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ABSTRACT: We compared two series of benzimidazole (BI)-grafted polyurethane (PU), one of which was water-compatible, to com-
pare their antifungal activities. The water-compatible PU series had an additional 2,2-bis(hydroxymethyl)propanoic acid group in the
PU backbone. The water-compatible PU series had a lower crosslinking density and tensile strength compared to the other PU series
with increasing BI content. Although ordinary PU did not suppress fungal growth (Chaetomium globosum), the water-compatible PU
completely suppressed the growth even though it contained half as many BI groups. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015,

132, 41676.
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INTRODUCTION

Antimicrobial polymeric materials have been extensively
researched and used in automotive interiors, fibers, healthcare
products, coatings, packaging, and household appliances.' Anti-
microbial activity is conferred to the polymer by grafting or the
addition of antimicrobial agents; these include phosphonate
groups, sulfonate groups,” quaternary ammonium groups,” zinc
oxide," nanoparticles,” or silver ions.”® Benzimidazole (BI)
derivatives are well-known heterocyclic bioactive compounds
that exhibit broad-spectrum antifungal and antibacterial activ-
ities, and several BI derivatives have been synthesized and tested
for antimicrobial activity.”™'* Antifungal agents are mainly clas-
sified into polyenes, azoles, allylamines, and echinocandins, in
which the azole class antifungal agents have been the most
widely studied and used. Amphotericin B, a polyene class anti-
fungal agent, has been used for more than 40 years, but a signif-
icant nephrotoxicity was found for this agent. However,
imidazole and triazole antifungal agents introduced in early
1990s have safely treated fungal infections, and their safety
records have led to their extensive use. Azole class antifungal
medications including BI are known to block the function of
lanosterol 14-az-demethylase, a cytochrome P450 enzyme, which
is necessary for converting lanosterol to ergosterol, which is an
essential component of the fungal membrane. The egrosterol-
deficient fungal membrane, having lost the flexibility of normal
membrane, cannot control the permeation of ions and organic
molecules through the membrane, and this eventually inhibits

© 2014 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

41676 (1 of 9)

fungal growth."> Alternatively, BI can also be used in other
applications. For example, the BI moiety has been used to pre-
pare organic photovoltaic solar cell membranes to broaden their
absorption wavelength range."*'> Poly(benzimidazole) mem-
branes have been used as polymer electrolytes in fuel cell mem-
branes because of their good fuel cell performance and
durability.'*™'® A polyimide with a BI moiety was used to
develop heat-resistant materials for electronics, coatings, and
membranes.'” A polymer-supported BI metal complex was used
as a polymeric catalyst for oxidation reactions.”® Polyurethane
(PU) has been widely used for polymer backbones because of
its exceptional properties, such as its excellent tensile properties
and easy modification and functionalization and because of the
high demand for it in coatings and textiles.”’** We demon-
strated that the grafting of functional groups onto PU produces
functionalized PUs from unfunctionalized PUs. For example,
PUs that exhibited flexibility at low temperatures,® electric
attraction in aqueous solutions,”® magnetism,”® pH-indicating
abilitiy,”” and photoluminescence®® have been developed. How-
ever, the development of antifungal PUs with antifungal agents
has not been reported so far, although some antimicrobial poly-
mers containing quaternary ammonium groups have been
researched.””?® Therefore, it should be straightforward to graft
BI onto PU to provide it with antifungal activity because of the
effective inhibitory activity of BI against various microorgan-
isms. Antifungal PUs may have broad applications in such areas
as automobile seat foams, thermal insulation foams, elastic
textiles, protective wood coatings, book binding glues, and

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41676


http://www.materialsviews.com/

ARTICLE

Table I. PU Compositions

Reactant (mmol)

Sample

code?® MDI-1 PTMG MDI-2 BD DMPA®* MDI-3° BI
B-1 20 20 30 o = = =
B-2 20 20 30 30 — 1 1

B-3 20 20 30 80 = 2 2

B-4 20 20 30 30 — 3 3

B-5 20 20 30 30 — 4 4

DB-1 20 20 30 25 5 1 2

DB-2 20 20 30 20 10 1 2

DB-3 20 20 30 15 15 1 2

DB-4 20 20 30 10 20 1 2

DB-5 20 20 30 5 25 1 2

2DMPA was used to improve the water compatibility.
®MDI-3 was used to graft Bl onto the PU.

