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A convenient alternative to incorporate carboxylate units on urethane nitrogen atoms through polymer modification of a 

neutral polyesterurethane with a cyclic monomer, i.e. maleic anhydride, is proposed. The method yields new 

polyurethane anionomers. Under optimum reaction conditions, polyanions with a degree of substitution corresponding 

to an ionic content of 30 and 80 meq ionic groups / 100 g polymer, respectively, were obtained. These carboxylate 

anionomers were structurally characterized with respect to a low molecular model and the parent precursor. The results 

of a viscometric study of anionomers in extremely dilute solutions indicated a polyelectrolyte behavior from 25° to 

60°C, while at higher concentration the aggregation of ion pairs was noted. 

INTRODUCTION 

Polyurethane ionomers, particularly functionalized anionic polymers, are an important class of block 

copolymers consisting of macromolecules with a small number of ionic groups, usually 1 meq./g or less, 

covalently attached to the non-ionic hydrophobic backbone. The incorporation of repeat units carrying 

pendant carboxylic, sulfonic, phosphonic groups partially or completely neutralized to form internal salts 

results in improved or specific properties of the material as ionic conductivity, dyeability, adhesion, 

biocompatibility, non-linear optical response, shape memory effects, a.s.o.1 These polymers are of great 

interest for practical applications due to their ability to be dispersed in aqueous solutions in the absence of 

any emulsifier, with important advantages in material handling and preparation, air pollution reduction in 

UV curing industries, adhesive and coating materials. The presence of ionic units on a polymer chain can 

also drastically modify the bulk properties of the materials such as the glass transition temperature, the 

mechanical properties, morphology and miscibility with other compounds.2 All these allowed the 

development of water-borne polyurethane formulations of increasing commercial interest. 

Generally, carboxylic groups were introduced in the rigid segments of polyurethane backbone by 

using a chain extender as α,α-dimethylol propionic acid,3–10 2-hydroxyethyl methacrylate,11,12 3,4-

dihydroxycinnamic acid,13 4-hydroxycoumarin,14 dimethylolbutanoic acid,15 phenolphtalein,16,17 followed 

by neutralization with different bases. Such groups are well-known to form microphase-separated ionic 

domains due to a combination of structural factors and electrostatic interactions between the ionic 

structures,18 where the latter act as physical crosslinkers giving rise to most of the unique properties of the 

ionomers. 

Although many different experimental techniques have been used to investigate the structure of 

polyurethane ionomers, especially in the solid state, relatively little attention has been given to their solution 

behavior, particularly as concerns the carboxylate anionomers.19–21 A sum of properties, e.g. viscosity, 

conductivity, osmotic pressure, were found to be influenced by the content and distribution of the ionic species, 

the nature of the counterion and the concentration of polymer solution, in addition to polymer structure.20 
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The main objective of this paper focuses on the design and synthesis of new polyurethane anionomers 

with carboxylate moieties on the urethane nitrogen atoms, in order to examine the effect of the structure of 

these building components on some physico-chemical properties of the polymer. The present work extends 

our previous study19 on an identical linear precursor in which the insertion of carboxylate units in the 

polymeric chain was made using maleic anhydride as functionalization derivative. In addition, the effect of 

the ionic content on the polyurethane anionomer solution properties was also investigated by viscometry to 

prove the existence of the “polyelectrolyte effect” even for a low number of charges. 

RESULTS  AND  DISCUSSION 

A polyurethane precursor (PU-1) with a higher concentration of urethane structures was prepared as 

matrix for anionomer synthesis by addition between polyethyleneadipate diol of 2000 average molecular 

weight (PEA) and 4,4′-methylene-bis(phenyl isocyanate) (MDI), followed by chain extending with 

1,4-butane diol (1:6:5 molar ratio). Using a two-step procedure, the transformation of non-ionic 

polyurethane in an anionomer that contains the anionic functionality as potassium salt attached to the 

polymeric chain was performed. Thus, the metallation of the above mentioned polymer at the urethane 

nitrogen atoms with potassium tert-butoxide accompanied by the treatment of the resulting polyurethane salt 

with maleic anhydride led to anionomers with a different content of carboxylate groups (PUA-1, PUA-2). 

