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ABSTRACT: Based on polyoxyethylated amines (Mn Å 600, 1,200) derived from n -butyl
amine and ethylene oxide, 4,4 *-diphenylmethane diisocyanate, and different chain ex-
tenders, two series of polyether–polyurethane (PU) ionomers with reasonable mechani-
cal properties were synthesized. Chain-extended by 1,4-butanediol and subsequently
reacted with 1,3-propane sultone, PU elastomers can be conveniently converted to PU
zwitterionomers whose ions are located in polyether soft segments. Chain-extended
by N-methyl diethanolamine or sodium-S-1,2-dihydroxypropyl sulfonate along with
ionization by 1,3-propane sultone, PU ionomers with ions incorporated into both hard
and soft domains can be prepared. Physical properties were studied by means of Fourier
transform infrared spectra, differential scanning calorimetry, and uniaxial stress–
strain testing. Complex impedance spectra were also measured to estimate solid-state
ionic conductivity. The results show that ionization of both hard and soft segments
induced a much decreased glass transition temperature and brought higher ionic con-
ductivity at room temperature. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 2179–
2185, 1998

Key words: polyoxyethylated amine (NPEO); polyurethane ionomer; zwitter-
ionomer; solid state ionic conductivity; single ion transport mechanism

INTRODUCTION in many areas, relatively little synthetic work has
been done in this fast-growing field. This labora-
tory,7 Cooper and associates,8–15 and Xu andBecause of their excellent mechanical properties,
Yang,3 have made great efforts to explore variouspolyurethane (PU)-segmented copolymers are
ways of synthesizing and characterizing PU iono-an important class of thermoplastic elastomers
mers. Different kinds of samples, including zwit-which consist of hard-segment-rich and soft-seg-
terionomers and sulfonated and carboxylatedment-rich domains.1,2 Due to specific properties
anionomers were synthesized. However, gener-of PEO, such as ready solubility in water and a
ally speaking, most of the ionization took place innumber of organic solvents, chain flexibility and
hard domains (in urethane groups or chain exten-mobility, and strong tendency of association com-
ders) because of the advantage that ions could beplex formation with neutral salts, polyethylene
much more conveniently introduced there than inoxide (PEO) PU performs an important role as a
polyether soft segments. Recently, we have re-very promising functional polymer for biomateri-
ported the synthesis of a series of sulfonated PUals, solid state ionic conductor, and so on.3–6

anionomers with ions located in the polyetherDespite the increasing interest in PU ionomers
(PTMO or PEO) soft segments by means of trans-
esterification with sodium salt of dimethyl 5-sul-Correspondence to: X. Yu.
foisophthalate. Some interesting properties haveJournal of Applied Polymer Science, Vol. 67, 2179–2185 (1998)

q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/132179-07 been found in such PUs.7 Because tertiary amine

2179

8e20 5051/ 8e20$$5051 01-20-98 19:31:57 polaa W: Poly Applied



2180 WEI, HE, AND YU

Figure 1 Chemical structures of NPEO PU zwitterionomer. Note that the structure
of MM-NPEO600-Z is taken as an example.

presents an ideal ionization site to prepare cat- tively coupled plasma (found Na: 12.50%; calculated
Na: 12.91%) before use.ionomers, anionomers, quaternary ammonium

sulfonate zwitterionomers,10 and carboxybetaine
compounds,16 and because tertiary amine also

Preparation of NPEOssupplies a sufficient catalyst for PU synthesis,5

polyoxyethylated amines (NPEOs) were prepared A typical polymerization run is described as fol-
and utilized in this work as polyether soft seg- lows.4,5 A 2-L autoclave designed to stand 7.2 MPa
ments to synthesize PU elastomers. In this inves- was evacuated and purged with nitrogen twice,
tigation, ionization of the polyether soft segments then the reactor was charged with a 500-g mix-
was accomplished by quaternization of NPEOs ture of n -butyl amine and EO quantitatively. No
with 1,3-propane sultone. Hard domains were ion- additional catalyst such as caustic was used since
ized according to the methods reported by Miller the basic nature of n -butyl amine provided suffi-
and colleagues10 and Chui and coworkers.17 The cient catalyst.5 The mixture was then stirred and
purposes of this investigation were to present an- the reaction temperature and pressure were grad-
other option for preparing ionized-polyether PU ually raised to the working range of 60–807C at
and to study the effects of ion incorporation and 0.8–1.2 MPa. During reaction, the temperature
ionization site on morphology and solid-state ionic was carefully controlled to ensure that the pres-
conductivity. sure in the reaction kettle was never allowed to

