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Abstract : The antibacterial monomer. 2.4,4"-trichloro-2'-acryloyloxydiphenyl ether(AcDP)was copoly-
merized with 2-hydroxyethy! methacrylate(HEMA) in cyclohexanone at 70C. The copolymer com-
positions were determined by quantitative ultra-violet(UV) analysis. The monomer reactivity ratios,
ri(AcDP) and r;(HEMA) determined by Kelen-Tudos method were 026 and 1.75, respectively.
These values imply that the reactivity of AcDP was affected by the steric hindrance in the copolyme-
rization. Intrinsic viscosities of copolymers were in the range of 0.05~0.15. The antibacterial activities
of AcDP, poly(AcDP), and poly(AcDP-co-HEMA) were studied by shake flask test. The antibacterial
activities of AcDP and its polymers as well as DP against Staphylococcus aureus were very excellent
compared to those of control polymers such as poly(HEMA) and poly{ethylene-co-vinyl acetate). The
antibacterial activities were decreased in the order of DP>AcDP>poly(AcDP-co-HEMA)>poly
(AcDP) against Staphylococcus aureus. This is probably attributed to the easiness of leach or migration
of DP or AcDP from the sample films compared to the polymer-anchored DP such as poly(AcDP-co-
HEMA) and poly(AcDP). Even though poly(AcDP-co-HEMA) (AcDP content : 53.8 mol%) has lower

Za #1187 A3% 1994 59 309



Sang Taek Oh, Chang Sik Ha, and Won Jei Cho

DP moiety than poly(AcDP) and poly(HEMA) accelerate the increase in the growth of bacteria, the
antibacterial activity of poly(AcDP<o-HEMA) on the basis of DP concentration was slightly higher

than that of poly(AcDP).

INTRODUCTION

Polymeric biocides prepared by chemically bon-
ding the biocides on polymers have attracted much
interest because of their long-lasting biocidal acti-
vity. Polymeric bactericides can significantly re-
duce losses associated with volatilization, photoly-
tic decomposition, dissolution, and transport. Mo-
reover, increased efficiency, selectivity, and hand-
ling safety are additional benefits which may be
realized.

Pittman et al.'? evaluated acrylic polymers con-
taining pentachlorophenol as potential biocides.
Akagane and Matsuura® synthesized poly(methyl
methacrylate-co-pentachlorophenol)s  containing
high biocide compositions(80~85mol%). These
copolymers were formulated into chlorinated resin
and tested as marine coatings. They reported that
the pentachlorophenol-containing polymers exhibi-
ted better antifouling activity with superior slow-
release characteristics than their corresponding
monomeric biocides. Some of the halogen-o-hydro-
xydiphenyl ether derivatives® have been used for
protection of organic materials, such as synthetic
resins, paper treatment liquors, printing thickners,
lacquers, paints, and cosmetic articles, because of
their remarkable biocidal activities.

Recently, we reported the syntheses and bioci-
dal activities of 2,4,4'-trichloro-2'-acryloyloxydi-
phenyl ether, N-acryloyl-2-(4'-thiazoly)benzimida-
zole, and their polymers.®

In this work, we synthesized 24,4'-trichloro-2'-
acryloyloxydiphenyl ether(AcDP) by reacting acryl-
oyl chloride(Ac) with 24,4'-trichloro-2’-hydroxy-
diphenyl ether(DP). DP was selected for its bacte-
ricidal activity against both Pseudomonas aerugi-
nosa and Staphylococcus aureus, existing in fiber,
paper, latex, rubber, machine oil, leather, plastic,
cotings, cosmetic articles, and packaging materi-
als.”~?

310

Copolymers of AcDP with 2-hydroxyethyl me-
thacrylate(HEMA) were synthesized. The copoly-
mer compositions were analyzed quantitatively by
UV spectroscopy. The antibacterial activities of DP,
AcDP, poly(AcDP), and poly(AcDP-co-HEMA)
were investigated against Staphylococcus aureus by
shake flask test.

