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ABSTRACT: The influence of incorporated silver on the properties of polyurethane based
on poly(tetramethylene glycol) 1010, methylenebis(p -cyclohexyl isocyanate), and bu-
tanediol was investigated. The influence of the incorporated metal ions was reflected
in the form of a reduction in the stress—strain parameters as well as an alteration in
the thermal behavior. The water uptake of the material was increased severalfold by
the incorporation of the silver ions. The induced hydrophilicity together with the varia-
tion in mechanical and thermal properties was assigned to the considerable alteration
in the morphological features of the polyurethane that resulted from the incorporation
of silver ions. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 20812084, 1997
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INTRODUCTION

Polyurethanes (PUs) are derived from a unique
phase separated morphology and possess interest-
ing properties. Additionally, the materials can be
tailored to various requisites by a judicious choice
of ingredients. The excellent mechanical and re-
lated properties together with a comparatively
better biocompatibility make PUs an important
class of materials in contemporary health care ap-
plications.'?

Synthetic materials in contact with blood often
act as loci for infection.? Efforts to reduce material
associated infection have been made largely by
adding antimicrobial agents into polymeric de-
vices.*® Silver and its compounds are traditionally
known for their antimicrobial action.®” Silver in
a suitable form has been added as an active agent
in several drug formulations. Recently silver com-
pounds have been incorporated in polymeric ma-
terials intended for medical applications to check
the polymer associated infections.®~*° In addition
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to these reports, Huang et al.'* reported the modi-
fication of polymers with metal ions including sil-
ver to induce conductivity. However, it is not
known to what extent the added metal ions or
metal compounds influence the properties of the
polymers like PUs. We feel that it is worthwhile
to study the influence of added silver salt on the
properties of PUs, particularly considering their
importance as biomaterials.

EXPERIMENTAL

The PU used in this study was based on poly-
(tetramethylene glycol ) (molecular weight of 1010),
methylenebis(p-cyclohexyl isocyanate), and bu-
tanediol. The PU had a hard segment content of
43% and a weight average molecular weight of
115,000 and was synthesized as reported else-
where.'?

One gram of silver nitrate (Merck, Bombay,
India) and 5 g of PU were dissolved in 25 mL
dimethyl acetamide by heating (50—60°C) and
stirring. A dark brown solution was obtained. The
solution was transferred into a petri dish and vac-
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Table I Influence of Added Silver on Major Absorption Bonds of PU

Peak Position (cm ™) Assignment Nature of Peak®
3320 —NH stretching Broadened
1715 Urethane, amide I Broadened
1092 C—O0—C, aliphatic ether stretching Broadened

# Compared to the control PU.

uum dried to get a dark brown colored film. The
film was washed with water several times and
vacuum dried. In a similar fashion, films con-
taining other ions like ferric iron and copper were
prepared.

A Perkin—Elmer model 597 IR spectrophotom-
eter was used for recording the IR spectra. A Du-
pont 990 thermal analyzer system in conjunction
with a model 910 DSC cell was used for the ther-
mal study. Samples (10—-20 mg) were encapsu-
lated in aluminum pans and heated from 30 to
350°C under a dynamic nitrogen atmosphere with
a heating rate of 10°C/min.

A colorimetric procedure was used to detect the
presence of silver in the polymer as reported else-
where.’® A known weight of polymer was dissolved
in tetrahydrofuran. The residue left was collected
and dissolved in nitric acid. The solution was
treated with dithizone to form a complex having
an absorption maximum at 620 nm. A Hitachi
model 220 UV-visible spectrophotometer was
used for measuring the absorption.

A model 1193 Instron Universal Testing ma-
chine (Instron Co., U.K.) was used to assess the
mechanical parameters of the polymers as per
ASTM D-882.

Samples (100—150 mg) were placed in triple
distilled water. Samples were periodically taken
out, blotted gently with filter paper strips, and
weighed. The equilibrium water absorption was
estimated from (W — W,)/W, X 100, where W and
W, are the final initial weights of the samples.

