwitterions to promote high Ty values
is

S3>E2>S54>E3

This order is parallel to that of the glass transition
temperatures of homologous polyzwitterions in the
(meth)acrylic series®%31 and of the model homopolymers
of the junctions (see Table 3). The value of the dipole
moment of the zwitterionic function (u = 24, 29.7, 25.9,
and 30.8 D for S-3, S-4, E-2, and E-3, respectively32) does
not appear as the unique parameter determining dipolar
interactions and molecular motions, but its detailed
chemical structure and steric factors are also likely
pertinent factors. Our results do not allow a reliable
analysis of the influence of the junction length x (R =
(CHy)x). The increase from x = 3 to x = 6 has nearly no
effect on T'; for the dicyanoethenolate zwitteriono-

mers, while it significantly decreases Tg' for the sul-
fonate ones. Finally, the ion-pair structure appears
much less efficient than the homologous zwitterionic
function for promoting a strong cohesion of the hard
phase.

Comparison of the results with literature data on
similar biphasic systems points out (a) a definite anal-
ogy with some segmented PTMO of the ionenel3~15 or
polyurethane?! type which, however, display signifi-
cantly lower segregation rate SRs in the latter case (SRs
~ 0.6) and (b) very typical differences with n-butyl
acrylate zwitterionomers of the ammoniopropane-
sulfonate (ABuU-S3)! or (ammonioethoxy)dicyanoetheno-
late (ABu-E2)° type and of the same molar composition,
illustrated below:

For these statistical copolymers (Bernoullian distri-
bution in the case of the ABuU-E2 copolymer33), two
features may be stressed: (i) The chains of lower
zwitterion content (Fg < 0.04 for ABu-S3, Fg < 0.06 for
ABuU-E2) lead to monophasic materials, in sharp con-
trast with segmented PTMO zwitterionomers of similar
composition Z19-E2 and Z19-S3 (Fg = 0.04). (ii) A weak
but still significant fraction of the dipolar units is always
rejected in the matrix, more especially for the copolymer
ABuU-E2: compare, for instance, W5 = 0.11 for a ABu-
E2 sample of Fg = 0.09 (W = 0.18) with W5 = 0 for
segmented zwitterionomers of similar composition Z17-
E2-3 and 717-S3-3, Fg = 0.09 (W = 0.18 and 0.17,
respectively). The higher mobility and the weaker
polarity of the PTMO matrix (Tg = —77 °C, Hildebrand
solubility parameter 6y = 17.4 (J-mol~1)0534 dipole
moment (u2/N)%5 = 1.1 D35), with respect to those of
poly(butylmethacrylate) (Tq = —46 °C, oy = 17.4
(J-mol~1)0536 (42/N)0-5 = 1.52 D7), may contribute to the
observed better phase separation, but the regular
distribution of the dipolar units typical of the segmented
chain is very likely the major factor of such an improve-
ment.

Structural Analysis through Solid State 'H-NMR
Spectroscopy. The study of chain dynamics by wide-
line TH-NMR spectroscopy has been performed on five
representative copolymers: the two zwitterionomers
Z20-E2-6 and Z22-S3-6 and their homologous ionenes
119-E-6 and 119-S-6 on one hand, allowing comparison
between amorphous segmented copolymers carrying
bifunctional junctions of various structures, and the
zwitterionomer Z52-E2-6 on the other hand, as a
representative semicrystalline copolymer.

IH Dipolar Line Shape Analysis. It was performed
over a broad temperature range from —80 to +160 °C:
the free induction decays (FID's) of the copolymers were
decomposed into components of exponential or Gaussian
shape of strongly different time constants corresponding
to coexisting phases of different mobilities. A repre-
sentative example of the data analysis is given in Figure
3. For a given copolymer at a given temperature,
extrapolation of the data to the FID time origin yields
directly their relative importance. This procedure al-
lows the derivation of a structural map giving the
sample composition in terms of fractions (measured in
H nuclei) of a rigid (Gaussian component of lower T,
T2 ~ 10 us), an intermediate (Gaussian component of
higher T,, T, ~ 30 us), and a mobile (exponential
component of T, > 50 us) phase at any temperature.
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Figure 3. H-FID of the zwitterionomer Z22-E2-6 at 30 °C.
The signal (+) is recorded with a 0.2 us dwell during 528
channels, then with a 20 us dwell during 496 channels. The
sum (c) of an exponential (b) and a Gaussian (a) is fitted (five
parameters) to the original signal: M(t) = 2698 exp(—t/263
us) + 532 exp[—0.5(t/12 us)?]. The rigid (Gaussian) and mobile
(exponential) fractions are 0.17 and 0.83, respectively. For the

Gaussian component, M§ = 9.7 G?, the overall M; being 1.65
G2

The structural maps of the amorphous copolymers given
in Figure 4 allow us to separate two temperature
ranges.

