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ABSTRACT: Method for introducing grafted chains consisting of two types of monomer
components, acrylic acid (AA) and N-isopropylacrylamide (NIPAAm), into low-density
polyethylene (PE) film (thickness Å 25 mm) was investigated by two photografting
technique using xanthone photoinitiator at 607C. In the first method (one-step method),
AA and NIPAAm binary monomers were graftcopolymerized onto PE film. In the second
method (two-step method), AA was first photografted onto PE film and then NIPAAm
was further introduced into the AA-grafted PE film by a second-step photografting.
Water absorbencies of the grafted films (one- and two-step samples) prepared by the
one- and two-step methods, respectively, decreased in the order of AA-grafted film
ú one-step sample ú two-step sample ú NIPAAm-grafted film. The water absorbency
steeply decreased at 20 to 407C with increasing temperature when immersed in water
at the temperatures (5–607C) for 24 h. Thermosensitivity, which was defined as the
ratio of water absorbencies of the grafted samples at 5 and 607C, was higher for the
one-step sample than the two-step one. The different extent of the water absorbency
and the thermosensitivity between both samples is discussed in terms of location of
grafted chains in the film substrate, which was determined by electron probe microanal-
ysis and attenuated total reflection–infrared measurements, and monomer sequence
distribution of the grafted chains. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 2057–
2064, 1998
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INTRODUCTION the relationship between the function attached to
the polymer materials and the method of intro-
duction of grafted chains. It was found in our pre-Grafting is known to be useful for the introduction
vious articles1–9 that photografting is a usefulof various functional groups into polymer materi- means for introduction of various functions intoals by selecting the type of monomer. It is conceiv- polyethylene (PE) film substrate, such as wetta-

able that the function of the groups introduced is bility,1,2 moisture permeability,3,4 catalytic activ-
influenced by monomer sequence distribution of ity,5,6 polymer peroxides,7 and pH- and tempera-
the grafted chains and its location in the polymer ture9-responsive characters, which are greatly in-
substrate, depending on the method of introduc- fluenced by the location of grafted chains in the
tion. Accordingly, it is important to investigate film substrate. This article deals with the method

for introducing grafted chains, which consist of
two types of monomer component, into polyethyl-Correspondence to: H. Kubota.
ene film by means of photografting.Journal of Applied Polymer Science, Vol. 67, 2057–2064 (1998)

q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/122057-08 We selected acrylic acid (AA) and N-isopropy-
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absorbency and temperature-responsive charac-
ter of the resulting grafted PE films.

EXPERIMENTAL

Materials

The polyethylene film used was low-density poly-
ethylene (PE) 25 mm thick. The film (3 1 10 cm)
was dipped into acetone solution containing 0.3%
by weight xanthone and 0.5% by weight poly(vinyl
acetate) (MV w Å 100,000), removed from the solu-
tion, and then dried at room temperature for 5 h
under reduced pressure of 5 torr to prepare xan-
thone-coated film. The quantity of xanthone in the
film was too small to determine gravimetrically.
However, the existence of xanthone on the film sur-
face was confirmed by attenuated total reflectance-Figure 1 Photografting of AA–NIPAAm binary
infrared (ATR-IR) measurement, where specificmonomers onto PE film sensitized with xanthone: (s )
absorption bands due to aromatic ring appearedgrafting (%); (l ) NIPAAm content in grafted chains

(mol %). Conditions were as follows: irradiation, 607C; in the 1600–1700 cm01 region. Xanthone was of
40 min; [total monomer] Å 1.0 mol/L. reagent grade and used without further purifica-

tion. AA and NIPAAm were purified by distillation
under reduced pressure (4 torr at 357C) and by
recrystallization from a benzene–n-hexane mix-lacrylamide (NIPAAm) as the two monomer com-
ture, respectively.ponents to be introduced. Poly(NIPAAm) is well

known to exhibit a lower critical solution tempera-
Photograftingture (LCST) of around 327C in aqueous solution.