watch-band wrapping. In this study, BI was grafted onto PU,
instead of blended with it, to strongly bind it to PU and ensure
its homogeneous distribution throughout the PU. The water
compatibility of the Bl-grafted PU was improved through the
introduction of carboxyl groups into the PU, and the properties
of the Bl-grafted PUs with and without carboxyl groups were
compared. In this study, we investigated the following: the cova-
lent grafting of BI onto PU, the effect of the PU water compati-
bility on its thermal and physical properties (tensile strength
and shape recovery), and the antifungal activity of the PUs as a
function of the BI content and water compatibility.

EXPERIMENTAL

Materials

Poly(tetramethylene glycol) (PTMG; number-average molecular
weight = 2000 g/mol, Sigma-Aldrich, St. Louis, MO), 4,4'-meth-
ylenebis(phenyl isocyanate) (MDI; Junsei Chemical, Tokyo,
Japan), and 1,4-butanediol (BDj; Junsei Chemical) were dried
overnight under high vacuum (0.1 Torr). BI and 2,2-bis(hydrox-
ymethyl)propanoic acid (DMPA) were obtained from Sigma-
Aldrich and were also vacuum-dried. Dimethylformamide
(DMF; Duksan Chemical, Ansan, Korea) was distilled over
CaH, before use.

Polymer Synthesis

MDI (MDI-1, 5.00 g, 20.0 mmol) was added to PTMG (40.0 g,
20.0 mmol) in a 500-mL, four-necked, beaker-type flask
equipped with a mechanical stirrer, condenser, temperature-
controlled heating mantle, and nitrogen purge. The mixture was
allowed to react for 2 h at 50°C to produce the prepolymer. BD
and DMPA were dissolved in 10 mL of DMF in the amounts
specified in Table I and added to the prepolymer. The mixture
was allowed to react for 1 h. Then, MDI (MDI-2, 7.50 g, 30.0
mmol) was added to the reaction mixture, and the reaction was
continued for 1 h, during which 10 mL of DMF was slowly
added via a dropping funnel to prevent a sudden increase in
the viscosity. MDI (MDI-3) was subsequently added to the reac-
tion mixture, and the reaction was continued for 40 min. Next,
BI dissolved in 10 mL of DMF was added to the reaction
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mixture, and the reaction was continued for 2 h. Then, the
product was precipitated in distilled water (1.5 L) to terminate
the polymerization. The product was cut into pieces and thor-
oughly washed with distilled water (1.5 L X 3) and ethanol (1 L
X 2) under magnetic stirring to remove any remaining reac-
tants. The final product was suction-filtered and dried in an
oven (60°C) for 3 days. The PU structure, grafting steps, and
crosslinking structure are shown in Scheme 1. The mechanical
and shape-memory test samples were prepared by solvent cast-
ing. Specifically, a PU solution in DMF was slowly evaporated
at 60°C for 60 h to obtain a sheet (0.5 mm thick). The film
thickness was measured with a digital caliper (Mitutoyo CD-
15CPX, Tokyo, Japan), and the average thickness of five points
was recorded. Specimens were prepared from the PU sheet
according to ASTM D 638. Two sample series (DB and B series)
were prepared: one series included the water compatibility
agent, whereas the other did not.

Crosslinking Density

A 20 X 20 X 1 mm’ specimen with a known weight (m;) was
swollen in 50 mL of toluene in a closed-cap bottle for 24 h. The
swollen weight of the specimen (m,) was measured after we
quickly removed the adsorbed toluene from the polymer surface
with a tissue. The swollen specimen was dried at room tempera-
ture for a week and then weighed to obtain the dry mass ().
The solvent volume in the swollen specimen (V;) was calculated
with the weight difference between the swollen (m,) and dry
states (m3) and the solvent density (0.8699 g/cm3) and averaged
over five swelling experiments. We calculated the volume of the
dried polymer (V,) by dividing the polymer dry weight () by
the polymer density. The volume fraction of the polymer in the
swollen mass (v;) was calculated as V,/(V,+ V,). The derivation
of the crosslinking density is described in the Results and Dis-
cussion section.