EXPERIMENTAL

Materials.  2,4,4'-Trichloro-2'-hydroxydiphenyl
ether(DP ; Ciba-Geigy) was recrystallized from
n-hexane. Acryloyl chloride(Ac ; Aldrich) was used
without further purification. Triethylamine(Junsei)
was refluxed with acetic anhydride and with KOH,
and finally distilled. 2-Hydroxyethyl methacrylate
(HEMA ; Aldrich) was washed twice with 5% aq.
NaOH and three times with water, then dried with
Na,50, and distilled under nitrogen at reduced
pressure. Benzoyl peroxide(BPO ; Junsei) was di-
ssolved in CHCl; and precipitated by adding an
equal volume of MeOH. Toluene(Junsei), cyclohex-
anone(Junsei), THF(J. T. Baker), and other che-
micals were purified by the standard procedures.
Poly(ethylene-co-vinyl acetate) (EVA) having 40%
of vinyl acetate(Intrinsic viscosity ; 0.70 dlg™!, Melt
index ; 57) was used as received from Aldrich.
Beef extract(Difco), bacto-peptone(Difco), agar
(Difco), tryptone(Difco), dextrose(Aldrich), pota-
ssium phosphate(Aldrich), and the bacteria, Sta-
phylococcus aureus ATCC 6538P, were kindly supp-
lied from PUSAN URETHANE Co., Korea.

Instruments. IR spectra were taken on a Nicolet
710 FT-IR spectrophotometer using KBr pellet. UV
spectra were taken on a Shimadzu 2100 spectro-
photometer. Average molecular weight was deter-
mined by gel permeation chromatography(GPC ;
Waters, 150C).

Synthesis of 2,4,4 -trichloro-2’-acryloyloxydiphe-
nyl ether(AcDP). AcDP was prepared by the reac-
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tion of 24,4 -trichloro-2'-hydroxydiphenyl ether
(DP) and acryloyl chloride(Ac) in the presence of
triethylamine. Details of synthesis and characteri-
zation procedure were reported in a previous pa-
per.

Synthesis of poly(2,2,4'-trichloro-2'-acryloyloxy-
diphenyl ether) poly[(AcDP)]. Poly(AcDP) was
prepared by the radical polymerization of AcDP(5.
8210 mol) with BPO(2.97x 10 mol) in 50 ml of
toluene at 70C(Scheme 1). Details of synthesis
and characterization procedure were reported in a

previous paper.5

e oot c= i Anfpnns
e BPO,70C =°
a 9 toluene a o
Ao oo
AP Poly(AcDP)
Scheme 1.

Synthesis of poly(2-hydroxyethyl methacrylate)
[poly(HEMA)]. A solution of 9.72X10*mol of
HEMA and 4.95X 10°mol of BPO in 10 ml dry to-
luene was introduced into a glass ampoule equip-
ped with a magnetic stirring bar and a septa cap.
The solution was deoxygenated by purging with
purified N, gas. The tube was sealed and placed
in a regulated thermostat bath at 70C for 6 h. The
solid precipitated during the polymerization was
filtered off with a membrane filter{ material : poly
(tetrafluoroethylene), mean pore size : 0.5um, dia-
meter ; 45 mm]. Then it was dried under reduced
pressure. The resulting solid was redissolved in
EtOH, followed by precipitating in excess ether.
The precipitate was collected by filtration and
dried at room temperature under vacuum to cons-
tant weight. This poly(HEMA) was used as a con-
trol polymer for the accelerated bacteria growth
test.

Synthesis of poly(2,4,4'-trichloro-2'-acryloyloxy-
diphenyl ether-co-2-hydroxyethyl methacrylate)
[poly(AcDP-co-HEMA)].  Copolymerization  of
AcDP with HEMA was carried out with BPO in
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cyclohexanone at 70C(Scheme 2). A series of co-
polymerizations, in which the feed ratios of AcDP
(M) to HMEA(M,) were varied in the range of
0.33 to 3.00, yielded copolymers over a wide range
of compositions. The copolymerizations were stop-
ped less than 10% conversion. Taking one exam-
ple as a typical copolymerization of M/M,, both
AcDP and HEMA solutions were prepared to 9.72
X 10%mol/L in cyclohexanone, respectively. Then,
5ml of each solutions and 4.95X10%mol of BPO
were introduced into a glass ampoule tube equip-
ped with a magnetic stirring bar and a septa cap.
The solution was deoxygenated by purging with
purified N, gas. The tube was sealed and placed
in a regulated thermostat bath at 70C for fixed pe-
riods of time. The polymer solution obtained was
precipitated in excess n-hexane. The precipitate
was collected by filtration and dried under vacuum
to constant weight.