RESULTS AND DISCUSSION

Table I summarizes the results of the IR spectro-
scopic studies. It can be seen that —NH stretch-
ing, amide, and —O—C— stretching modes are
broadened, indicating the influence of added sil-
ver ions. We could not observe any drastic spectral
changes like a substantial shift in the peak posi-
tions or the creation of any new peaks, etc. The
perturbation of the above mentioned bands indi-

cates the possibility of the association of silver
ions with —N— and —O— atoms that could
be expected because these entities have higher
electronegativities.

Huang et al.,' in their studies on polyvinyl
alcohol containing silver compounds, made more
or less similar observations. These researchers ob-
served a minor shift or broadening in the peaks
corresponding to —NH and —OH and concluded
that silver acts as a chelating agent.

Figure 1 shows the DSC scans of PU and the
PU-silver system (PU-Ag). The PUs were sub-
jected to extensive thermal studies, and generally
showed three endothermic transitions.'* The first
endotherm centered around 70°C was attributed
to the dissociation of domains with limited short-
range order. The peak around 120-190°C repre-
sented the disruption of domains with long-range
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Figure 1 Differential scanning calorimetric scans of
(A) polyurethane and (B) polyurethane—silver system.



Table II Extent of Water Uptake by Polymer

Equilibrium Water

Polymer Absorption (%)
PU 0.6 = 0.07
PU-Ag 95 =*=0.8

order. Often the first transition can be shifted up-
ward to merge with the higher transition, de-
pending upon the morphological features. PUs
with crystalline domains normally show another
endothermic transition beyond 190°C.

The PU used in this study showed an endo-
therm [Fig. 1(A)] centered around 145°C that
could be assigned to the dissociation of the long-
range order as per the previous discussion. The
PU used in this study was a typical amorphous
material and, indeed, peaks associated with melt-
ing of the crystalline regions were not seen. The
strong endothermic transition around 340°C was
due to the degradation of the polymer. The PU-
Ag system showed an exothermic peak [Fig. 1(B)]
around 190°C, which may be assigned to the disso-
ciation of the silver oxide formed during the prep-
aration of the polymer film." The typical transi-
tion associated with the long-range order was ab-
sent in the modified material, which may be a
reflection of the alteration in structural architec-
ture of the PU induced by the incorporated silver
ions. Another notable observation was the re-
duced thermal stability of PU-Ag compared to PU.
The degradation temperature of PU was centered
around 340°C while that of PU-Ag was around
305°C. The thermal and spectral data point to the
disturbance of the typical structural features of
PU by silver ions. The presence of silver in the
polymers was detected by the colorimetric method
discussed in the Experimental section.

Table II shows the equilibrium water absorp-
tion of PU and PU-Ag. The PU used here was
highly hydrophobic and the water absorption was
just 0.68%. The addition of silver dramatically al-
tered the water uptake of PU, and the equilibrium
water absorption was remarkably as high as 95%.
Silver can disturb the charge distribution in the
polymer and the charged species such as
—NH*’ - - - Ag®" may be created. An increase in
conductivity in polymers, including PU, was re-
ported by Yen et al.'® The creation of ionic centers
may be responsible for the enhanced hydrophil-
icity of PU. After attaining the equilibrium water
absorption, the PU-Ag polymers experienced a di-
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mensional change of 9-11%. The considerable
amount of water uptake by the modified PU may
improve its blood contacting properties. PU sam-
ples containing ferric chloride and copper chloride
also showed a similar tendency toward water ab-
sorption, although the amount of water absorp-
tion was considerably less than the PU-Ag sys-
tem. The interesting aspect noticed in the PU-Ag
system was the reduction of water uptake with
the age of the samples. The equilibrium water
absorption of a 4-month-old PU-Ag sample was
22%, which is much less compared to the 95%
water uptake of a freshly prepared sample. We
presume that the time dependent variation in wa-
ter absorption capacity of the samples was due
to the further structural changes in the PU-Ag
samples with age.