(a) At low temperatures, T < 20 °C, the very strong
increase of the mobile fraction in the materials between
—70 and —30 °C is essentially related to the glass
transition of the flexible PTMO segments.

(b) At high temperatures, T > 20 °C, the intermediate
fraction can no longer be readily identified and the rigid
phases still persist at very high temperatures, more
than 60 deg above their glass transitions, as previously
determined in DSC measurements. The decreasing
order of their thermal stability is given below with the
temperature when the whole material reaches the liquid
state:

Z20-S3-6 (160 °C) > Z22-E2-6 (120 °C) >
119-E-6 (100 °C) ~ 119-S-6 (100 °C)

This sequence is in good agreement with that previously
observed through DSC.

The semicrystalline zwitterionomer Z52-E2-6 is es-
sentially characterized by two specific features, as
shown in Figure 5.

(@) The very strong decrease of its rigid fraction
between 10 and 20 °C is directly correlated with the
melting of partly crystallized PTMO segments, as
already noticed in DSC: T,(DSC) = 19 °C, Tnm(NMR)
=15 °C. If the contribution of the amorphous fraction
is neglected in a first approach, the rapid drop of the
rigid fraction may be ascribed only to the H nuclei of
the crystalline PTMO segments: the crystallinity degree
thus calculated is X¢c = 0.29, and this overestimated
value is consistent with the DSC one, Xc = 0.22, taking
into account the previous assumption and the different
thermal histories of the copolymer in the two types of
measurements.

(b) After the PTMO melting, a rigid phase is still
observed up to 120 °C (Gaussian component with a

characteristic second moment M5 of at least 8 G2; see
further in the text), while DSC measurements were
unable to identify any hard phase with a characteristic
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Figure 4. Line shape analysis for four homologous amorphous
zwitterionomers and ionenes: temperature dependence of the
1H fraction of the rigid component (®) and of the *H-cumulated
fractions of the rigid + intermediate components (O).

glass transition. Its weakness fraction merely reflects
the low zwitterionic content of this copolymer (®g =
0.04).

Tip Analysis. In order to have a better morphologi-
cal description of the amorphous copolymers well above
the glass transition of the PTMO matrix, the Tip
relaxation curves related to faster molecular motions
(10—100 kHz instead of 1-10 kHz for line shape
analysis) were analyzed between 20 and 160 °C. De-
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Figure 5. Line shape analysis for the semicrystalline zwit-
terionomer Z52-E2-6: (a) temperature dependence of the 'H
fraction of the rigid component (a) and of the *H-cumulated
fractions of the rigid + intermediate components (a). (b)
Temperature dependence of the second moment of the rigid
component (a) and of the whole band (2).
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Figure 6. Tip analysis for the zwitterionomer Z22-E2-6 at
30 °C. The overall decay is sampled on 50 points (®). The sum
of three exponentials a, b, ¢ (decreasing Tp values) is fitted
(seven parameters) to the original decay: M(t) = 1626 exp(—
t/16.4 ms) + 568 exp(—t/5.0 ms) + 387 exp(—t/1.3 ms). The
mobile (a), intermediate (b), and rigid (c) fractions are 0.63,
0.22, and 0.15, respectively.

convolution in discrete components, illustrated in Figure
6, allows us to separate three exponentials characterized
by strongly different relaxation times Tip (about one
decade over the whole temperature range): they may
be unambiguously ascribed to a rigid (T1p ~ 0.5—4 ms),
intermediate (T1p ~ 4—9 ms), and mobile (T1p ~ 15—
40 ms) phase, respectively, according to their variations
with temperature and along the FID. The structural
maps derived from such an analysis are given in Figure
7.

Second Moments. Finally, the variations of the
second moments of the NMR bands with temperature
are illustrated in Figure 8: the second moment related
to the rigid fraction M5 and the overall second moment
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Figure 7. Tip analysis for four homologous amorphous
zwitterionomers and ionenes: temperature dependence of the
1H fraction of the rigid component (®) and of the 'H cumulated
fractions of the rigid + intermediate components (H) (same
copolymers as in Figure 4).

of the whole resonance band M recalculated from the
contributions of its components according to M, =
>ifiMai. The My variations are dominated by the major
contribution of predominant PTMO matrix, and they
essentially reflect its glass transition (strong M, de-
crease between —60 and —40 °C). The variations of the
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Figure 8. Temperature dependence of the second moments
related to the rigid fraction (a) or to the whole copolymer (a)
for four homologous zwitterionomers and ionenes (same co-
polymers as in Figure 4).

second moment ME clearly show the persistence of a
rigid phase well above the glass transition of the matrix.
In the case of the semicrystalline zwitterionomer Z52-
E2-6, the melting of the crystallized PTMO segments
is well identified by the very sharp decrease of M,
between 10 and 20 °C and the persistence of a rigid
phase at higher temperatures is well ascertained by the
still high M? values (see Figure 5).
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Table 4. Comparison between the Compositional Data
(Normalized 'H Fractions ®;) of Representative Biphasic
Copolymers As Derived from DSC and from 'H Solid
State NMR Analysis (Line Shape and T1p Analysis)