exceed the working range. The reaction continued
steadily for 2–2.5 h. At the end of the run, the
pressure in the reactor dropped to 0–0.1 MPaEXPERIMENTAL
while the temperature increased to 1107C. To en-
sure a complete reaction, the mixture was kept at

Materials 1107C for another 30 min. The product was then
cooled to 807C and discharged. The yield is quanti-4,4 *-Diphenylmethane diisocyanate (MDI) was
tative (yieldú 96%). The main cause of the color-degassed and purified by vacuum distillation.
ing of polyoxyethylated alkylamines is the reac-PEO (Mn Å 600) was dried at 707C in a vacuum
tion of acetaldehyde contained in EO, such as itsoven for 24 h. N,N *-Dimethylacetamide (DMA)
polymerization and decomposition.18 The color-and dimethyl sulfoxide were dried with molecular
ing can be depressed with the addition ofsieves and purified by distillation.
primary amines.18 Since n -butylamine was usedEthylene oxide (EO), n -butylamine (98%), N-
in this work, the produced NPEOs were lightermethyl diethanolamine (MDEA) (Fluka Chemie
colored and no decolorization was necessary.18

AG, Switzerland), 1,4-butanediol (BD) (99%, Ald-
The NPEOs were dried at 607C in a vacuum ovenrich Chemical Co., U.S.A.) , 1,3-propane sultone
for 24 h before use.(97%, Aldrich Chemical Co., U.S.A.) , toluene,

methanol, petroleum ether (boiling point, 60–
907C), and stannous octoate catalyst were used Preparation of PUs and PU Ionomers
as received.

Sodium-S-1,2-dihydroxypropyl sulfonate (SDPS), Based on MDI and PEO (Mn Å 600) and chain-
extended by BD, MDEA, or SDPS, respectively, awhich was used as an ionized chain-extender in this

experiment, was prepared and purified according to series of PUs were synthesized using a typical
two-step polymerization method.2the literature reported by Chui and colleagues17

(yield Å 65–70%). The purity of SDPS was charac- Based on MDI and NPEOs (Mn Å 600, 1,200),
another series of PU samples were prepared ac-terized by both elemental analysis (found C: 20.94%,

H: 3.95%; calculated C: 20.23%, H: 3.96%) and induc- cording to a so-called ‘‘one-shot’’ procedure,2 which
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Table I The Synthesized Polyurethanes

Molar Ratio

Polyethers
Chain Extenders

Sample PEO60 NPEO60 NPEO120 1,3-Propane
Designation MDI 0 0 0 BD MDEA SDPS Sultone

MB-PEO600 2 1 1
MB-NPEO600 2 1 1
MB-NPEO600-Z 2 1 1 1
MM-PEO600-Z 2 1 1 1
MM-NPEO600-Z 2 1 1 2
MBS-NPEO600 2 1 0.368 0.632
MBS-NPEO600-Z 2 1 0.368 0.632 1
MS-NPEO1200 2.35 1 1.35
MS-NPEO1200-Z 2.35 1 1.35 1

meant the DMA solution of MDI was added drop- methods. One of the methods for analysis involved
the reaction in pyridine of phthalic anhydridewise to the DMA solution of NPEOs and chain-

extenders. with the end groups. The system was then titrated
with sodium hydroxide to the phenolphthaleinAll of the PUs based on NPEOs or chain-ex-

tended by MDEA can be quaternized by subse- end point.4 Vapor phase osmometry (VPO) was
also used to reaffirm the results, which was oper-quently reacting with 1,3-propane sultone. As a

result, PU zwitterionomers could be expected. ated in a Knauer vapor phase osmometer at 457C
in a solution of toluene.All the synthesized samples were recovered by

precipitation in a 50/50 mixture of toluene and The effect of heating on solubility was studied
in a 1% aqueous solution from room temperaturepetroleum ether and washed several times in

fresh toluene. The products were then extracted (257C) to 1007C at a heating rate of 107C/min.5