Moreover, copolymer10,11 of AA and NIPAAm is In the one-step method, AA and NIPAAm binary
also reported to undergo a discontinuous phase monomers were grafted onto PE film, that is,
transition in responsive to change in temper-
ature. Therefore, AA–NIPAAm-grafted polyeth-
ylene film is expected to exhibit a temperature-
responsive character, in which it swells and
shrinks in water below and above the LCST of the
copolymer, depending on the composition of AA
and NIPAAm. It is conceivable that the AA com-
ponent of the grafted chains can be utilized as a
reaction site to introduce various functions
through the carboxyl groups.

The introduction of AA and NIPAAm monomer
components into PE film was performed by two
photografting methods. In the first method (one-
step method), AA and NIPAAm binary monomers
were graft-copolymerized onto polyethylene sub-
strate. In the second method (two-step method),
AA was first photografted onto polyethylene film,
and then NIPAAm was further grafted onto the
AA-grafted polyethylene film. In this study, the
methods for introducing grafted chains, which
consist of two types of monomer component, AA Figure 2 Second-step photografting of NIPAAm onto
and NIPAAm, into polyethylene film were investi- AA-grafted PE film sensitized with xanthone, with irra-
gated in terms of grafting behaviors, location of diation at 607C: (s ) 5 min, (n ) 10 min, and (h ) 20

min. [NIPAAm] Å 0.50 mol/L.the grafted chains, and properties such as water
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0.50 mol/L. The grafted film denoted as a two-step
sample. The percentage of grafting of NIPAAm in
the second-step photografting was taken as the
percentage of weight increase of the AA-grafted
PE film. Grafted samples with different percent-
ages of grafting in each system were prepared by
varying irradiation time.

Electron Probe Microanalysis

The AA component of AA–NIPAAm-grafted
chains was converted to potassium salts by im-
mersing the grafted film into an aqueous solution
of 1.0% potassium hydroxide at room temperature
for 24 h. A saturated aqueous solution of palla-
dium chloride was used in the case of NIPAAm-
grafted chains. The distribution profile of potas-
sium or palladium atoms in the grafted film was
measured with an electron probe microanalyzer
model EPM-8000 of Shimazu Co.

Measurement of ATR-IR Spectra

The ATR-IR spectra of the surface layer of grafted
film were measured with an IR spectrometer
model MAGNA-IR 750 of Nicolet.

Scheme 1

Measurement of Water Absorbency

photografting was carried out in a Pyrex glass Grafted film (W0, g) was immersed into water at
tube containing the film sample and 30 mL water, given temperatures (5–607C) for 24 h. After the
in which given molar ratios of AA and NIPAAm treatment, excess water on the film surface was
binary monomers (total monomer concentration
Å 1.0 mol/L) were dissolved, at 607C under a ni-
trogen atmosphere. Irradiation with a high-pres-
sure mercury lamp (400 W) was carried out using
a Riko rotary photochemical reactor (RH400-
10W), around which the Pyrex glass tubes were
rotated. The polymerized film was extracted for 2
days with cold water and for 1 day with hot meth-
anol to remove homopolymers and then dried at
room temperature for 24 h under reduced pres-
sure of 5 torr. The grafted films thus obtained was
denoted as a one-step sample. The percentage of
grafting was taken as the percentage of weight
increase of the original film. The NIPAAm compo-
sition of AA–NIPAAm-grafted chains was deter-
mined by nitrogen analysis. With the two-step
method, AA was first grafted onto PE film ac-
cording to the photografting procedures (AA con-
centrationÅ 0.50 mol/L), as described above. The Figure 3 Distribution profiles of potassium and palla-
resulting AA-grafted PE film (first-step sample) dium atoms in the cross section of (a) AA- and (b)
was further subjected to photografting of NI- NIPAAm-grafted films, respectively, measured by

EPMA. Grafting (%): (a) 56.0 and (b) 57.1.PAAm at 607C using NIPAAm concentration of
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(r1) and AA (r2) calculated from data of Figure 1
using the Fineman–Ross method were 0.38 and
0.95, respectively. These values are similar to
those of AA (r1) and acrylamide (r2) ,12 which are
0.36–1.73 and 0.05–1.38, respectively, depending
on copolymerization conditions. It is supposed
that the monomer combination of AA and NI-
PAAm is under the influence of a general radical
copolymerizability.

