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ABSTRACT: The dynamics of sulfonated polystyrene ionomers were investigated by using broadband dielectric
relaxation spectroscopy. Dynamic mechanical analysis, Fourier transform infrared spectroscopy, differential
scanning calorimetry, and small-angle X-ray scattering were employed in a complementary role. Sulfonated
polystyrene ionomers were prepared from the precursor sulfonic acid polystyrene, having 1 and 7 mol % sulfonic
acid, by exchanging the protons of the acid functionality with Na, Cs, and Zn cations. Three dielectric relaxations
were observed above the glass transition temperature: the segmentadess and relaxations associated with
Maxwell-Wagner-Sillars interfacial polarization and electrode polarization. The low-frequency broadening of
the a transition is related to constraints imposed by the ionic aggregates. A relaxation in the glassy state was
observed for the precursor sulfonic acid polystyrene and ionomers and attributed to the local motion of sulfonated
phenyl groups. The relaxation strengths of thprocesses of the ionomers were suppressed by interaction with
the cations that create physical cross-links, and the relaxation times decreased with increasing strength of the
electrostatic interaction of the ion pairs.

1. Introduction 2. Experimental Section

lonomers are nominally random copolymers that consist of  2.1. Materials and Sample Preparation. Neutralization of
a hydrocarbon backbone and a relatively small fraction (ca. Sulfonated Polystyrene The precursor sulfonic acid polystyrenes
<~10%) of pendent groups with acid functionality, neutralized (SPS-H). having 1 and 7 mol % sulfonic acid functionality, were
partially or completely with cations? They are high-perfor- ~ Prépared as described in a previous %fpﬁeutrahzatlon was
mance materials that display marked improvement over the acidaccompllshed as described in the literattir@he acid form of the

. . appropriate SPS copolymer was dissolved in chloroform. A
form of the parent copolymers in electrolytic transport and easyred amount of sodium hydroxide, zinc acetate, or cesium

physical properties, such as conductivity, modulus, adhesive hygroxide was dissolved in methanol/water (2:1) and added to the
strength, and impact strength. Enhancements in mechanicalsSps-H solution with stirring fo5 h at 60°C under flowing N
properties result primarily from the aggregation of ionic species gas. The neutralized sulfonated polystyrenes (SPS-M) were pre-
into clusters, which serve as physical cross-lifiks. cipitated with ethanol, followed by washing with hot water and

During the past 30 years there have been a number of studiegnethanol, filtered, and dried under vacuum at 10Gor 48 h before
of ionomer morphology by techniques such as small-angle X-ray sample preparation.

scattering (SAXS¥, 14 fransmission electron microscopy ~_ Degree of Neutralization Degrees of neutralization were
TEM) 1418 and d S hanical lysis (DMRY-22 estimated by measuring the remaining acid content of the materials
( ), and dynamic mechanical analysis (. e via a titration method, as described in our previous papere
However, there have been few systematic investigations of the percent neutralization is presented in Table 1. The degrees of

dynamic relaxation behavior of amorphous ionomers using neutralization of all ionomers are ca90%. Sulfonation levels of
dielectric relaxation spectroscopy (DRS) and none on sulfonatedthe two SPS-H studied were 1.1 and 6.8 mol he unneutralized
polystyrene (SPS) ionomers that we are aware of. DRS is SPS are referred to as SPS1H and SPS7H, respectively, and the
powerful tool for understanding the influence of ions on neutralized versions of these polymers are referred to as SPS1Na,
segmental and local motions as well as aggregate dynamicsSPS7Na, SPS7Cs, and SPS7Zn.

We have chosen SPS ionomers as a model system since there Water Content. The water content of the SPS ionomers was

is no crystallinity, and neat polystyrene (PS) provides a relatively measured using a coulometric Karl Fischer titration method
dielectrically inactive background signal for more ready iden- (KF tiration). Hydranal CG and Hydranal A were used as catho-

tification of the dynamics of the sulfonated groups. In a recent lyte and anolyte reagenisThe water content of all SPS ionomers,
y groups. before and after DRS experiments, was found to be less than

paper, we reported an analysis of the dielectric relaxation 5 3\t o5

behgvior of the precursor SPS copollymers in aciq form. 55 Experimental Methods. Sample films of 0.£0.3 mm
Particularly noteworthy was the observation ofceirrelaxation, thickness were prepared by solution casting from dimethylforma-
arising from the association and dissociation of hydrogen bbnds. mide (DMF), for DSC, DMA, and DRS characterization. To
In the current paper, we investigate the dynamics of SPS facilitate solvent and water removal, films were heated to 420
ionomers, neutralized with NaCs', and Zi#* using broadband ~ under vacuum for at least 24 h.