Fourier transform infrared (FTIR) spectra wereby methanol in a Soxhlet apparatus for 72 h. To
prepare samples for further testing, the polymers recorded on a Nicolet FTIR-170 SX at a resolution

of 2 cm01 . Samples for infrared studies were pre-were dissolved in DMA at 10 wt % and cast on a
Teflon plate at 607C to achieve transparent films. pared by solution-casting on a NaCl plate and dry-

ing at 607C in a vacuum oven for 24 h.The films were kept under vacuum at 607C for 48
h to remove residual solvent, and were stored at Differential scanning calorimetry (DSC) thermo-

grams were recorded at a heating rate of 20 K/minroom temperature in a vacuum desiccator. The
chemical structure is shown in Figure 1. The com- from 120 to 480 K using a Perkin-Elmer DSC-2

equipped with a data-processing unit. The data-pro-positions and designations of the synthesized
samples are listed in Table I. The nomenclature cessing unit allows automatic substract and nor-

malization of the thermograms for sample weight.used in this paper describes the chemical struc-
ture of the polymer chain. As an example, the Uniaxial stress–strain testing was performed

at room temperature (257C) using a Shimadzudesignation ‘‘MBS-NPEO600-Z’’ is interpreted as
follows: The first group of letters defines the hard
segment as ‘‘MBS,’’ MDI chain-extended with BD

Table II The Synthesized Polyoxyethylatedand SDPS. The second group of letters indicates
Amines (NPEOs)that the polyether soft segment is NPEO600. The

subsequent ‘‘Z’’ means that this sample has been
Mnconverted to its analogous zwitterionomer by re- Effect of

acting with 1,3-propane sultone. End-Group Yield Heating on
Amine Analysis VPO (%) Solubility

Characterization
NPEO600 573 613 96 Clear at bpThe number-average molecular weights (Mn ) of
NPEO1200 1,246 1,288 98 Clear at bpNPEOs were determined by two conventional
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listed in Table II. It can be noted that the results
of end-group analysis and VPO were comparable
and the yield was satisfactory, indicating that the
polymerization was successful and quantitative.
It can also be noted that no turbidity point was
observed upon two NPEOs until boiling point,
demonstrating that the produced polyethers did
not tend to associate with each other at higher
temperature, thus providing suitable intermedi-
ate materials for the synthesis of PU elastomers.

Synthesis of NPEO PUs

When applying NPEOs (Mn Å 600, 1,200) as poly-
ether soft segments to synthesize PU elastomers
in a typical two-step method,2 abruptly increased
viscosity or even gel formation was frequently ob-
served at about 607C. This is an unusual phenom-
enon and is definitely not beneficial to the prepa-
ration of linear PU elastomers. In such a two-step
preparation process, a DMA solution of NPEOFigure 2 FTIR spectra of PU and PU ionomers.
was dropped to the solution of MDI in the first
step. The added NPEO should react with MDI to
produce urethane groups. But at the same time itAG-100KNE testing machine with a crosshead
might also catalyze the reaction between the ex-speed of 50 mm/min. The typical film thickness
cess isocyanate groups and the produced urethanewas about 0.5 mm. For each sample, three dumb-
groups, thus resulting in a crosslinked allopha-bell-shaped testing samples were cut from the film
nate structure.2 However, when a one-shot proce-using an ASTM D1708 die. The reported values
dure was used, a DMA solution of MDI wasare the averaged results.
dropped slowly to the DMA solution of NPEO andFilms for conductivity measurements were cut
chain-extenders. The excess hydroxyl groups andto a required size and then painted with conduc-
the tertiary amine in NPEO guaranteed that thetive Ag paste at both sides to form two Ag elec-
added MDI reacted with hydroxyl groups quicklytrodes (diameter 1.0 cm). The typical film thick-
and thoroughly and no residual MDI could be re-ness was about 0.5 mm. The painted films were
mained, ensuring no gel formation at reactingdried at 607C in a vacuum oven for 24 h before
temperatures and successful synthesis of linearmeasurement. Solid-state ionic conductivity mea-
PU elastomers.surements with alternating current were carried