In the case of the two-step method, on the other
hand, the first-step sample prepared with pho-
tografting of AA onto PE film is subjected to sec-
ond-step photografting of NIPAAm, which is
shown in Figure 2. The horizontal axis indicates
the percentage of grafting of AA in the first-step
sample. The percentage of grafting of NIPAAm
in the second-step photografting increased with
increasing the percentage of grafting of AA on the
first-step sample. In a previous article,13 photoir-Figure 4 Relationship between the total thickness
radiated AA-grafted PE film showed an electronand the thickness of the ungrafted layer of AA- and
spin resonance (ESR) spectrum originated fromNIPAAm-grafted PE films and the percentage of graft-
radicals of AA-grafted chains. These results sug-ing. Total thickness: (s ) AA-grafted film; (n ) NI-

PAAm-grafted film. Thickness of the ungrafted layer: gest that the second-step photografting of NI-
(l ) AA-grafted film; (m ) NIPAAm-grafted film. PAAm is mainly initiated by radicals on AA-

grafted chains, not PE radicals. It is inferred, ac-
cordingly, that the monomer sequence distribu-

wiped by filter paper, and then the weight (W1, g) tion of the grafted chains is of block type with
of the treated film was measured. Water absor-
bency was defined as follows:

Water absorbency (%) Å W1 0 W0

W0
1 100

RESULTS AND DISCUSSION

Grafting Behavior

We examined two photografting methods to intro-
duce grafted chains consisting of binary monomer
components, AA and NIPAAm, into PE film sub-
strate. With the one-step method, using the mono-
mer mixture of AA and NIPAAm, the two mono-
mer components are copolymerized to introduce
into the PE substrate. The photografting results
are shown in Figure 1, which also includes NI-
PAAm composition in the AA–NIPAAm-grafted
chains. The percentage of grafting increased with
an increase in the NIPAAm composition in binary Figure 5 Relationship between the total thickness
monomers, but it decreased slightly beyond the and the thickness of the ungrafted layer of the one-step
NIPAAm component of about 50 mol %. The NI- sample and the percentage of grafting. Total thickness:
PAAm composition in the grafted chains in- (s ) AA–NIPAAm Å 60/40; (n ) AA–NIPAAm Å 40/
creased with the NIPAAm composition in binary 60. Thickness of the ungrafted layer: (l ) AA–NIPAAm

Å 60/40; (m ) AA–NIPAAm Å 40/60.monomers. Monomer reactivity ratios of NIPAAm

8e20 4836/ 8e20$$4836 01-09-98 22:57:31 polaa W: Poly Applied



CHARACTERISTICS OF MONOMER-GRAFTED FILMS 2061

in the NIPAAm-grafted film compared to the AA-
grafted film. It was found that NIPAAm-grafted
chains localize at the film surface, while AA-
grafted chains are distributed inside the film. In
the present grafting system, photoexcited xan-
thone may abstruct hydrogen atoms from the PE
substrate to yield PE radicals on the film surface
capable of initiating the grafting reaction. Thus,
the grafted layer starts from the film surface. As
the grafting reaction proceeds, it is plausible that
monomers are supplied to PE substrate through
the grafted layer, resulting in the penetration of
the grafted layer into the film texture as well as
the accumulation of grafted layer on the film sur-
face. This seems to be the case of AA monomer.
With the NIPAAm monomer, however, NIPAAm-
grafted chains are supposed to shrink in water at
607C to disturb the diffusion of NIPAAm monomer
into the film texture through the grafted layer.