DRS. The findings are interpreted with the assistance of Differential Scanning Calorimetry. Glass transition tempera-
complementary Fourier transform infrared (FTIR) spectroscopy, tures {g) were determined using a TA Q-100 DSC. Temperature

differential scanning calorimetry (DSC), SAXS, and DMA and transition enthalpy were calibrated using an indium standard.
experiments. ’ ' The samples were in film form and weighed from 8 to 10 mg.

Samples were first heated from 20 to 14D at a heating rate of
10°C/min, held for 5 min, and then cooled at #0/min to 20°C.
* Corresponding author. E-mail: runt@matse.psu.edu. After holding for 3 min, samples were reheated to 2&at a
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Table 1. Sulfonation Levels, Degree of Neutralization, and’gs of -sozm* -S03'M*
SPS-H and SPS-M Asym Sym
sulfonation degree of ¢ ¢ (o)-803 (c)S03M
sample level (mol %) neutralization (%) Ty (°C) * ¢
SPS7H 6.8 0 110
SPS1H 11 0 106
SPS1Na 11 90 106 SPS7Na
SPS7Na 6.8 86 116
SPS7Cs 6.8 86 117
SPS7Zn 6.8 89 115
PS7Cs
heating rate of 10C/min. Results shown in this paper are taken
from the last step.
SPS7Zn

Fourier Transform Infrared Spectroscopy. Infrared spectra
were acquired using a Bio-Rad FTS-6 spectrometer, signal averag-
ing 128 scans at a resolution of 2 thh Sample solutions were SPSTH
deposited to KBr windows, and the solvent evaporated at room
temperature, followed by gradually heating to 120 and then
maintaining at 120C under vacuum for 24 h.

Dynamic Mechanical Analysis.Dynamic mechanical properties Wavenumber {cm"}
in tensile mode were performed using a TA Q-800 DMA, at Figyre 1. FTIR spectra of SPS7H, SPS7Na, SPS7Cs, and SPS7Zn.
frequency of 1 Hz and a heating rate of&/min. The storageH)
and loss modulif'") were determined as a function of temperature ~ Table 2. FTIR Absorption Peaks and Assignments of SPS-£#27

1300 1200 1100 1000

(from 50 up to 300°C) for rectangular films (18 mm by 5 mm by Absorbance band SPS1Na _SPS7Na SPS7Cs _SPS7Zn
0.1-0.3 mm).

Small-Angle X-ray Scattering. SAXS profiles were collected LN
using a two-dimensional detector, and the scattering vector was soM", sym Ry 0)”"*‘ 1040 1042 1033 1039
calibrated with silver behenate. A parallel ionization detector was ©
placed in front of the samples to record the incident and transmitted I
intensities. The sample-to-detector distance was 1.5 m. Data weresoM*, asym _ o> f_ 1226 1225 1220 1221
acquired fo 2 h and azimuthally averaged to yield a one- Yo/ N 199 1199 1199 1193

dimensional profile of intensity(q) vs scattering vectoq (q =
(47/4) sin 6, where 4 is the X-ray wavelength an@6 is the
scattering angle).

Broadband Dielectric Relaxation Spectroscopy.Dielectric ) ) ) ) .
relaxation spectra were collected isothermally using a Novocontrol antisymmetric stretching vibratici:?*Our results show a small
GmbH Concept 40 broadband dielectric spectrometer in the difference in splitting, which leads to estimates of the electro-
frequency domain from 0.01 Hz to 1 MHz in the range-220 static interaction strength of the ion pairs in the serie$™zZn
°C. Temperature stability was controlled withir0.2 °C. Sample Na" > Cs.26
films were sputtered with gold, covered by silver sheets, and tightly 3.3, DMA. Figure 2 displays storage and loss moduli as a
sandwiched between electrodes of 2 cm diameter. function of temperature for the SPS ionomers, compared with
to the behavior of SPS7H. Results from DMA are not compared
directly to those from dielectric measurements since the DMA

