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ABSTRACT: Polyurethanes of different compositions were synthesized by chain ex-
tending the prepolymer formed by the reaction of various polyols and diisocyanate with
3,4-dihydroxycinnamic acid. The polyurethanes were converted to their anionomers by
treating with metal acetates. The polyurethanes were characterized using FTIR,
FTNMR, TGA, and DSC analysis. The molecular weights of the polymers were deter-
mined using GPC. A detailed study of the effect of variation of molecular weight of the
polyols and mol ratio of the various reactants on the glass transition temperature and
molecular weight of the polyurethanes was made. © 1997 John Wiley & Sons, Inc. J Appl

Polym Sci 65: 2105-2109, 1997

INTRODUCTION

Tonomers are polymers containing a small number
of ionic groups (<10 mol %) in the polymer back-
bone. The presence of a small number of ionic
groups in the hydrophobic polymer backbone sig-
nificantly alters the properties of the material. Poly-
urethane ionomers are a very important class of
block copolymers that can be tailored according to
the end use. Polyurethanes with ionic moieties are
of interest due to the possibility to disperse them
in aqueous solutions. Polyurethane ionomers are
synthesized predominantly by using an ionic diiso-
cyanate or an ionic diol at the chain-extension stage
and by postmodification of a preformed polyure-
thane. In the former case, polyurethane aniono-
mers'~® (with carboxylic, sulfonic, and phosphoric
acid groups), cationomers,’'® and zwitteriono-
mers '’ 2! were studied in great detail. In the latter
case, polyurethanes were treated with NaH/NaOH
and subsequently reacted with 1,3-propanesultone
to give zwitterionomers.?>=2* A precisely required
amount of ionic groups can be incorporated into the
polyurethane by using a potentially ionic chain ex-
tender. Cinnamic acid systems have received wide
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attention in polymer synthesis due to the presence
of unsaturated groups which can be photocured. To
prepare polyurethanes containing ionic as well as a
physicochemically modifiable group, 3,4-dihydroxy
cinnamic acid was used as the chain extender.?” In
this article, we report the detailed studies on 3,4-
dihydroxycinnamic acid-based polyurethanes, the
effect of varying polyol, diisocyanate, mixed chain
extenders, changing NCO/OH ratio on molecular
weight, and the glass transition temperature.

EXPERIMENTAL

Materials

Poly(propylene glycol) of molecular weight 1000
(PPGygg9), polycaprolactone diol of molecular
weights 530, 1250, and 2000 (PCLssy, PCLjs250,
and PCLygy), poly(ethylene glycol) of molecular
weight 1000 (PEGy), and poly(tetramethylene
oxide)glycol of molecular weight 1000 (PTMG 44)
(Aldrich) were dried under a vacuum for 24 h at
105°C prior to use. Tolylene diisocyanate (TDI; a
mixture of 80% 2,4-TDI and 20% 2,6-TDI ), isopho-
rone diisocyanate (IPDI), hexamethylene diisocy-
anate (HDI), and dibutyltindilaurate (DBTDL)
(Aldrich) were used as received. 4,4-Methylene
bisphenyl diisocyanate (MDI; Polysciences) was
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pressure-filtered at 60°C to separate the mono-
mers from the dimers and trimers. 3,4-Dihydroxy-
cinnamic acid (DCA; Arrow Chemicals, India)
was used as received. Sodium acetate and zinc
acetate dihydrate (S.Ds, India) were used as re-
ceived. The solvents dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), and methanol
were purified by standard procedures.

Measurements

Fourier transform infrared spectra (FTIR) of the
polymers were recorded as neat films (prepared
by casting purified polymer in DMF over a KBr
window and evaporating the solvent under a vac-
uum at 50°C) using a Nicolet Impact 400 spec-
trometer. Fourier transform nuclear magnetic
resonance (FTNMR) was recorded on a Bruker
MSLp 300 MHz spectrometer. The molecular
weights of the polymers were determined by using
Water Associates gel permeation chromatogra-
phy, the solvent being DMF stabilized with 0.01%
of LiBr. Thermal analysis was carried out using
a DuPont 910 differential scanning calorimeter
and a DuPont 951 thermogravimetric analyzer at
a heating rate of 10°C/min under a nitrogen atmo-
sphere.