The molecular architecture of the polyanion is shown in Scheme 1. The degree of substitution of the 

urethane hydrogen atoms in the polyurethane N-modified with potassium carboxylate groups, estimated to 

be 10% (PUA-1) or 22.5% (PUA-2), respectively, was determined from 1H-NMR data. To our knowledge, 

the incorporation of carboxylate units by partial functionalization with maleic anhydride was never 

approached in the literature of ionic polyurethanes. Until now, maleic anhydride was used only in the 

synthesis of short ester diols with a reactive unsaturated site followed by addition of sodium bisulphite, 

subsequently yielding sulfonated polyurethane anionomers.22 
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Scheme 1 

The structure of the polymers was confirmed by 1H-NMR and IR spectroscopy, elemental analysis 

and TGA. 

The 1H-NMR spectrum of PUA-1 (Fig. 1) presents two doublets at 6.39 and 6.55 ppm, respectively, 

assigned to olefinic protons, this demonstrating the polymer chemical transformation with maleic anhydride 

through the ring-opening reaction of the maleic cycle and the subsequent formation of potassium 

carboxylate groups on urethane nitrogen atoms. The multiplet at 1.62 ppm represents the resonance of the 

center methylene group of adipic acid and 1,4 butane diol from PEA. Other signals at 2.3 ppm (s) 

correspond to the protons from the adipic acid CH2 adjacent to the carbonyl group, at 3.78 (s) to the CH2 

group from MDI, at 4.06 (d) to CH2 bound to esther and at 4.23 (d) to urethane OCH2, at 7.08 (d) to the 

aromatic protons in ortho position to CH2, at 7.35 (d) to the aromatic protons in ortho position to urethane 

from MDI, whereas the singlet at 9.5 ppm is ascribed to urethane NH. According to the integrals ratio of the 

CH=CH and CH2 (MDI) protons one we can conclude that the real degree of substitution of the 

polyurethane anionomer with potassium carboxylate is of 10% only, which corresponds to about 30 meq 

ionic groups/100 g polymer. PUA-2 displayed peaks similarly to those observed for PUA-1 in DMSO-d6 

solution and a content of 80 meq ionic groups/100 g polymer was evidenced for this polymer. 

 

Fig. 1 – 1H-NMR spectra of the carboxylate anionomer (PUA-1). 

A proof of the presence of the ionic structure on the polymeric chain is provided by a model compound 

prepared from N-methyldiethanolamine and phenylisocyanate treated by the same stepwise reaction. The 
1H-NMR spectral data of the final product, analyzed as carboxylic derivate for solubility reasons, is 

consistent with the proposed structure, where the characteristic singlet at 6.2 ppm for the CH=CH group 

argues the attaching of 4-oxo-2(Z)-butenoic acid on the urethane structure. The latter discriminates against 

maleic anhydride, which shows this resonance at 7.1 ppm. The structural change, as observed by NMR, was 

correlated to the charge transfer interaction between the carboxylic proton and the aliphatic tertiary nitrogen 

atom. 

In the IR spectrum of PU-1, the absorption band centered at 3350 cm–1 is attributed to the stretching 

vibrations of the NH urethane groups. Additionally, absorption bands appear near 1740 cm–1 due to free CO 
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stretching vibrations, at 1710 cm–1 from hydrogen-bonded CO and at 2890–2990 cm–1 corresponding to CH2 

groups. The same splitting of the carbonyl peak of the urethane structure due to free and hydrogen-bonded 

groups was observed for the corresponding ionomers, this suggesting the existence of hydrogen bonding 

even after ionization of the potassium carboxylate. Structural modifications were also evidenced in the PUA 

spectrum, where a diminution of urethane NH linkage at 3340 cm–1 related to reacted urethane groups and a 

concomitant increase of CO groups band (1740 cm–1) were observed. Vibration bands of carboxylate groups 

in the 1500–1650 cm–1 region were not distinguished due to the overlapping of CO absorption bands with 

those of aromatic rings from isocyanate. 