3.1. DSC.A single glass transitiorilg) was observed for all ~ frequency window is relatively small (0.61.00 Hz), and
SPS ionomers. A second higher temperature transition is nottemperature scans are typical and were employed here. DMA
detected (however, see discussion of DMA results to follow). is used in the current work to assist in assigning DRS relaxation
This is not surprising since similar behavior has been reported processes (see section 3.5).
by many other group¥:19222425The Ty of SPS7Na is higher All ionomers exhibit a rubbery plateau (Figure 2a) above the
than SPS1Na due to the higher degree of sulfonation (Table 1).temperature of the. process, as expected for systems in which
Tgs of the SPS7-M ionomers are slightly higher than SPS7H ionic clusters provide physical cross-links. The plateau moduli
resulting from physical cross-linking, and no effect of counterion of SPS7Na and SPS7Cs are higher than SPS7Zn, indicating that
type onTy was observed at the same sulfonation |&$&f.24.25 the distance between physical cross-links increases for divalent

3.2. FTIR. Figure 1 displays FTIR spectra of SPS7H and cationg® and the lower ionic strength of Naand Cg.22 The
the corresponding ionomers between 950 and 1300 cfihe rubbery plateau of SPS7Zn is slightly longer than SPS7Na and
arrows denote the positions of the bands associated withconsiderably longer than SPS7&sThis is consistent with the
sulfonated species in proximity to the cations. The band relative strengths of ion pairs in the ionic aggregates of"Zn
assignments are provided in Tabl&%27 As seen in Figure 1, > Na" > Cs"2.22 and in keeping with the FTIR results
the doublet at~1200 cnt! and the absorption at 1042 cin discussed above. Loss modulus spectra (Figure 2b) clearly show
are attributed to the antisymmetric and symmetric stretching two transitions for all SPS ionomers. In contrast, no transition
vibration of the S-O bond of the-=SO;"M ™, respectively. The at temperatures above the mechanicaklaxation, associated
bands at 1128 and 1011 chresult from the in-plane skeletal — with segmental motion, was observed for SPS7Fhe high-
vibration of benzene rings substituted by SCGand SQM, temperature transitions have been proposed to arise from
respectively?®2” The splitting of the antisymmetric stretching segmental motions under constraint from ionic aggregates and
vibration is due to either cations polarizing the anion asym- have been referred to as relaxations:19-22 The approximate
metrically or cations located on a single oxygen atom (see Table magnitudes of thew, relaxations of SPS7Na and SPS7Cs are
2)2827Furthermore, the FTIR spectra permit an estimate of the higher than that of SPS7Zn, and it has been proposed that chain
energy of ion pairs; the greater the strength of the electrostatic segments attached to ionic clusters in SPS7Na and SPS7Cs are
interaction of a given ion pair, the larger the splitting of less restricted than those in SPSZZn.

S0, 1128 1128 1127 1128
SO;M 1012 1011 1011 1011

3. Results and Discussion
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8 SPS, and the SPS ionomers were obtained by fitting the
= isothermal dielectric losg"(f) curves with the Havriliak
Negami (HN) functior? together with a contribution to the loss
SPS7Zn from dc conductivity when appropriate:
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Figure 3. SAXS profile of SPS7Zn measured at room temperature. (e w)s
Inset: SAXS profile for PS, SPS1Na, SPS7Na, and SPS7Cs at room 0
temperature. Ae
> —— - (D
3.4. SAXS.It has been demonstrated in previous SAXS [1+ (i)

studies of ionomers that the resulting scattering (phase-separated

morphology) depends strongly on the method of sample where e*, €', and¢” are the complex, real, and imaginary

preparation and thermal histoty11214Ve observe an “ionomer ~ components of the dielectric permittivity, respectively; the

scattering peak” for SPS7Zn gt= 0.04 At (Figure 3), which relaxation strengthAe, = e, — €5, Wheree., and e are the

is attributed to the presence of ionic aggregates in the PSdielectric constants at limiting high and low frequencies,

matrix>6 The mean interdomain spacing for SPS7Zn prepared respectivelypg is the dc conductivity (S/cm)p is the angular

in this way is~15 nm4 However, no such scattering peak was frequency;tyy is the characteristic relaxation time; andand

observed for SPS7Cs, SPS7Na, or SPS1Na, although then are relaxation shape parameters, indicative of the breadth of

scattering at very small angles is much greater than that of neatthe relaxation and peak asymmetry, respectively. The exponent