Table III summarizes the stress—strain param-
eters of PU and PU-Ag samples. It is apparent
that the ultimate mechanical parameters of PU
are reduced as a result of the addition of silver
ions. Researchers have made substantial efforts
to understand the mechanical properties of PUs
in terms of their morphological and structural pa-
rameters.'”!® The ultimate mechanical properties
are largely governed by the feasibility of stress
induced chain ordering and induced morphologi-
cal changes like strain induced crystallinity, etc.
The presence of silver ions in the PU-Ag material
could affect the chain ordering, and these ions
could also act as interlocks or stress concentrating
points leading to the premature failure of the ma-
terial. The alteration in the morphological fea-
tures of PU induced by silver ions are reflected in
the reduced ultimate mechanical parameters. The
stress—strain parameters of PU-Ag are less com-
pared to PU; the material has adequate strength
for most of the intended biomedical applications.

This study showed that the presence of silver
discourages the adhesion of bacteria on polyethyl-
ene terephthalate for suture application.'® Our re-
cent studies demonstrated that the added silver
prevents the adhesion of several strains of micro-
organisms on various polymers.'?

We feel that the acquired hydrophilicity to-

Table III Stress-Strain Parameters
of Polymers

Polymer Stress (kg/cm?) Strain (%)
PU 455 = 5 482 = 7
PU-Ag 165 = 9 285 + 6
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gether with the induced antimicrobial properties
of PU from the incorporation of silver would be
advantageous in improving the blood contacting
properties of PU. Our future efforts will be di-
rected toward evaluating the blood contacting
properties of PU-Ag.

REFERENCES

1.

2.

3.

dJ. S. Boretos, D. E. Detmer, and J. H. Donachy, .
Biomed. Mater. Res., 5, 373 (1971).

M. D. Lelah and S. L. Cooper, Polyurethane in Med-
icine, CRC Press, Boca Raton, FL, 1986.

J. W. Costerton, K. J. Cheng, G. G. Gessey, T. 1.
Ladd, J. C. Nickel, M. Dasgupta, and T. J. Marrie,
Annu. Rev. Microbiol., 41, 435 (1987).

. G. Reid, C. Tieszer, R. Foerch, H. J. Bussher, A. E.

Khoury, and A. W. Brucem, Colloids Surfaces B:
Biointerfaces, 1, 9 (1993).

. D. dJ. Stickler, N. S. Howe, and C. Winters, Cells

Mater., 4, 387 (1994).
C. L. Fox, Arch. Surg., 96, 164 (1968).
N. Grier, in Disinfection, Sterilisation and Preser-

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.

vation, 3rd ed., S. Block, Ed., Lee & Febiger, Phila-
delphia, PA, 1983, p. 375.

D. G. Makco, L. Cobb, J. K. Garman, J. M. Shapiro,
M. Ringer, and R. B. Helgerson, Am. J. Med., 85,
307 (1987).

C.C. Chu, W.C. Tsai, J. Y. Yan, and S. S. Chiu, J.
Biomed. Mater. Res., 21, 128 (1987).

C. C. Chu, in High Tech Fibrous Materials, T. L.
Vigo and A. F. Turbak, Eds., ACS Symposium Se-
ries 457, Washington, D.C., 1991, p. 1671.

C. dJ. Huang, C. C. Yen, and T. C. Chang, J. Appl.
Polym. Sci., 42, 2237 (1991).

K. Sreenivasan, Polym. J., 22, 620 (1990).

F. D. Snell, Photometric and Fluorometric Methods
of Analysis of Metals, Part 1, Wiley, New York,
1978, p. 82.

R. W. Seymour and S. L. Cooper, Macromolecules,
6, 48 (1973).

P. J. Durrant and B. Durrant, Introduction to Ad-
vanced Inorganic Chemistry, 2nd ed., Longman
Group Ltd., London, 1970, p. 1118.

C. C. Yen, C. J. Huang, and T. C. Chang, J. Appl.
Polym. Sci., 42, 439 (1991).

T. L. Smith, J. Polym. Sci. Phys., 12, 1825 (1974).
T. L. Smith, Polym. Eng. Sci., 17, 129 (1977).

K. Sreenivasan, L. R. Moses, and R. Sivakumar,
Ind. Pat. Applic. 1125/MAS/94 (1994).