Synthesis of Polyurethane

Polyurethane prepolymer end-capped with isocya-
nate groups was prepared based on excess TDI
(3.48 g, 0.02 mol) added drop by drop to PPGg
(10 g, 0.01 mol) in a 100 mL three-necked flask
at 60°C under nitrogen atmosphere. The above-
mentioned prepolymer was chain-extended with
3,4-dihydroxycinnamic acid (1.8 g, 0.01 mol) in
DMF. Then, 0.01 g of a DBTDL catalyst was
added, the temperature was increased to 70°C,
and the reaction was allowed to continue to com-
pletion. The polyurethanes were precipitated by
pouring into a 10-fold excess of distilled water and
washed thoroughly with methanol. The polymers
were dried under vacuum at 30°C for 1 week. Us-
ing a similar procedure, polyurethanes of other
compositions as mentioned in Table I were syn-
thesized. A detailed procedure, schematic repre-
sentation of the synthesis, and conversion to
anionomers of the polyurethanes was dealt with
in detail in our earlier publication.?® The sodium
and the zinc anionomers are denoted using Na
and Zn as suffixes. For example, C; Na and C, Zn
denote the sodium and the zinc anionomers of C;,
respectively.

RESULTS AND DISCUSSION

Polyurethanes incorporated with ionic moieties
are a very interesting material, the properties of
which can be tailored according to the end user
needs. The incorporation of ionic groups results
in water dispersibility or even complete water sol-
ubility of these materials. To further enhance the
properties of these materials, we introduced a
photocrosslinkable unit along with the ionic
groups into the polyurethane. Detailed investiga-
tions on the synthesis, characterization, and ther-
mal behavior of C; and C, (cf. Table I) were re-
ported by us recently.?® All the polyurethane films
(cf. Table I) on exposure to UV radiation were
rendered insoluble even in polar solvents like
DMF and DMSO, unlike with the unexposed
films.

The codes of the polyurethanes, their composi-
tion, molecular weights, and polydispersity are
given in Table I. The dispersity values for all the
polyurethanes are toward a higher side due to the
meager side reactions of the —COOH groups in
the chain extender. As expected, the molecular
weight of the polyurethane decreases from C; to
C,4 due to the increase in the diisocyante content
in the prepolymer formation stage. This results
in decrease in the molecular weight of the prepoly-
mer and therefore the molecular weight of the
polyurethanes also decreases with increase in the
diisocyanate content. Due to the higher reactivity
of MDI, the molecular weight buildup in the case
of Cs is the highest. The molecular weights in the
case of Cg and C; are not appreciable due to the
lower reactivity of the aliphatic NCO— groups
of HDI and IPDI. Generally, the preparation of
polyurethane through a prepolymer route rather
than through a one-shot route leads to a high mo-
lecular weight buildup and narrow dispersity. C;o
was prepared by a one-shot process and the molec-
ular weight buildup was not as high as for C;
(prepared by a two-stage prepolymer process).

The FTIR spectra of the polyurethanes and ion-
omers showed the splitting of the carbonyl peak
of the urethane at 1728 and 1710 cm ™' due to
the free and hydrogen-bonded groups. The same
splitting was observed in the case of the ionomers
showing the existence of hydrogen bonding even
after the ionization of —COOH to —COONa. The
frequency of acid carbonyl in the anionomers
shifts toward the C=C stretching of the aromatic
chain extender and aromatic isocyanate unit, re-
sulting in the increased intensity of the band at
1600 cm '. The intensity of the carbonyl band at
1725 cm ! in the case of the polycaprolactum diol-
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Table I Composition, Code, Molecular Weights, and Polydispersity of Polyurethanes

Molecular Weights
Polymer Composition Codes M, x 10™* M, x 10°* M,/M,
PTMG;40/2TDI/DCA C, 3.76 15.40 4.10
PTMG00o/3TDI/2DCA C, 2.80 7.10 2.54
PTMG00/4TDI/3DCA Cs 2.23 4.43 1.99
PTMG 40/5TDI/4ADCA Cy 1.39 2.96 2.12
PTMG000/2MDI/DCA Cs 4.51 11.23 2.49
PTMG00/2HDI/DCA Cs 1.26 3.02 2.40
PTMG 40o/2IPDI/DCA Cy 0.76 1.84 2.42
PTMG00o/3STDI/DCA + DMPA Csg 1.00 1.74 1.74
PTMG0o/3STDI/DCA + BD Co 1.77 2.32 1.31
PTMG; 40 + DCA/2TDI Cqo 1.63 5.90 3.62
PCL55,/2TDI/DCA Ciy 3.40 10.40 3.06
PCL125¢/2TDI/DCA Cio 3.84 9.69 2.52
PCLigoo/2TDI/DCA Cis 2.50 7.82 3.13
PPG40o/2TDI/DCA Ciy 5.87 9.76 1.66
PEG100o/2TDI/DCA Cis 3.41 9.82 2.87

based polymers was high due to the ester linkages
in the polyol segment. The amide II band due to
the C—N stretching and N—H deformation was
observed at 1531 cm ™ '. The C—O—C stretching
of the PTMG, PEG, and PPG backbone was ob-
served at 1110 cm . The urethane N— H stretch-
ing was observed at 3283 cm .