PS (see the inset in Figure BY.13[The upturn in the scattering s in the dc conduction contribution (i.e., the second term on

of PS belowq ~ 0.02 is due to spillover from the beamstop, the right-hand side of eq 1) characterizes the nature of the

which also seen with no sample in the holder.] Similar results conduction process. See for example Figure 4, which shows

have been reported previously, and it has been proposed thatlielectric loss spectra of SPS7Zn, after subtraction of conduction

the small-angle upturn is associated with long-range inhomo- losses, at several temperatures. The segmental relaxation times

geneity of the metal ion8:"13 Some earlier investigations of  (zmay Of all samples follow a VogetFulcher-Tammann (VFT)

Cs and Na forms of SPS ionoméfseported SAXS “ionomer  form3! as expected (see Figure 5). The VFT expression is

peaks” atq ~ 0.17-0.18 A%, but due to the higher angular

detector limit of our SAXS experiments, we were unable to T =1.ex B )

. . _ L. 0

interrogate the scattering above 0.15AIn addition, only T-T,

amorphous halos were observed for all samples by wide-angle

X-ray diffraction (WAXD) although the angular range of the wherez, andB are constants is sometimes associated with

WAXD experiments did not overlap with that of SAXS. vibration lifetimes, B is related to the apparent activation
3.5. DRS. Segmentatx Process.The segmental relaxation  energy32 and Ty is the Vogel temperature, below which

times and dielectric relaxation strengths of PS, unneutralized segments become immobile. Fitting the VFT expression to the



994 Atorngitjawat and Runt

ALT, +35°C

0.8
£ g 0.6
R
W 0.4
o —u—SPSTH
—o—SPS7Na
0.21, 4~ SPS7Cs
—v—SPS7Zn
0.0 2 ] 0 pe] 2
10 10 10 10 10
fif
max

Figure 6. Normalized (bye''max and fmay) dielectric o processes of
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Figure 7. Dielectric spectrum of SPS7Zn & + 80 °C: (a) the
dielectric losse" (open symbols) compared with the calculat&dx
(filled symbols) spectrum and (b) the dielectric constergpectrum.

data for the SPS ionomers (using a constant 10-14s) yields
values ofB between 0.19 and 0.29 eV afid between 12 and
35°C. Similar to our earlier results on the influence of hydrogen
bonding on the segmental dynamics of SPS7H, the intermo-
lecular cooperativity of SPS ionomers is not significantly
affected by the physical cross-linking imparted by the ion
clusters?

A comparison of the dielectriax (a1) processes of the

ionomers and unneutralized SPSTgtt+ 35 °C is displayed in
Figure 6. The slight broadening at low frequencies for SPS7Zn

and SPS7Na is likely due to constraints associated with the ionic
aggregates. The high-frequency broadening of SPS7Cs, anddielectric constant’

particularly SPS7Na, arises from overlap with local processes.
While the dielectrica relaxation strengthsie(a), of SPS7H
and the ionomers change insignificantly over the temperature
range investigatedie(a) at Tg + 80 °C varies significantly
between materials: the strength of theprocess for SPS7H
(0.71) is significantly higher than that of SPS7Zn (0.49),
SPS7Na (0.44), and SPS7Cs (0.38(a)[SPS7H] contains a
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Figure 10. Relaxation times of thewuws process as a function of
temperature for SPS7Na, SPS7Cs, and SPS7Zn.

cannot be observed in dielectric spectra, even in the Kramers
Kronig transformed spectra discussed below, since they are
overwhelmed by the contribution of electrode polarization to
€" ande¢' at temperatures of 200C and above.