Spectroscopic, Viscosity, and Contact Angle Analysis

A Fourier transform infrared spectrophotometer (Jasco 300E,
Tokyo, Japan) equipped for attenuated total reflectance meas-
urements was used to collect the IR spectra. For each sample,
25 scans were performed with a resolution of 4 cm™' and scan
speed of 2 mm/s. The absorption spectra of the PU solutions
(0.025 wt %) in DMF were collected over the range 300-
700 nm with an ultraviolet—visible (UV-vis) spectrophotometer
(Secomam Uvicon XS, France). The absolute viscosity of the
samples dissolved in DMF was measured with a vibrating vis-
cometer (AND SV-10) at 25°C and was calculated as the aver-
age of five tests at a concentration of 4 wt % (mol/v). The
contact angle of a water drop (2 pL) on the polymer surface
was measured with the sessile drop method with a contact
shape analyzer (Kriiss DA 100) for 25 min.

Thermal Analysis

Differential scanning calorimetry (DSC; TA Instruments DSC-
Q20, New Castle, DE) was used to obtain calorimetry data from
both the heating and cooling scans, which were performed at a
rate of 10°C/min between —50 and 250°C. After melting at
250°C for 5 min and cooling quickly to —50°C, a 5-mg sample
was heated to 250°C at 10°C/min and monitored for phase
transitions. The soft-segment melting temperature (7,,) and
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Scheme 1. (a) Structure of the unfunctionalized PU, (b) BI grafting onto PU with MDI for the DB and B series, and (c) possible crosslinking between

PU chains.

enthalpy change during melting (AH,,) were determined with
the Platinum software included with the DSC instrument. Ther-
mogravimetric analysis (TGA; Seiko TG/DTA 200, Chiba, Japan)
was used to monitor the thermal decomposition behavior of the
samples as they were heated from 22 to 998°C at 10°C/min
under a 50 mL/min nitrogen purge. Dynamic mechanical analy-
sis (DMA) was used to collect the phase-transition data at low
temperatures. Specifically, DMA (Trition TTDMA, Lincolnshire,
United Kingdom) was used to measure the storage modulus
(E) and loss modulus (E”) in the tension mode between —150
and 100°C at 10 Hz.

Tensile and Shape-Memory Tests

The tensile mechanical properties were measured according to
the ASTM D 638 standard at 25°C with 0.5 mm thick samples.
The measurements were collected on a universal testing
machine (LR10K, West Sussex, Lloyd Materials Testing, United
Kingdom) with a 20-mm gauge length, 20 mm/min crosshead
speed, and 0.5-kN load cell. A total of seven specimens were
tested for each group; the average tensile properties of five
specimens, excluding the high and low values, are reported in
this article. The same universal testing machine equipped with a
temperature-controlled chamber was used for the cyclic shape-
memory tests. A sample of length Ly was drawn 100% to 2L, in
a temperature-controlled chamber at 45°C in 2 min, and the
sample was kept at 45°C for 5 min. The upper grip was released
after the specimen was cooled with liquid nitrogen to —25°C
for 10 min, and then, the shrunken length (L;) of the sample
was measured. The percentage shape retention (%) was then
calculated with eq. (1). In the chamber, the specimen was
heated to 45°C for 10 min, and the length (L,) was subse-
quently measured. The percentage shape recovery (%) was then
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calculated with eq. (2). The cyclic shape-memory test was
repeated four times for each sample:

Shape retention = (L;—Ly) X 100/ Ly (%) (1)
Shape recovery = (2Ly—L,) X 100/Ly (%) (2)

Antifungal Test

The antifungal tests were performed at Korea Textile Inspection
and Testing Institute (Sungnam, Korea) according to ASTM
G21-1996 with Chaetomium globosum (ATCC 6205). The test
specimen (50 X 50 mm?) was placed over the solidified
nutrient-salt agar (3—6 mm thick) in a sterile Petri dish. We
inoculated the whole agar surface, including the test specimen,
by spraying the spore suspension from a sterilized atomizer
with 110 kPa of air pressure. The inoculated test specimen was
covered and incubated at 28°C and 91% humidity for 14 days.
The antifungal effectiveness was visually evaluated on the basis
of the fungal growth on a test specimen kept in a culture
medium. The following ratings were used: 4 for heavy growth
(over 60%), 3 for medium growth (30-60%), 2 for light growth
(10-30%), 1 for traces of growth (<10%), and 0 for no growth.