Characterization of Polymers. The details of
quantitative UV analysis are found in the litera-

1 Hut a brief explanation can be described as

ture
follows : The absorbances of the mixed solutions
of poly(AcDP) and poly(HEMA) in DMF with gi-
ven weight fractions were recorded at 275.9 nm in
order to calibrate the absorbance to the concentra-
tion of poly(AcDP) (concentrations of each homo-
polymers : 12 mg/100 ml DMF). The absorbances
of copolymers for analysis were then measured.
Average molecular weights of poly(AcDP) was
determined by gel permeation chromatography
using non aqueous Microstyragel column and mo-
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nodisperse polystyrene as a standard at 40C. The
concentration of polymer was 0.1 wt%. The intrin-
sic viscosity of polymers([n]) was measured in N,
N-dimethylformamide(DMF) at 30C with Can-
non-Fenske viscometer.

Antibacterial Test(Shake Flask Test)

Preparation of specimen, buffer solution, nutrient
broth, bacterial culture, and tryptone glucose extraxt
agar . DP, AcDP, poly(AcDP), and poly(AcDP-co-
HEMA) were blended individually with poly(eth-
ylene-co-vinyl acetate) (EVA ; VA content, 40% ) at
1wt% concentration and dissolved in THF(5%
solution). Then, test sample films of 0.1~0.13 mm
thickness were prepared by casting the solutions
on Petri dish. Control films of pure EVA and EVA
containing 1wt% of poly(HEMA) were also pre-
pared by casting from their THF solution. In case
of the latter, small amount of EtOH was added to
THF solution to dissolve poly(HEMA) completely.
The Petri dishes containing test samples were
dried over 24 h at room temperature and dried
under vaccum at 30C to constant weight. The spe-
cimens were prepared by cutting the film into
square-shape(5 cm X5 cm).

Buffer solution was prepared by taking 1ml
from the mother solution, 34 g of potassium phos-
phate, 175 ml of 4% aq. NaOH solution and 325 ml
of sterile distilled water, into 799 mi of sterile dis-
tilled water.

Nutrient broth was prepared from 3 g of beef
extract, 5 g of peptone, and 1000 ml of sterile disti-
lled water.

Bacterial culture was prepared as follows :
Freeze-dried ampoule of Staphylococcus aureus
(ATCC 6538P) was opened, and the bacteria was
smeared with a wire loop to give single colonies
on nutrient agar and incubated at 37C for 24 h. A
representative colony was picked off with a wire
loop and placed in a 10 ml of nutrient broth, which
was then incubated with shaking at 37C for 18 h.
At this stage, the concentration of Staphylococcus
aureus was about 10% cells/ml. By diluting with bu-
ffer solution, a culture a Staphylococcus aureus co-
ntaining about 10° cells/m! was prepared.
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Tryptone glucose extract agar was prepared
from 3 g of beef extract, 5g of trypton, 1g of dext-
rose, 15 g of agar, and 1000 ml of sterile distilled
water.

Antibacterial Assessment .| Exposure of bacterial
cells to specimen was started when 5 ml of the ba-
cterial culture containing about 10° cells/ml was
added to 200 ml of erlenmeyer flask equipped with
screw cap containing 70 ml of buffer solution and
specimen, which was preequilibrated at 37C. After
shaking the above solution at 37C for 1h, 1 ml of
solution was diluted with 9ml of sterile distilled
water, and then decimal serial dilution was perform-
ed twice. 1ml portions were removed and quick-
ly mixed with 15ml of tryptone glucose extract
agar in Petri dish. At this stage, the concentration
of Staphylococcus aureus was about 10! cells/ml.
After incubation at 37C for 24 h, the colonies
which were present on the surface of tryptone glu-
cose extract agar in Petri dish were counted. The
percent reduction of bacteria was calculated as fol-
lows :

. B-A
Percent reduction of bacteria :wg‘ - X 100

where A is the number of bacteria recovered from
the inculated solution which contains the specimen
in the flask and B(blank) is the number of bacte-
ria recovered from the inoculated solution which
does not contain the specimen in the flask.

RESULTS AND DISCUSSION

Characterization. The copolymer compositions
were determined by quantitative UV analyses,'
where 2759 nm is selected as the ‘characteristic
wavelength for analyses of poly(AcDP-co-HEMA),
because poly(HEMA) scarcely absorb at that wa-
velength. A straight-line calibration plot was obtain-
ed for the absorbance values by using the Beer-
Lambert Law versus the mole ratio of the two mo-
nomer units in the polymer mixtures. From the
calibration curve, the following equation was deri-
ved.
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£=6.44X+0.10(1—X)

where ¢ is the specific extinction coefficient of the
copolymer and X is the weight fraction of AcDP
unit in the copolymer.