The dielectric losg" was also obtained by transforming the
via a numerical version of the Kramers
Kronig (KK) transform (eq 3) and is symbolized a&:33

w
- 2da)
w° — g

®3)

n — 00 2 00,
€ KK(wo)—?wo‘l‘;[fO €'(w)

wheree, refers to the vacuum permittivity anab is the angular

contribution from the polar acid groups, and although there is frequency of the electric field. This numerical technique provides
a small quantity of unneutralized acid remaining in the ionomers the advantage of suppressing ohmic conduction since it is
and likely some neutralized species remaining in the matrix removed by the KK transfor# The KK transform used here
phase, clustering occurs and inhibits movement of some utilizes an eight-point numerical method and the coefficients
segments in or near clusters. Such segments presumably relaxleveloped by Steeman and van Turnh¥this is particularly

at much higher temperatures, i.e., are associated with thehelpful for identifying dipole relaxations in regions of dielectric
mechanicab,, process. As noted below, processes were only  loss spectra having high conduction losses. For exanafle,
observed in DMA experiments, not dielectric. Tiogprocesses €''kk, ande' spectra of SPS7Zn &y + 80 °C are compared in
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Table 3. Dielectric Relaxation Strength of thea., amws, and aep = SPSTH o SPS1Na_4_ SPS7Na
Processes and the Activation Energy of thew Process atTy + 80 °C 4| —® SPSTCs—v—SPS7Zn
for SPS7M 107 adddag,
L Ay geeettetteg,, |
A
sample Ae(ar) Ae(amws) Ae(oep) E4(a) [kI/mol] . e .._..-. -::':' S
SPS7Na 0.44 1.85 10.5 184 £ ry ",
SPS7Cs 0.33 1.32 5.3 189 1072 “oos_metlv, .
SPS7Zn 0.49 0.95 67 191 00000, Tx A,
" A
Table 4. Dielectric Relaxation Strength, Relaxation Shape """'vw". )
Parameters, and Activation Energy of thef Relaxations at 60°C of 10° At 60°C M
SPS-H and SPS-M 10% 10" 10° 10" 10° 10° 10° 10°
sample Ae(B) mn E(B) [kd/mol] Frequency (Hz)
SPS7H 0.55 0.18 69 Figure 11. Dielectric loss spectra for SPS7H, SPS1Na, SPS7Na,
SPS7Na 0.34 0.55 76 SPS7Cs, and SPS7Zn at 80.
SPS7Cs 0.41 0.23 35
SPS7Zn 0.26 0.82 34 10"
= SPSTH 4 SPS7Na
) o 1 e SPS7Cs v SPS7Zn
Figure 7 (SPS7Cs, SPS7Na, and SPS1Na are similar and not —
shown). We clearly observe two additional relaxation processes "o 10*] e
at temperatures above the dielectic relaxation for all 8 R e N,
ionomers, as demonstrated in Figure 8. Their proposed origin I
is described below. 10'] N
oep Process The high loss and dielectric constant associated : T
with the highest temperaturdow frequency process clearly I S S
identifies it as originating from electrode polarization (EP), 107 . : .
which arises from the accumulation of mobile ions at electrode 2628 30 32 34
interfaces (see Figure 7, for SPS72#5. Because of the 1000/T(10°K")
relatively highTgs of the SPS ionomeragp was only observed Figure 12. Temperature dependence of the relaxation times fogthe
in a temperature range from 190 to 220. processes of SPS7H, SPS7Na, SPS7Cs, and SPS7Zn. The dotted line

amws Process This process is located between the dielectric "€Presents an Arrhenius fit.