RESULTS AND DISCUSSION

Synthesis and Structural Analysis of PU

PU can be functionalized by the covalent bonding of various
functional groups to the chain. In particular, the carbamate
bonding in PU can be used to graft functional groups onto the
PU chains. The functionalization of the PU surface by grafting
has been reported in the literature.” > BI was selected as an
antifungal agent because of its excellent effectiveness, and it was
grafted onto PU via its nucleophilic imidazole group. MDI-3
was used as an activating agent to connect BI to PU to improve
the binding and ensure its homogeneous distribution on the
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Figure 1. Water contact angle profiles for the B and DB series. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

PU. The BI grafting steps are shown in Scheme 1(b). As shown
in Table I, the BI content increased gradually as the sample num-
ber increased for the B series, and the DMPA content increased,
whereas the BI content was fixed in the DB series to ascertain
the impact of the PU water compatibility on its properties. The
water compatibilities of the PU surfaces were compared by the
contact angles of the water drops on the PUs (Figure 1). The
water contact angles of DB-3 and DB-5 were smaller than those
of B-3 and B-5; this suggested that the DB series surface was
more hydrophilic than that of the B series because of the car-
boxyl groups of DMPA. However, the decrease rate of the water
contact angle was similar for both the B and DB series. Interest-
ingly, the contact angle of DB-3 was close to that of the linear
control polyurethane (L). Therefore, the contact angle results
demonstrated that the carboxyl groups of the DB series increased
the water compatibility of the PU surface. MDI-3 might also
have acted as a crosslinker between the PU chains, as shown in
Scheme 1(c), improving the mechanical strength of the grafted
PU relative to that of the unfunctionalized PU. The crosslinking
density was determined by PU swelling in toluene because it was
inversely related to the degree of crosslinking. Specifically, the
interaction parameter (y) between toluene and PU was deter-
mined from the following expression:*®

7 = (6,—0,)*Vi/RT (3)

where 9, and 0, are the solubility parameters of the solvent and
polymer, respectively; V; is the solvent molar volume
(106.3 cm’/mol); R is the gas constant (8.31 MPa-cm’
K 'mol™!); and T is the absolute temperature (298 K).

5, and 8, were 18.2 and 20.5 MPa'? respectively.37’38 The
degree of crosslinking was calculated with the Flory—Rehner
equation:

- [ln(l—vz) +v,+ xvf] =Vln{vzl/3—l/2vz} (4)
where v, is the volume fraction of the polymer in the swollen
mass and 7 is the crosslinking density.

The crosslinking density of the B series slowly increased with
increasing BI content. However, the DB series had very low
crosslinking densities, which decreased slightly with increasing
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Figure 2. Crosslinking density profiles for the B and DB series. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

DMPA content (Figure 2). The MDI crosslinking led to an
increase in the crosslinking density of the B series,”” and the
DMPA in the DB series was responsible for the low crosslinking
density because the DMPA carboxyl group might have pre-
vented the close contact between the PU chains required for
crosslinking. The small degree of crosslinking in the B series
and the absence of crosslinking in the DB series impacted their
observed tensile mechanical properties; this resulted in signifi-
cantly different behaviors, as discussed in the following section.