The thermogravimetric analysis of PU-1 and PUA-1 revealed that both polymers underwent a two-step 

decomposition process attributed to the scission of chemically different segments (Table 1). From TGA 

curves, the initial and final decomposition temperatures were determined. The thermal decomposition 

temperature (TDT) was defined as the temperature of 10% weight loss. TDT values indicate that parent 

polymer is relatively thermally more stable than the corresponding ionomer, as reflected by the higher 

thermal decomposition temperature (330°C). The anionomer was found to be less stable in the initial stage, 

between 120°C and 320°C. A possible explanation could be offered by the presence of the absorbed moisture, 

such compounds being hygroscopic. Through introduction of ionic units into the polymer chain, a higher 

residue content was obtained, whereas 37% polymer degraded during the first stage, respectively 39% in the 

second stage. The increase of weight loss may indicate that ionization can disrupt the order of the hard 

domains. 

Table 1 

Thermal properties of polymers 

I II 

Sample TI – Tf (°C) Tmax (°C) T
*

10 
 (°C) Weight loss (%) TI – Tf (°C) Tmax (°C) Weight loss (%) 

PU-1 270–350 330 320 20 350–430 390 37 

PUA-1 120–320 280 250 20 320–440 380 39 

T
*

10 – TDT for a 10% weight loss 

Previous studies of ionomer solutions by viscometry, static and dynamic light scattering, small-angle 

neutron scattering or conductometry evidenced the modification of chain conformation and dimensions of 

the anionomers in solution.22,23 Experimental investigations established that in non-polar or low polarity 

solvents intramolecular and intermolecular aggregation due to dipolar attractions between chain segments 

predominates,24,25 whereas in high polarity solvents the repulsive electrostatic interactions between similar 

charges from the same backbone lead to a chain expansion, phenomenon known as the polyelectrolyte 

effect.26,27 This is quite surprising taking into account the large difference in the concentration of ionic 

groups that exists between an anionomer and a polyelectrolyte. Although these aspects have been 

extensively studied, the interpretation of polymer-solvent interactions and the effect of a small content of 

ionic groups in determining the solution structure of ionomers are not yet fully understood. 

In this context, the present data on the viscometric measurements of the synthesized carboxylate 

anionomers also illustrated a polyelectrolyte behavior in DMF. Fig. 2 gives the reduced viscosity evolution 

as a function of polymer concentration at 25°C. At high dilution (below 0.2 g⋅dL–1), the polymer solutions 

(PUA-1, PUA-2) show a slight increase of reduced viscosity with decreasing polymer concentration, 

similarly with the solutions of polyurethane anionomers bearing carboxylate groups.4,14,15 As expected, the 

reduced viscosity of non-ionic polymer solutions increases linearly with concentration and the experimental 

data fit the well known Huggins equation. The values obtained for anionomer solutions can be attributed to 

the ionization process of the carboxylate groups and the appearance of repulsive electrostatic interactions 

between identical charges on the same macromolecule. As reported for polyelectrolyte solutions,10,11 in a 

high polarity medium that dissolves both the hydrophobic and hydrophilic segments, the dissociable groups 
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on the polyurethane change from polarized residues to free ions via tightly and loosely bound ion pairs, with 

increasing the distance between the centers of positive and negative charges. Ion pairs are formed on account of 

the anions anchored on the polymer side chain and counterions, with the appearance of dipole-dipole attraction 

between these ones. For a concentration higher than 0.2 g⋅dL–1 the reduced viscosity of the anionomer 

solutions 
Fig. 2 – Reduced viscosity evolution as a function 

of polymer concentration in DMF at 25°C. 

solutions continues to remain lower than that of the nonionic polymer (PU-1), this behavior being attributed 

to a contraction of single chains through intramolecular ionic aggregations. On the other hand, the slight 

increasing of the number of ionic groups determines an abrupt drop in the viscosity as compared to PU-1, 

probably due to the aggregation of the hydrophobic chain segments to sustain the more or less ordered hard 

domains, without excluding a partial degradation of the polyurethane backbone due to the reaction conditions. 