The compositions of the copolymers were calcu-
lated from the above equation using the specific
extinction coefficient of each copolymer, and were
listed in Table 1.

IR spectrum(Fig. 1) of poly(AcDP-co-HEMA)
indicated absorptions at 3436 cm™(O-H, HEMA),
3091 cm(phenyl ring, AcDP), 1765cm™(C=0,
AcDP), and 1724 cm'(C=0, HEMA) with disap-
_pearance of vinyl absorptions at 1633 cm(AcDP)

Table 1. Reaction Parameters for the Copolymeriza-
tion of AcDP(M,) and HEMA(M,) with BPO in To-
luene at 70C, Copolymer Composition, and Intrinsic
Viscosity.[M] : 9.72X10°mol/l,  [BPO] : 4.90Xx10*

mol/l
M; in
Exp. Feed ratio Conversion copolymer  [n]
No. (Mi:M,) (%) by UV (dig"
(mol %)
H-1 7525 95 50.5 0.05
H-2 7:3 10.1 49.2 0.06
H-3 6.4 8.8 40.5 0.08
H-4 5.5 9.1 323 0.09
H-5 4:6 9.6 23.6 0.11
H-6 3:7 8.2 18.3 0.12
H-7 25:75 8.8 14.5 0.15

60
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Fig. 1. FT-IR spectrum of poly(244’-trichloro-2-acr-
vloyloxydipheny! ether~o-2-hydroxyethyl methacry-
late) .(KBr disk)

and 1637 cm ' (HEMA).

The intrinsic viscosities of poly(AcDP-co-
HEMA)s were listed in Table 1. As can be seen
in Table 1, the intrinsic viscosities of copolymers
were increased with increasing the content of
HEMA unit in copoiymers.

The number and weight average molecular wei-
ghts of poly(AcDP) were 2700 and 4600, respecti-
vely. The intrinsic viscosity of poly(HEMA) was 0.
24 dig’.

Poly(AcDP-co-HEMA) used for the estimation
of antibacterial activity contained 53.8 mol% of
AcDP as calculated from UV method and its intrin-
sic viscosity was 0.10 dig™.

Monomer Reactivity. The reactivity ratio of each
monomer was estimated by the Kelen-Ttidos me-

Table 2. Kelen-Tudos Parameters for Determination of Monomer Reactivity Ratios for the Copolymerization of
AcDP(M;) and HEMA(M,). a=2.39, r;(AcDP)=0.26 and r.,(HEMA)=1.75

Exp. M, m, ‘ X X(Y—1) G F
X=—n Y=—or X Y1 F=~ G a+F  g=— &=
No. M, m, Y Y a+F a+F
H-1 3.00 1.02 9.00 0.02 882 006 1121 001 0.79
H-2 2.33 097 543 003 560 -0.07 799 -001 0.70
H-3 1.50 0.68 2.25 032 331 —0.71 570 —012 0.58
H4 1.00 0.48 1.00 ~052 208 ~1.08 147 ~0.24 047
H-5 067 0.31 045 ~ 069 145 — 149 3.84 -0.39 0.38
H-6 0.43 0.22 0.18 ~0.78 0.82 152 321 —047 0.26
H-7 033 0.17 0.11 - 083 0.65 ~161 3.04 ~0.54 021
Zz2|0 4187 A3% 19949 5¢ 313
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§

Fig. 2. Kelen-Tudos plot for the copolymerization of
AcDP and HEMA : r,(AcDP)=0.26, r,(HEMA)=1.
75.

Table 3. Results of Antibacterial Activity Test on DP,
AcDP, Poly(AcDP), Poly(AcDP-o-HEMA), and Cont-
rol Polymers

. Number of
Concentration . )
) _bacteria Reduction
of bacteri- ) .
Sample? . (Staphylococcus  of bacteria
cidal agent %)
aureus %
wt%
(%) ATCC 6538P)
Blank® none 53+ 7 -
EVA© none 58+ 5 -9
Poly(HEMA) none 77+ 6 —45
DP 1 113 79
AcDP 1 22+ 4 59
Poly(AcDP) 1 4415 17
Poly(AcDP-
co-HEMA)¢ 1 4215 21

2Poly(HEMA), DP, AcDP, poly(AcDP) and poly(AcDP-co-
HEMA) are blended individually with 99 wt% of EVA.

YBlank is the innoculated solution which does not contain the
specimen in the flask.