The viscosities of the B and DB series in DMF were measured

to determine the effects of the grafted BI and DMPA on the
3 4 5

1 2
B series

1 2 3 4 5
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Figure 3. Viscosity profiles for the (a) B and (b) DB series.
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Figure 4. UV-vis spectra of the (a) B and (b) DB series. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 6. DSC thermograms of the (a) B and (b) DB series. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

solution viscosity because they might have affected the molecu-
lar interactions between the PU chains. The viscosity results
exhibited similar trends to the crosslinking density results: the B
series viscosities initially increased as the BI content increased,
and the DB series viscosities decreased with increasing DMPA
content (Figure 3). The decrease in the B series viscosity
observed at high BI contents was due to the repulsive interac-
tion between the grafted Bls and the reduced drag between the
PU chains. Therefore, the viscosity results demonstrated that
DMPA disrupted the molecular interactions in the DB series,
and the light crosslinking in the B series resulted in an increased
viscosity. The UV-vis spectra were measured to analyze the BI
groups grafted onto the PU. The BI peak at approximately
320 nm increased with increasing BI content in the B series
[Figure 4(a)]. However, the UV-vis spectra of the DB series
were similar because the BI content was the same for all of the
DB samples [Figure 4(b)]. The UV-vis spectra demonstrated
that the amount of BI grafted onto the PU was determined by
the amount of BI used in the synthesis (see Table I).

IR and Thermal Analysis

The IR spectra exhibited peaks assigned to C—H bending at
1527 cm ', aromatic C—C ring stretching at 1592 and
1411 cm™ ', O—H bending at 1362 cm ™', C—N stretching at
1305 cm ™', and C—O stretching at 1215 cm™'. These peaks
were observed for both the B and DB series (Figure 5). The
C=0 stretching peaks at approximately 1700 and 1730 cm '
were used to analyze the intermolecular interactions, such as
hydrogen bonding and dipole-dipole interactions, between the
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Table II. Comparison of the Soft-Segment Thermal Properties of the PU
Series

Sample code T (C) AH,, (J/g) Ty (°CP?
B-1 151 30.1 -67.1
B-2 16.0 312 -65.4
B-3 18.3 341 —-64.0
B-4 18.5 355 -65.3
B-5 18.7 40.0 -64.1
DB-1 23.2 37.4 -60.2
DB-2 26.4 39.2 -58.1
DB-3 27.3 39.5 -53.6
DB-4 29.7 44.0 -45.9
DB-5 319 46.4 —-42.9

#Tg4 was determined from the E” data.

hard segments. The bonded carbonyl band (1700 cm™')
appeared at a lower wave number than the free carbonyl group
band (1730 cm™1).** The relative intensities of the bonded and
free carbonyl stretches indicated the degree of phase separation
(DPS) that occurred when the molecular interactions between
the hard segments changed. The DPS was calculated with the
equation DPS = A};00/(A1730 T A1700), Where A;700 and A,73¢ are
the absorbances at 1700 and 1730 cm ™', respectively. The DPS
of the B series varied slightly from 56.5% for B-1 to 57.5% for
B-3 and 56.0% for B-5. However, the DPS of the DB series var-
ied drastically from 56.5% for DB-1 to 47.5% and 51.7% for
DB-3 and DB-5, respectively. These results suggested that the
molecular interactions were not affected by the BI content in
the B series, but they were significantly influenced by the
DMPA content in the DB series.
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The soft-segment T,’s of the B and DB series were measured by
DSC. The melting peak of the soft segment was observed
between 15 and 32°C during the second heating scan (Figure 6).
The T,’s and AH, s of melting are listed in Table II. The T,
increased as the BI and DMPA contents increased in the B and
DB series, respectively. For example, T,, increased from 15.1°C
for B-1 to 18.7°C for B-5 and from 23.2°C for DB-1 to 31.9°C
for DB-5. The AH,, values also increased significantly as the BI
and DMPA contents increased in the B and DB series,
respectively. Specifically, AH,, increased from 30.1 J/g for B-1 to
40.0 J/g for B-5 and from 37.4 J/g for DB-1 to 46.4 J/g for DB-5.
The rigid BI structure and the crosslinking by MDI-3 restricted
the movement of the B series PU; this resulted in an increase in
AH,, as the BI content increased. Similarly, the DMPA carboxyl
groups restricted the movement of the DB series PU, and AH,,
thus increased as the DMPA content increased. The glass-
transition temperature (T,) of the soft segments was measured
by DMA, which involved the monitoring of E' and E’ between
—150 and 100°C (Figure 7). A rapid decrease in E and the
appearance of a E’ peak, which were indicative of the soft-
segment glass transition, were observed at approximately —60°C.
The T, data given in Table II are based on E’ peaks. The T,
increased as the BI and DMPA contents increased: T, increased
from —67.1°C for B-1 to —64.0°C for B-3 and —64.1°C for B-5
and from —60.2°C for DB-1 to —53.6°C for DB-3 and —42.9°C
for DB-5. The increase in T, observed for the DB series was
greater than that observed for the B series; this suggested that
DMPA restricted the PU chain rotation in the DB series more
than the grafted BI did in the B series. The DB crystallization
peaks at approximately —15°C completely disappeared as the
DMPA content increased, whereas the B crystallization peaks at
approximately —23°C were not significantly affected by the BI
content. The disappearance of crystallization peaks was also
observed in the DSC plot (Figure 6), in which the crystallization