As shown in Fig. 3, the polyelectrolyte effect persists for PUA-1 when the temperature increases up to 

60°C. Therefore, the effect of temperature on the reduced viscosity is a function of the solution 

concentration  
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Fig. 3 – Influence of temperature on reduced viscosity 

of PUA-1 anionomer in DMF. 

and of the content of carboxylate groups inserted on the polyurethane backbone. As discussed earlier, this is 

related to the increase of the hydrodynamic volume of the polymer chain by the ionization of the carboxylate 

groups, the magnitudes of the upswing in reduced viscosities following the same order. Below 0.2 g⋅dL–1 

this anionomer shows a significant enhancement of reduced viscosity, i.e. a higher dissociation degree of 

carboxylate units. 

The validity of the assumed explanation for the observed effect was proved by a polyelecytrolyte test 

proposed for ionomers,21 by plotting the reciprocal of the reduced viscosity vs. the square root of the 

concentration (conc.1/2). The linearity of plots (Fig. 4) for PUA-1 sustains the previous interpretation on the 

contribution of ionic structures to viscosity modification. 
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Fig. 4 – Polyelectrolitic test of the 

carboxylate anionomer (PUA-1). 

These results demonstrate the importance of polyanion-solvent interactions and of the concentration of 

ionic groups in the polyurethane chain in determining the solution properties of ionomers. More detailed 

results on the structural studies of carboxylate anionomers in dilute solutions, including dynamic light 

scattering measurements will be reported in the near future. 

EXPERIMENTAL 

Polymer synthesis: PU-1 precursor was obtained by polyaddition (prepolymer method) from polyethyleneadipate diol of 2000 

average molecular weight (PEA), 4,4′-methylene-bis(phenyl isocyanate) (MDI) and 1,4-butane diol with a molar ratio of 1:6:5. 

NCO-terminated prepolymer was prepared starting from 0.01 mol dehydrated PEA and 0.06 mol MDI, the reaction being performed 

at 65°C for 2 h, under purified nitrogen, followed by the addition of 0.05 mol 1,4-butane diol in anhydrous DMF (c = 20 g⋅dL–1) at 

the same temperature for 6 h. A solution of 5 g (2.53 mmol) of PU-1 in approximately 50 ml anhydrous DMF was reacted in an 

argon atmosphere with a stoichiometric amount of potassium tert-butoxide at 5°C for 20 min. In a second step, an equivalent amount 

of maleic anhydride, i.e., 0.7835 g (7.99 mmol, PUA-1) and 1.7 g (17.5 mmol, PUA-2) was added and stirred at 5°C for 30 min. The 

reaction was continued up to 50°C for another 2 h. The resulting mixture was filtered and the ionic polymers (PUA) were 

precipitated with ethyl ether and dried under reduced pressure for 48 h. 

Model synthesis: (C6H5-N(CO-CH=CH-COOH)-COO-(CH2)2-N(CH3)-(CH2)2-OCON(CO-CH=CH-COOH)-C6H5 

N-methyldiethanolamine (2.38 g, 0.02 mmol) dissolved in 15 mL anhydrous DMF and phenylisocyanate (4.68 g, 0.04 mmol) 

were mixed under purified nitrogen, then the reaction was allowed to proceed for 6 h at 60°C. The removal of solvent was performed 

through vacuum distillation. The resulting compound (0.02 mmol) was then reacted with potassium tert-butoxide (2.24 g, 

0.02 mmol) and maleic anhydride (1.96 g, 0.02 mmol) in the same conditions as described above. After its neutralization with a 

solution of hydrochloride acid and solvent distillation, the model compound was washed with methanol and separated by filtration; 

yield 4.3 g (82%). 1 H-NMR (DMSO): δ (ppm) = 2.35 (d, 3H, CH3), 2.6 (t, 4H, CH2-N), 4.2 (t, 4H, CH2-OCON), 6.2 (s, 4H, 

CH=CH), 7.2–7.9 (m, 10H, aromatic protons). 
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Characterization 

The structure of the model compound and of the polymers was verified by 1H-NMR and IR spectroscopy by using a JEOL 

60 MHz, a Bruker 400 MHz and a Specord M80 spectrophotometer. The thermal analysis of the polymers was carried out on a 

MOM, Budapest derivatograph. Thermogravimetry (TG) and ATG curves were recorded in air between 20 and 600°C with a heating 

rate of 12°C min–1. The reduced viscosity of the polymers was measured in DMF using an Ubbelohde viscometer. 
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