o and agp processes, and it might at first seem reasonable to water (reaching~2% water content), the relaxation time and
assign it to motions analogous to the DMdy relaxation. strength of thg8 process remained unchanged. A new relaxation
However the DMAa, process is observed at a much higher did appear at lower frequencies in this temperature range but
temperature (5670 °C higher) at the same frequency (see the disappeared upon heating above 20
isochronal plot in Figure 9, for example). As noted earlier, there ~ Therefore, we assigned tifeprocess to the motion of the
is a very small amount<0.3 wt %) of residual water in the  sulfonated phenyl groups in the glassy staB?S1Na exhibits
samples, presumably in “bound” form, but there is no evidence a very weakj relaxation due to the small amount of sulfonation
in the literature for a relaxation for bound water in the frequency (1 mol %). The § relaxation strengthsAe(B), the shape
range of our measurements. Therefore, since many previousparameters, and the activation energies of SPS7Na, SPS7Cs,
findings as well as those in the present paper support the two-SPS7Zn, and SPS7H, are displayed in Tablée$3) decreases
phase nature of SPS ionomers, we propose that this process i#1 the order SPS7H> SPS7Cs> SPS7Na> SPS7Zn,
a manifestation of MaxwetWagner-Sillars (MWS) interfacial ~ suggesting that this local motion is suppressed in the ionomers
polarization, which arises in multiphase systems in which the by interaction with the cations that create the physical cross-
phases have different dielectric constants and conductidities. links. Furthermore, the relaxation times of fherocess decrease
The dielectric relaxation strengths of the awws, andagp as SPS7H- SPS7Cs> SPS7Na> SPS7Zn, as seen in Figure
processes and the activation energy of the segmental process at2. The sequence of decreasing relaxation strengths and times
Ty + 80°C are provided in Table 3. From eq 2, the apparent  follows the increased electrostatic interaction energy of the ion
activation energy is obtained &pdT) = B/(1 — To/T)2.32 E, pairs. The activation energies shown in Table 4 do not follow
for amws (~100 kJ/mol) andep are not included in Table 3  a trend based on ionic strengths.
because they are not physically meaningful. The MWS relax-
ation times for SPS7Zn exhibit a non-Arrhenius temperature 4- Summary
dependence, as shown in Figure 10, but the form of the The single glass transitions of SPS ionomers were observed
temperature dependence for SPS7Na and SPS7Cs is uncertaito increase slightly from that of unneutralized SPS due to
due to the relative lack of data points. Thgws relaxation physical cross-links created by ionic aggregates. FTIR and DMA
times for SPS1Na are not shown since the strength aiiihes results demonstrated qualitatively similar trends with the strength
process is quite small for this material (consistent with its of the electrostatic interaction of the ion pairs in ionomers. The
assignment as an MWS process), and at some temperatures ibnomers also exhibited a rubbery plateau in DMA experiments
overlaps with the segmental process. Finally, although in and a second transition above the mechariceglaxation for
principle one can use the characteristics of the observed MWSall SPS ionomers, attributed to segmental motion under relatively
processes to extract information about the nature of the phasesevere constraint from the physical cross-links. The mean
separated clusters, the MWS models needed to do so have todnterdomain spacing for SPS7Zn observed from SAXS was
many unknown parameters to make this a worthwhile exercise. nm. The large upturn in scattering intensity at small angles for
Local f Relaxations. Unlike neat PS, SPS7H and its Na, the ionomers has been proposed previously to be associated with
Cs, and Zn ionomers exhibit relatively wedgk relaxations the long-range inhomogeneity of the metal ions.
(Figure 11). This process is not associated with residual water The dielectric spectra of the SPS ionomers revealed four
as we pointed out in ref 3. Even when samples were soaked inrelaxation processes. Three of these are observed above the glass
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transition temperature and attributed to the segmental relaxation(11) Li, Y.; Peiffer, D. G.; Chu, BMacromoleculesi993 26, 4006.

(o) and processes arising from MaxweWagner-Sillars 12) Saf",:ﬂbao;b fﬁofécﬁfgé'gg?‘% 3%:9 foberstein, J.T.; Sen, A.; Weiss,
interfacial polarization and electrode polarization. The relaxation (13 wu, p. Q.; Phillips, J. C.; Lundberg, R. D.; Macknight, W. J.; Chu,

strength of the segmental process of the SPS ionomers was B. Macromolecule989 22, 992.
found to be significantly lower than SPS7H due to the reduction (14) Bata, A;; Cohen, C.; Kim, H.; Winey, K. I.; Ando, N.; Gruner, S. M.

in polar acid species and constraints imparted by physical cross-; 5, “ﬂa‘g?gﬂgﬁgﬁgéié%ggsg; S. Polymer1989 30, 1227,

links. (16) Handlin, D. L.; MacKnight, W. J.; Thomas, E. Macromolecules
A local dielectric process was observed for SPS and the 1981 14, 795.

ionomers and assigned to the motion of sulfonated phenyl 17) Sri]r)'fsmgggi’ ?'?é Z-;;Neiss' R. A Winey, K. I Polym. Sci., Polym.
groups. The reduction in relaxation strength and slowing down (1g) Han, S. I: Kang, S. W.; Kim, B. S.; Im, S. 8dv. Funct. Mater.

of the 8 process demonstrated the effect of physical cross-links 2005 15, 367.

on decreasing the mobility of the sulfonated phenyl groups. ~ (19) nl)(;ifs' R. A Fitzgerald, J. J.; Kim, DMacromoleculesl99], 24,

. . 20) Eisenberg, A.; Navratil, MMacromoleculesl973 6, 604.
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