out with a 378 Electrochemical Impedance Sys-
tem (EG & G Princeton Applied Research, U.S.A.)
interfaced with an IBM XT computer in the fre-
quency range from 5 to 105 Hz. The cell was kept
in a temperature-controlled dry box and the con-
ductivity was measured at each temperature after
equilibration for 30 min.3

RESULTS AND DISCUSSION

Properties of the Synthesized NPEOs

The nomenclature of the produced NPEOs, the
Mn measured by means of end-group analysis and

Figure 3 DSC traces of PU and PU ionomers.VPO, and the effect of heating on solubility are
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Table III DSC Parameters of Polyurethanes

Sample MB-PEO600 MM-PEO600-Z MB-NPEO600 MB-NPEO600-Z MM-NPEO600-Z

Tg (K) 274.4 274.9 274.3 287.8 258.1
Dcp (cal g01 deg01) 0.122 0.131 0.098 0.137 0.012

Fourier Transform Infrared Spectra enon and we believe much more work should be
done to explore this field in the future. AroundFigure 2 shows the FTIR spectra of PU zwitter- 60–707C all of the samples exhibited an endo-ionomers compared with the nonionized PU. A therm whose magnitude is about the same for allpeak at 1038–1040 cm01 attributable to the sym- the materials. This has been suggested to be as-metric vibration absorption of sulfonate groups cribed to the dissociation of the short-range order-can be clearly detected in all the zwitterionomer ing in hard domains of PUs.10 No evidence of asamples, indicating that sulfonate groups have transition attributable to a hard-phase glass tran-been successfully introduced into the PU zwitter- sition was found in the DSC traces, which is typi-ionomers.14

cal for PUs.13

Differential Scanning Calorimetry
Mechanical Properties

DSC traces are shown in Figure 3. Data obtained
Young’s modulus extracted from the maximumfrom the DSC traces are listed in Table III, where
slope of the data and the results of elongationTg is defined as the midpoint of the transition.
at break from uniaxial stress–strain testing areComparing the results of MB-PEO600 and MM-
summarized in Table IV. Upon ionization of eitherPEO600-Z, it can be concluded that ionization of
hard or soft domains, PU samples exhibited anthe hard domains brought better phase compati-
increased elongation at break and a decreasedbility between hard and soft segments, which is
Young’s modulus, which should be taken as an-typical for PEO PUs3 and is confirmed by the in-
other evidence of better phase compatibility andcreased Tg and the increased magnitude of Dcp ,
which reaffirmed the DSC results. When boththe heat capacity change at the transition.13 Com-
hard and soft segments were ionized, the sampleparing the data of MB-NPEO600 with MB-
MM-NPEO600-Z possessed a much-increasedNPEO600-Z, it can also be observed that ioniza-
Young’s modulus while still exhibiting a reason-tion of polyether soft segments caused better
able elongation at break, supporting the betterphase mixing in a larger degree than ionization
phase-separated morphology suggested by theof hard domains, which is supported by the much-
much-decreased Tg and Dcp values from DSCenhanced values of Tg and Dcp and also consistent
measurements.with the reported literature.7

What is unexpected and much more interesting
is that ionization of both hard and soft segments Complex Impedance Spectra and Solid-State Ionic
induced a sample MM-NPEO600-Z with a compli- Conductivity Measurements
cated domain structure. Both the much-decreased
Tg and the much-decreased Dcp values provided In general, solid ionic conductive polymers char-

acterized by bi-ionic transport mechanism (suchevidence for a better phase-separated morphol-
ogy. However, as shown in Figure 3, the wider as the complexes of PEO–lithium salts) suffered

a significant decrease in ionic conductivity underrange of Tg suggested a better phase-mixing mor-
phology. It is still difficult to explain this phenom- direct current polarization so that more stable