DSC NMR
T hon v+
copolymer ®g (°C) (°C) @4y (°C) (°C) Pr P& lon
Z22-E2-6 0.10 —77 25 028 -50 60 0.20 0.14 0.28
Z20-S3-6 0.12 —-77 38 031 -50 70 0.24 0.15 0.27
119-E-6 0.14 -75 6 042 —45 40 0.18 0.17 0.35

119-S-6 015 —-77 -4 031 -50 40 0.22 0.10 0.27
Z52-E2-62 0.04 -78 0.10

a Semicrystalline zwitterionomer where the hard phase cannot
be quantified through DSC.

Comparison between the Structural Analysis
Performed through DSC and Solid State 'H-NMR
Spectroscopy for the Amorphous Zwitterionomers
and lonenes. It is based on the following assump-
tions: (i) the glass transition temperature is conven-
tionally measured at the half-value of the M, plateau;
(ii) characteristic values of the fraction of rigid phases
®r oand ®E (line shape or Tip analysis) and of the
intermediate phase ®f (T1p analysis) are determined
within a rather narrow temperature range between the
two glass transitions where their fluctuations are safely
negligible (about 0—40 °C for line shape and 40—100
°C for T1p analysis). The experimental results given in
Table 4 point out some interesting features.

(@ The NMR glass transition temperatures are
systematically higher than the corresponding DSC ones
(ATS ~ 25 °C, AT;fv 35 °C), but this apparent discrep-
ancy merely arises from the difference between the two
techniques with respect to the measurement frequency.

(b) The fraction of hard phase identified through DSC
is systematically higher than the fraction of rigid phase
derived from the line shape analysis: this type of NMR
measurements, which does not allow us to quantify the
intermediate phase (see above), may likely result in an
overestimation of the mobile phase.

(c) There is a very good agreement between the
fraction of hard phase and the overall fraction of rigid
and intermediate phases derived from the T1p analysis,
probably because the higher T;p contrast allows a better
deconvolution, compared to line shape analysis: &y =
(1.1 £ 0.1)(®E + ®}). However the fractions of rigid
phase appear generally slightly higher than the fraction
of polar junction ®g in the segmented copolymers.

Thus the structural data derived from DSC and solid
state NMR spectroscopy can be considered very self-
consistent, and a better quantitative agreement cannot
be reasonably expected since the two techniques test
chain dynamics in the materials at different scales and
frequencies. A conclusion of major interest is the
unambiguous NMR identification of the intermediate
phase through Tip analysis: it may be at least quali-
tatively correlated with the few TMO units of restricted
mobility directly anchored to the rigid polar multiplets
which are directly involved in the cluster formation, as
defined in the multiplet—cluster concept.1°

Conclusion

According to the previous structural analysis relying
on two independent techniques free from any strong
assumption, all the PTMO segmented copolymers dis-
play a typical biphasic morphology characterized by
three common features:
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sthe presence of a highly predominant mobile matrix
(about 65 to 85% of the total material) of pure PTMO (
T5(DSC) = 77 °C)

sthe presence of a hard phase (T;(DSC) ~ —6 to +38
°C) where all the polar junctions are concentrated and
where every polar unit locks and rigidifies about two
or three vicinal TMO monomeric units

ethe very high thermal stability of the polar ag-
gregates which still persist at temperatures much
higher than the glass transition of the hard phase

Obviously, this two-phase morphology is in good
agreement with the multiplet—cluster concept recently
revisited by Eisenberg et al.?

At this stage of the structural analysis, the chemical
nature of the polar junction does not play a major role
in terms of internal composition and relative importance
of the coexisting phases. It is, however, of definite
importance for promoting higher rigidity and thermal
stability of the multiplets and clusters: the zwitterionic
structure is more efficient than the homologous ion-pair
structure and, among the quaternary ammonio zwitter-
ions, the propanesulfonate is more efficient than the
ethoxydicyanoethenolate. On the other hand, always
at this stage of the structural analysis, the main
difference between segmented and statistical zwitter-
ionomers lies in an earlier (lower polar content) and by
far better phase separation in the former case.

The dimensionality and size of the rigid multiplets,
as studied by Goldman—Shen spin diffusion, and the
major role of the chain topology and of the chemical
structure of the polar junctions in the development of
long range order in these copolymers, as studied by
small-angle X-ray and neutron scattering, will be dis-
cussed in forthcoming papers. It will be shown that only
bifunctional zwitterionomers actually display long range
order, with a typical structural transition from lamellar
to hexagonal morphology when their zwitterionic con-
tent is decreased.®
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