¢ Poly(ethylene-co-vinyl acetate) without bactericide, (vinyl ace-
tate content ; 40%).

dThe content of AcDP in copolymer is 53.8 mol%.

thod.!! Fig. 2 shows a typical Kelen-Tiidos plot to
determine monomer reactivity ratios, in which the
ordinate 1 and the abscissa & are explained in Ta-
ble 2 along with other several parameters.
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The Kelen-Tiidos plot gives r; value of 0.26
(AcDP) and r, value of 1.75(HEMA). Since r,(ky;
/kyp) is less than unity for the copolymerization of
AcDP and HEMA, AcDP radical addition to HEMA
monomer occurs more readily than addition of
AcDP radical to AcDP monomer. This is probably
attributed to the steric hindrance of AcDP.

Antibacterial Activity. The antibacterial activities
of DP, AcDP, poly(AcDP), and poly(AcDP-co-
HEMA) against Staphylococcus aureus were stu-
died in shake flask test. The results are summari-
zed in Table 3. In Table 3, it is seen that the num-
ber of bacteria which was recovered from the in-
noculated solution containing DP, AcDP poly
(AcDP), and poly(AcDP-0o-HEMA) was decrea-
sed. Whereas the number of bacteria was increa-
sed in poly(HEMA) and EVA compared to blank.
The antibacterial activities against Staphylococcus
aureus were decreased in the order of DP>AcDP
>poly(AcDP-co-HEMA) >poly (AcDP) >EVA>poly
(HEMA). The antibacterial activity of monomeric
compounds such as DP and AcDP was larger than
that of polymers such as poly(AcDP) and poly
(AcDP-c0-HEMA). This is probably attributed to
the easiness of leach or migration of DP or AcDP
from the sample films compared to the polymer-
anchored DP such as poly(AcDP) and poly(AcDP-
co-HEMA). This result is in agreement with the
study previously reported by Pittman.' He sugges-
ted that the blended pentachlorophenol can leach
or migrate from sample films, whereas polymer-
anchored pentachlorophenol cannot. Even though
poly(AcDP-co-HEMA) (AcDP content ; 53.8 mol%)
has lower DP moiety than poly(AcDP) and poly
(HEMA) accelerate the increase in the growth of
bacteria, the antibacterial activity of poly(AcDP-co-
HEMA) on the basis of DP concentration was sli-
ghtly higher than that of poly(AcDP). This pheno-
menon is plausibly due to the difference of hydro-
philicity between poly(AcDP-co-HEMA) and poly
(AcDP).
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CONCLUSIONS

In this work, poly(2,4,4'-trichloro-2'-acryloyloxy-
diphenyl ether-co-2-hydroxyethyl methacrylate)
[poly(AcDP-co-HEMA) ] was synthesized. The co-
polymer compositions were analyzed by UV spect-
roscopy. The monomer reactivity ratios, r; and r,
were determined by the Kelen-Tudos method ; 1y
(AcDP) =0.26 and r,(HEMA) = 1.75. These values
imply that the reactivity of AcDP was affected by
the steric hindrance in the copolymerization. Intrin-
sic viscosities of copolymers were in the range of
0.05~0.15. The antibacterial activities of 2,4,4’-tri-
chloro-2'-hydroxydiphenyl ether(DP), 24,4 -trich-
loro-2'-acryloyloxydiphenyl ether(AcDP), poly(2,4,
4'-trichloro-2'-acryloyloxydiphenyl ether)[ poly
(AcDP)], and poly(2,4,4'-trichloro-2'-acryloyloxy-
dipheny! ether-co-2-hydroxyethyl methacrylate)
(poly(AcDP-co-HEMA)] against  Staphylococcus
aureus were excellent compared to those of poly
(HEMA) and poly(ethylene-co-vinyl acetate). It
was found that the antibacterial activity against
Staphylococcus aureus decreased in the order of
DP>AcDP>poly (AcDP-co-HEMA) >poly(AcDP).
This is probably attributed to the easiness of leach
or migration of DP or AcDP from the sample films
compared to the polymer-anchored DP such as
poly(AcDP) and poly(AcDP-co-HEMA). Even
though poly(AcDP-co-HEMA) (AcDP content 3 53.8
mol%) has lower DP moiety than poly(AcDP)
and poly(HEMA) accelerate the increase in the
growth of bacteria, the antibacterial activity of poly
(AcDP-co-HEMA) on the basis of DP concentra-
tion was slightly higher than that of poly(AcDP).
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