Table IV Mechanical Properties of Polyurethanes

Sample MB-PEO600 MM-PEO600-Z MB-NPEO600-Z MM-NPEO600-Z

Young’s modulus (MPa) 3.68 2.48 2.48 18.5
Elongation at break (%) 160 1000 1150 210
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combination of the PU resistance and the geome-
try capacity of the sample. The low-frequency
sharp slope is caused by the boundary impedance,
which is due to the double-layer capacity of the
electrode and the sample.3,7 There usually exist
two arcs on an impedance spectrum for non-
blocking electrodes coupled with an electrolyte
with two mobile ions.19,20 Since Ag electrodes were
used as ion-blocking electrodes in this work, the
arc at lower frequency disappeared and only one
arc was observed, which suggests that there were
no electrode reactions.3,7

The Z * value at the minimum of0Z 9 on imped-
ance spectra has been recommended to be theFigure 4 Complex impedance spectrum of MS-
best estimation of the sample’s resistance.21 Fig-NPEO1200 at 267C.
ure 5 shows the temperature dependence of ionic
conductivity. It should be noted that in the
whole range of testing temperature the conductiv-polymer electrolytes with single ion transport

mechanism are required.3,7 Until now, most of ity of the samples MBS-NPEO600-Z and MS-
NPEO1200-Z were obviously higher than the con-these sorts of materials are polyblends of ionomer

and polyether or copolymers of ionomer oligomer ductivity of MBS-NPEO600 and MS-NPEO1200,
respectively, which might be attributed to the de-with polyether-low molecular ionomers. Because

they showed either poor mechanical properties or crease of Tg upon ionization of both hard and soft
segments and the increased polarity of the poly-low conductivity, PEO PU ionomers with sodium

sulfonate groups in hard domains were synthe- ether matrix. This result also suggested higher
chain mobility and flexibility brought by the bet-sized in this laboratory and the conductivity of

1006–1005 S/cm was obtained at 70–807C.3 How- ter phase separation, which has been indicated by
the much-decreased Tg and Dcp values from DSCever, the conductivity near room temperature

(257C) was still unsatisfactory (around 1009– tests. It should also be noted that the conductivi-
ties of MS-NPEO1200 and MS-NPEO1200-Z were1008 S/cm).3 Recently, we have reported the syn-

thesis and conductive properties of another kind higher than the conductivities of MBS-NPEO600
and MBS-NPEO600-Z, demonstrating that theof sodium sulfonated PEO PU ionomer with ions

incorporated in soft segments. Relatively higher longer polyether chain supplied higher flexibility
and chain mobility. At room temperature, com-conductivity (1008–1007 S/cm) was achieved at

room temperature.7 However, as PEO PUs are paring with the reported results, the highest ionic
conductivity for ionomers with single ion trans-concerned, it is well known that ionization of ei-

ther hard or soft domains always causes better port mechanism has been achieved (1 1 1007 S/
cm) in the sample MS-NPEO1200-Z.phase mixing,3,7 thus increasing the Tg of PEO

soft segments to a certain degree. This could be
a negative influence of the flexibility and chain
mobility of PEO segments and definitely re-
strained the efforts to improve the ionic conductiv-
ity. In this experiment, lower Tg has been ob-
served when both hard and soft domains were
ionized. As a result, the samples MBS-NPEO600-
Z and MS-NPEO1200-Z with optimized sodium
content for conductivity (Na/ : EO Å 1 : 20) were
synthesized and complex impedance spectra were
measured. The typical complex impedance spec-
trum for the control sample MS-NPEO1200 sand-
wiched between Ag electrodes at 267C is shown in
Figure 4. There are a high-frequency semicircle
arc and a low-frequency sharp slope in the spec- Figure 5 Temperature dependence of ionic conductiv-

ity for PU ionomers.trum. The high-frequency arc results from the

8e20 5051/ 8e20$$5051 01-20-98 19:31:57 polaa W: Poly Applied



POLYURETHANE IONOMERS 2185

5. N. G. Gaylord, High Polymers, Vol. XIII: Poly-CONCLUSIONS
ethers: Part I: Polyalkylene Oxides and Other Poly-
ethers, Interscience Publishers, NY, 1963.1. A novel series of PU ionomers using NPEOs