(b)1E+10
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Figure 7. E profiles for the (a) B and (b) DB series and E” profiles for the (c) B and (d) DB series. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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temperature. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

peaks in the B series at approximately —18°C disappeared in the
DB series. The crystallization peak results also demonstrated that
DMPA had a larger effect on the PU chain alignment than the
grafted BI did. The thermal decomposition of the B and DB series
was analyzed by TGA (Figure 8). For the B series, two decomposi-
tion steps were observed. The first decomposition step at
approximately 370°C corresponded to the decarboxylation of the
PU carbamate bond, and the second decomposition step at
approximately 420°C was due to the thermal decomposition of
the remaining PU hydrocarbons. For the DB series, the
decarboxylation was observed at a lower temperature (ca. 280°C)
because of the decarboxylation of DMPA. The shift in the
decarboxylation temperature was in the
derivatized TGA curves: in the DB series curves, the B series
decomposition peak at 370°C decreased considerably, and a
decomposition peak was observed at a lower temperature.
Therefore, the differences in the B and DB series in TGA thermo-
grams indicated the presence of DMPA in the DB series. The
combined thermal analysis results suggest that the T, T, and
AH,, values of the B and DB series were affected by the grafted BI
and DMPA.

clearly observed
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Figure 9. (a) Maximum stress and (b) breaking strain profiles for the B
and DB series. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Tensile and Shape-Memory Properties

The maximum tensile stress of the B series was significantly
greater than that of L (B-1). However, the maximum tensile
stress of the DB series decreased considerably with increasing
DMPA content [Figure 9(a)]. For example, the maximum ten-
sile stress increased from 17.2 MPa for B-1 to 45.2 MPa for B-3
and 52.6 MPa for B-5, whereas it decreased from 47.8 MPa for
DB-1 to 22.0 MPa for DB-3 and 1.5 MPa for DB-5. The

Table III. Shape-Memory Properties

Recovery (%) Retention (%)

Sample code First? Fourth?® First Fourth
B-1 93 97 96 96
B-2 90 86 95 96
B-3 86 84 95 96
B-4 91 93 96 87
B-5 89 84 96 100
DB-1 92 88 96 98
DB-2 96 94 90 85
DB-3 86 86 98 98
DB-4 93 91 96 97
DB-5 87 85 99 99

@ Shape-memory results for the first and fourth test cycles.
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DB-1(2)
Figure 10. Antifungal tests against C. globosum (ATCC 6205): the number
in parentheses indicates the rating [heavy growth (4), medium growth (3),

DB-3 (1)

light growth (2), traces of growth (1), and none (0)]. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

increase in the maximum stress for the B series was due to the
crosslinking shown in Scheme 1(c), and the sharp decrease in
the maximum stress for the DB series originated from the
repulsion between the DMPA carboxyl groups and the reduced
crosslinking observed for this series. The breaking strain
decreased slightly with increasing BI and DMPA contents in the
B and DB series, respectively: it decreased from 1818% for B-1
to 1767% for B-3 and 1255% for B-5 and from 1445% for DB-
1 to 1524% for DB-3 and 1167% for DB-5 [Figure 9(b)]. Thus,
the crosslinking in the B series and DMPA in the DB series did
not reduce the tensile strain considerably. The tensile test results
revealed that the DMPA content had a significant impact on the
PU tensile strength.