The "H-NMR spectra of the polyurethane were
recorded using DMSO-dg solvent and are given in
Figures 1-4. The urethane N—H protons of TDI,
MDI, HDI, and IPDI absorbs in the range from 8
to 10 ppm, at 9.4 ppm, at 5.7 ppm, and in the
range 4.7—-5.9 ppm, respectively. The methylene
protons of the PTMG polyol segment absorbs at
1.48 ppm and the methylene protons of —O—
CH,— of PTMG absorbs at 3.3 ppm, overlapping
with the signal of water present in the solvent.

ppm{8) ’
4 - 0
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Figure 1 'H-FTNMR spectrum of Cs.

The —O—CH,; attached to the urethane linkage
absorbs at 4.04 ppm. The methylene protons of
PCL-based system absorbs between 1 and 2 ppm
and 3.7 and 4 ppm. The absorption of methyl pro-
tons of TDI occurs at 2.18 ppm (b) and the methyl-
ene protons of MDI absorbs at 3.8 ppm. The meth-
ylene protons of HDI and IPDI absorb between 1
and 2.5 ppm. The aromatic protons of TDI and
the chain extender and the aliphatic C=C of the
chain extender absorbs from 6 to 8 ppm. The pro-
ton of the acid carbonyl absorbs at 10.4 ppm as a
weak signal in some cases and is absent in others.
The spectra showed the absorption of the aliphatic
C=C trans-hydrogen (of cinnamic acid) as dou-
blets at 6.12 and 7.37 ppm. The peak at 2.5 ppm is
due the traces of DMSO present in the deuterated
solvent.

DSC study of the ionomers gave insight into
the morphological structure of the polymers. The

ppm (8)

Figure 2 'H-NMR spectrum of Cs.
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Figure 3 'H-FTNMR spectrum of C,.

glass transition temperature of the polyurethane
depends on the nature of the polyol used. The
main factor that operates in polyurethanes is hy-
drogen bonding. By the introduction of ionic
groups in the polyurethane matrix, coloumbic
forces operate along with hydrogen bonding. A de-
tailed investigation was done by Cooper and co-
workers. They studied a model system of polyure-
thane based on PTMGy4y, and TDI and then re-
placed the urethane hydrogen with ionic groups.?
The introduction of ionic groups into the polyure-
thane significantly reorients the hydrogen bond-
ing in the polyurethane, leading to an increase in
the phase purity of the soft and the hard seg-
ments. When the molecular weight of the polyol
increases, a crystallization phenomenon was ob-
served in PCLjg50- and PCLyggp-based systems.
The polyurethane based on PCLygg,, on conversion
to ionomers, does not have any effect on the soft-
segment T, due to the tendency of the soft seg-
ment to crystallize. The driving force for phase
separation due to soft-segment crystallization is
so large that upon ionization no further increase
in phase purity occurs and, hence, the T, does not
change. In the PPG-based systems due to their
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Figure 4 'H-NMR spectrum of Cy;.

axial methyl groups attached to the secondary
carbon atom which hinders the efficient packing,
their T,’s were on the higher side than those of the
PTMG systems. The PEG-based system showed a
lower T, when compared to the PPG system. In
an earlier study based on chain-extended polyure-
thane by Frisch and co-workers,*” a change in 7,
with a change in the metal ions in the case of
anionomers containing carboxylate groups was re-
ported. In our study?® also on the use of ionic chain
extenders, we observed a shift in T, toward lower
values. But the magnitude of the T, shift was less
in the case of divalent metal ions. This is due to
ionic chemical crosslinking between the chains.
This phenomenon was observed in this case also.
The T, of the sodium anionomers was lower
than that of the zinc anionomers. The glass transi-

Table II Glass Transition Temperature of
Polyurethanes and Anionomers

Polymer Code T, (°C)
C: —-59.5
C:Na —68.0
CiZn —-63.0
C, —45.0
C,Na —-69.0
CyZn —-62.5
Cs —40.0
Cy -33.5
Cs —-38.0
C5Na —46.0
CsZn —42.5
Cs —-52.0
Ce¢Zn —-56.5
C, —40.0
C;Zn —-43.0
Cs —22.0
CgZn -31.0
Co —-45.0
CoZn —-51.0
Cio —-29.0
C1oZn -32.5
Cll -
CnNa —-10.5
C11Zn +5.0
Ciz —28.0
ClgNa —455
Ci9Zn —40.0
Cis —25.0
C13Na —-26.0
Ci3Zn —-25.5
Cu —-15.0
C14Zn —-19.0
Cis —-16.0
Ci5Zn -19.5




tion temperature of the polyurethanes and their
anionomers are given in Table II.