6. M. Szycher, A. A. Siciliano, and A. M. Reed, Medi-with different molecular weights were syn-
cal Design and Material, February, 18 (1991).

thesized. Their physical properties were char- 7. X. Wei and X. Yu., J. Polym. Sci., Part B: Polym.
acterized by FTIR, DSC, and uniaxial stress– Phys. Ed., 35, 225 (1997).
strain testing. 8. R. A. Register, X. Yu, and S. L. Cooper, Polym.

2. When ions were incorporated in either hard Bull., 22, 565 (1989).
or soft segments, better phase compatibility 9. C. L. Marx, D. F. Caulfield, and S. L. Cooper, Mac-

romolecules, 6, 344 (1973).can be expected. However, once ionizing both
10. J. A. Miller, K. K. S. Hwang, and S. L. Cooper, J.hard and soft domains, the PU ionomer exhib-

Macromol. Sci., Phys., B22 (2), 321 (1983).ited a complicated morphology.
11. Y. S. Ding, R. A. Register, C. Yang, and S. L. Coo-3. The new PU ionomers possess higher ionic

per, Polymer, 30, 1213 (1989).conductivity at room temperature than pre-
12. Y. S. Ding, R. A. Register, C. Yang, and S. L. Coo-

viously synthesized PUs and are character- per, Polymer, 30, 1221 (1989).
ized by a single ion transport mechanism. 13. C. Yang, T. G. Grasel, J. L. Bell, R. A. Register, and

S. L. Cooper, J. Polym. Sci., Part B: Polym. Phys.
We express our appreciation to Chief Engineer Re- Ed., 29, 581 (1991).
ngsheng Pu and Director Xiujing Zhang of Nanjing 14. R. W. Seymour and S. L. Cooper, J. Polym. Sci.,

Polym. Lett. Ed., 9, 689 (1971).Plastics Plant, Jingling Petrochemical Co., for their co-
15. R. W. Seymour and S. L. Cooper, Macromolecules,operation in our preparation of polyoxyethylated amine

6, 48 (1973).polyethers.
16. V. Barboiu, E. Streba, C. Luca, and C. I. Simi-

onescu, J. Polym. Sci., Part A: Polym. Chem. Ed.,
33, 389 (1995).REFERENCES 17. T. Y. T. Chui, P. K. H. Lam, M. H. George, and J. A.
Barrie, Polym. Commun., 29, 317 (1988).

1. J. T. Koberstein and R. S. Stein, J. Polym. Sci., 18. Y. Ohshiro, K. Kishida, and S. Komori, J. Jpn. Oil
Part B: Polym. Phys. Ed., 21, 1439 (1983). Chem. Soc., 14 (3), 131 (1965).

2. Z. S. Petrovic and J. Ferguson, Prog. Polym. Sci., 19. M. Watanabe, S. Nagano, K. Sanui, and N. Ogata,
16, 695 (1991). Solid State Ionics, 28–30, 911 (1988).

3. H. Xu and C. Yang, J. Polym. Sci., Part B: Polym. 20. J. R. Macdonald, J. Chem. Phys., 61, 3977 (1974).
Phys. Ed., 33, 745 (1995). 21. P. Hagenmuller, Solid Electrolytes—General Prin-

4. F. E. Bailey, Jr., and J. V. Koleske, Poly(ethylene ciples, Characterization, Materials, Applications,
Academic Press, NY, 1978.oxide), Academic Press, NY, 1976.

8e20 5051/ 8e20$$5051 01-20-98 19:31:57 polaa W: Poly Applied