Figure 6 Relationship between the total thickness This may result in the NIPAAm-grafted film with
and the thickness of the ungrafted layer of the two-step a localized distribution of the grafted chains due
sample and the percentage of grafting. Total thickness:

to an emphasized accumulation of grafted layer(s ) grafting of AA Å 40%; (n ) grafting of AA Å 85%.
on the film surface.Thickness of the ungrafted layer: (l ) grafting of AA

Figure 5 shows the results of the one-step sam-Å 40%; (m ) grafting of AA Å 85%.
ple, which was treated with an aqueous solution of
potassium hydroxide. The total thickness largely
increased with increasing the percentage of graft-respect to each monomer component. Thus, it was

found that grafted PE films with grafted chains ing, while a decrease in the thickness of ungrafted
layer with the percentage of grafting was small.consisting of two types of monomer component,

such as AA and NIPAAm, can be prepared by us- This tendency was remarkable for the sample
with a higher NIPAAm content. The grafteding the one- and two-step methods. The structure

of grafted chains is schematically shown in
Scheme 1.

Location of Grafted Chains

Figure 3 shows the distribution profiles of potas-
sium and palladium atoms in the cross section
of AA- and NIPAAm-grafted films, respectively,
which were measured by electron probe microa-
nalysis (EPMA) to examine the location of grafted
chains. The grafted chains of the AA-grafted film
seem to distribute in the inside of the film, while
those of the NIPAAm-grafted film locate on the
film surface. The total thickness of the film and
the thickness of ungrafted layer (T and UG in
Figure 3, respectively) were measured from the
distribution profile, and the results are shown in
Figure 4. The NIPAAm-grafted film exhibited a
larger increase in the total thickness with an in- Figure 7 ATR-IR spectra of grafted PE films pre-
crease in the percentage of grafting than that of pared by the one-step method. AA–NIPAAm Å 60/40.
the AA-grafted film. The thickness of ungrafted Grafting (%): (a) 30.1, (b) 50.7, (c) 72.4, (d) AA-grafted
layer decreased with an increase in the percent- PE film (grafting Å 121.3%), and (e) NIPAAm-grafted

PE film (grafting Å 94.7%).age of grafting, and the magnitude was very small
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grafted chains. Based on EPMA and ATR-IR stud-
ies on the two-step sample, it is concluded that
NIPAAm-grafted chains introduced by the sec-
ond-step photografting locate mainly on the sur-
face of the AA-grafted film.

Water Absorbency

Figure 9 presents the water absorbency of the
grafted PE films, which was measured at 257C.
The water absorbencies of AA- and NIPAAm-
grafted films increased with an increase in the
percentage of grafting, and the magnitude was
much larger for the former film than for the latter
one. This might be ascribed to higher hydrophil-
icity of the AA-grafted chains compared to the
NIPAAm-grafted chains. On the other hand, the

Figure 8 ATR-IR spectra of grafted PE films pre- water absorbencies of the one- and two-step sam-
pared by the two-step method. Grafting of AA Å 38.4%. ples lay between those of the AA- and NIPAAm-
Grafting of NIPAAm (%): (a) 34.1, (b) 58.8, (c) 79.2, grafted films, and the one-step sample showed a
(d) AA-grafted PE film (grafting Å 121.3%), and (e) higher value than the two-step sample. With the
NIPAAm-grafted PE film (grafting Å 94.7%).

one-step sample, where grafted chains consisting
of AA and NIPAAm components localize at the
film surface, the AA component is conceivable tochains of the one-step sample are likely to locate

on the film surface. Location of NIPAAm-grafted contribute to the water absorbency directly. In the
case of the two-step sample, the surface of thechains introduced into AA-grafted PE film by the

second-step photografting was examined, and the grafted film is covered with NIPAAm-grafted
results are shown in Figure 6. The horizontal axis
indicates the percentage of grafting of NIPAAm
in the second-step photografting. Changes in the
thickness of the two-step sample with an increase
in the percentage of grafting of NIPAAm was
larger for the total thickness than the thickness
of ungrafted layer. The NIPAAm-grafted chains
are conceivably able to be located on the surface
of AA-grafted film.