Shape-memory tests were conducted repeatedly for the B and
DB series between —25 and 45°C. The soft-segment T,, was used
as the reference temperature for the shape-memory tests because
the T, was close to room temperature, and this was useful for
practical applications.*™*' The shape recovery of the B series was
slightly better than that of the DB series. The BI and DMPA con-
tents in the B and DB series did not significantly affect the
shape-recovery results. The shape-recovery results for both series
were reproducible, as demonstrated by repetition of the test cycle
four times (Table III). For example, the shape recoveries of B-1,
B-5, DB-1, and DB-5 varied from 92, 93, 88, and 91%, respec-
tively, for the first test cycle to 96, 92, 84, and 88%, respectively,
for the fourth test cycle. Therefore, the B and DB series did not
lose their ability to recover their shape or their recovery efficiency
after repeated stretching and shrinking cycles. The shape reten-
tion was similar for the B and DB series and was also not
affected by the BI and DMPA contents in the B and DB series,
respectively. The shape retention decreased slightly as the number
of test cycles increased for both series. For example, the shape
retentions of B-1, B-5, DB-1, and DB-5 varied from 99, 92, 96,
and 90%, respectively, for the first test cycle to 98, 87, 96, and
92%, respectively, for the fourth test cycle. Although the DMPA
in the DB series significantly reduced the tensile strength, the
shape-memory properties were unaffected by the DMPA content.
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Antifungal Activity Testing

The selected B and DB samples were tested for antifungal activ-
ity against C. globosum, and their effectiveness is compared in
Figure 10. The antifungal effectiveness was evaluated on the
basis of the fungal growth after the incubation period and rated
as follows: 4 for heavy growth (over 60%), 3 for medium
growth (30-60%), 2 for light growth (10-30%), 1 for traces of
growth (<10%), and 0 for no growth. B-1, which did not con-
tain BI, did not exhibit any antifungal activity, and its antifun-
gal effectiveness was assigned a value of 4. B-5, which had the
highest BI content, did not satisfactorily suppress the fungal
growth and was given a rating of 3. DB-1 and DB-3, which had
the same BI content and different DMPA contents, were given
ratings of 2 and 1, respectively; this means that DB-3 exhibited
a higher antifungal activity than DB-1. Finally, DB-5 completely
suppressed the fungal growth on the sample and was assigned a
rating of 0. As a control experiment, DB-5 without BI and
MDI-3 was separately prepared by the same method and tested
for the antifungal activity. However, it was rejected for the anti-
fungal test from the test institute because of its stickiness and
fragile structure. The antifungal test results that the DMPA con-
tent played a vital role in controlling the fungal growth in con-
trast to the BI content; this suggested that PU must be water-
compatible for the BI grafted onto PU to exhibit full antifungal
activity. The higher water compatibility of DB-5, compared to
those of L, B-3, B-5, and DB-3, was already confirmed in the
water contact angle results, as shown in Figure 1. Therefore, the
incorporation of both BI and DMPA into PU resulted in a high
antifungal activity.

CONCLUSIONS

Two PU series, one with grafted BI (B series) and the second
with grafted BI and inserted DMPA (DB series), were prepared
to examine their antifungal activities. BI was used as the antifun-
gal agent, and DMPA was included to improve the PU water
compatibility, which was demonstrated in the water contact angle
results of the PU surfaces. The crosslinking density increased
with increasing BI content in the B series and decreased with
increasing DMPA content in the DB series. The grafted BI and
DMPA contents affected the T, T,, and AH,, values of both
series. The tensile strength of the B series increased with increas-
ing BI content, whereas that of the DB series decreased with
increasing DMPA content. For both series, the shape recovery
and retention remained high and were reproducible, as demon-
strated by the cyclic test results, even as the BI and DMPA con-
tents increased. The DB series exhibited a higher antifungal
activity than the B series because of its enhanced water compati-
bility. Therefore, the Bl-grafted PU needed a water-compatible
structure to exhibit full antifungal activity.
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