CONCLUSIONS

Polyurethanes containing cinnamic acid groups
were synthesised using a variety of polyols and
diisocyanates. FTNMR measurements were made
to fix the —NH protons of the urethane linkages.
FTIR studies also showed the existence of hydro-
gen bonding in the case of the ionomers. The intro-
duction of ionic groups into the polyurethane
causes increased microphase separation, thereby
decreasing the T, of the soft segment.

G. N. M. would like to thank Council of Scientific Indus-
trial Research, New Delhi, for his research fellowship.

REFERENCES

1. C. Z. Yang, T. G. Grasel, J. L. Bell, R. A. Register,
and S. L. Cooper, J. Polym. Sci. Polym. Phys. Ed.,
29, 581 (1991).

2. S. Ramesh and G. Radhakrishnan, Polymer, 35,
3107 (1994).

3. B. K. Kim and T. K. Kim, J. Appl. Polym. Sci., 43,
393 (1991).

4. D. Dietrich, W. Keberle, and H. Witt, Angew. Chem.
Int. Ed., 9(1), 40 (1970).

5. P. K.H. Lam, M. H. George, and J. A. Barrie,
Polym. Commun., 30, 2320 (1989).

6. S. Ramesh and G. Radhakrishnan, J. Macromol.
Sci. Macromol. Rep. A, 30(3,4), 251 (1993).

7. J. A. Miller, K. K. S. Hwang, and S. L. Cooper, /.
Macromol. Sci. Phys. B, 22, 321 (1983).

8. P. K.H. Lam, M. H. George, and J. A. Barrie,
Polym. Commun., 32, 80 (1991).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

POLYURETHANE IONOMERS. II 2109

O. Lorenz and V. Budde, Angew Makromol. Chem.,
72, 125 (1978).

S. L. Hsu, H.X. Xiao, H. H. Szmant, and K. C.
Frisch, J. Appl. Polym. Sci., 29, 2467 (1984).

T. Buruiana, I. Bestiuc, V. Popescu, and A. Caracu-
lacu, Angew Makromol. Chem., 134, 165 (1985).
H. A. Al-Salah, H. X. Xiao, J. A. Mclean, Jr, and
K. C. Frisch, J. Polym. Sci. Chem., 26,1609 (1988).
T. Buruiana, I. Bestiuc, and A. Caraculacu, Angew
Makromol. Chem., 147, 99 (1987).

E. C. Buruiana, T. Buruiana, A. Airinei, and G.
Robila, Angew Makromol. Chem., 206, 87 (1993).
W. Marconi, A. Martinelli, and A. Piozzi, Eur.
Polym. J., 31, 131 (1995).

O. Lorenz, F. Haulena, and D. Kleborn, Angew Ma-
kromol. Chem., 33, 159 (1973).

K. K. S. Hwang, C.Z. Yang, and S.L. Cooper,
Polym. Engg. Sci., 21, 1027 (1981).

C.Z.Yang, K. K. S. Hwang, and S. L. Cooper, Mak-
romol. Chem., 184, 651 (1983).

J. A. Miller, K. K. S. Hwang, C. Z. Yang, and S. L.
Cooper, J. Macromol. Sci. Phys. B, 22, 321 (1983).
J. A. Miller, K. K. S. Hwang, C. Z. Yang, and S. L.
Cooper, J. Elast. Plast., 15, 174 (1983).

T. A. Speckhard, K. K. S. Hwang, C. Z. Yang, W. R.
Laupan, and S. L. Cooper, J. Macromol. Sci. Phys.
B, 23, 175 (1984).

D. C. Lee, R. A. Register, C.Z. Yang, and S. L.
Cooper, Macromolecules, 21, 1005 (1988).

S. A. Visser and S. L. Cooper, Macromolecules, 24,
2576 (1991).

S. A. Visser and S. L. Cooper, Polymer, 33, 920
(1992).

G. N. Mahesh, N. C. T. Gautam Ram, S. Ramesh,
and G. Radhkrishnan, Polymer, 37(9), 1657
(1996).

D. C. Lee, R. A. Register, C.Z. Yang, and S. L.
Cooper, Macromolecules, 21, 998 (1988).

H. A. Al-Salah, K. C. Frisch, H. X. Xiao, and J. A.
Mclean dJr., J. Polym. Sci. Polym. Chem. Ed., 25,
2127 (1987).

S. Ramesh, PhD Thesis, University of Madras,
1994.