In order to confirm the above results obtained
by EPMA, grafted chains of the surface layer of
the one- and two-step samples were examined by
ATR-IR, and the spectra are presented in Figure
7. The one-step sample indicated bands at 1710
cm01 due to carbonyl groups of AA-grafted chains
and bands at 1540 and 1640 cm01 due to amide
groups of NIPAAm-grafted chains. The grafted
chains of the surface layer were found to consist of
both AA and NIPAAm components. On the other
hand, the two-step sample with a low percentage
of grafting of NIPAAm [Fig. 8(a)] also exhibited

Figure 9 Water absorbency of grafted PE films mea-the same bands originated in both AA- and NI- sured at 257C: (h) AA-grafted PE film; (j) NIPAAm-
PAAm-grafted chains described above. However, grafted PE film; (s) one-step sample, in which AA–NI-
the band at 1710 cm01 due to AA-grafted chains PAAm Å 55–60/40–45; (l) one-step sample, in which
disappeared in the sample with a high percentage AA–NIPAAm Å 40–45/55–60; (n) two-step sample, in
of grafting of NIPAAm [Fig. 8(c)] . This suggests which AA–NIPAAmÅ 55–60/40–45; (m) two-step sam-

ple, in which AA–NIPAAm Å 30–40/60–70.that the surface layer is covered with NIPAAm-
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ducing the grafted chains. It is supposed that the
monomer sequence distribution of grafted chains
and its location in the grafted film are main fac-
tors affecting the temperature-responsive charac-
ter. It was found in a previous article9 on NI-
PAAm-grafted polymer films that the extent of
the temperature-responsive character is influ-
enced largely by location of NIPAAm-grafted
chains. That is, the grafted film with the grafted
chains located inward in the film exhibited a
larger extent of the temperature-responsive char-
acter compared to that with the grafted chains
located mainly on the film surface. Based on the
examinations of location of grafted chains in the
one- and two-step samples, the poly(NIPAAm)
component of the grafted chains, which is respon-
sible for the temperature-responsive character,
was commonly observed to locate on the film sur-
face in the samples. It is inferred, therefore, that

Figure 10 Relationship between water absorbency the different extent of the character between both
and temperature in (s ) one-step and (l ) two-step sam- samples is ascribed to the monomer sequence dis-
ples. Total grafting Å 250%; AA–NIPAAm Å 60/40. tribution of grafted chains rather than the loca-

tion of grafted chains. As shown in Scheme 1, the
monomer sequence distribution of the grafted

chains, as shown in the ATR-IR spectrum [Fig. chains in the two-step sample seems to be of a
8(c)] . This may cause an emphasized contribu- block type with respect to each monomer compo-
tion of the NIPAAm component to the water ab- nent. It is conceivable that only poly(NIPAAm)
sorbency, resulting in a lower value compared to component of the grafted chains shrinks when im-
the one-step sample. mersed in water at a temperature higher than the

LCST of poly(NIPAAm). This may cause a small
contribution of the poly(NIPAAm) component toTemperature-Responsive Character
the shrinking of the whole grafted chains, includ-
ing the poly(AA) component. With the one-stepFigure 10 shows water absorbencies of the one-

and two-step samples at various temperatures. sample, on the other hand, the poly(NIPAAm)
component is supposed to participate directly inThe water absorbency steeply decreased at about

20 to 407C with increasing temperature, which the shrinking of grafted chains because the
grafted chains are composed of copolymer of AAwas commonly observed for both samples. Thus,

the grafted samples exhibited a temperature-re- and NIPAAm monomers.
sponsive character, in which they swelled and
shrank in water below and above the tempera-

Table I Thermosensitivitya

ture, respectively. The extent of the character was
of AA–NIPAAm-Grafted PE Filmscompared between both samples by using thermo-

sensitivity,14 which was defined as the ratio of One-step Two-step
water absorbencies of the grafted sample at 5 and Sample Sample
607C; the results are summarized in Table I. The
thermosensitivity was higher for the one-step NIPAAm NIPAAm

Content (mol %) Content (mol %)sample than the two-step sample, though the
Graftingvalue depended on both the percentage of grafting

(%) 40 60 40 60and the NIPAAm content in the grafted chains.
It was observed that grafted PE films with

250 1.7 2.9 1.5 2.5grafted chains consisting of two types of monomer
500 3.7 5.3 1.7 2.8component, AA and NIPAAm, exhibit a tempera-

ture-responsive character, the extent of which is a Thermosensitivity is defined as the ratio of water absor-
bencies of the grafted sample at 5 and 607C.different, depending on the method used for intro-
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