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ABSTRACT: Photografting reactions are usually carried
out in organic solvents due to the water insoluble nature
of photoinitiators such as benzophenone (BP). This work
reports the effect of water and mixed solvents containing
water and ethanol on the surface photografting of metha-
crylic acid (MAA) onto polyethylene initiated by BP. The
percent grafting increased with the increase of water vol-
ume ratio in the mixed solvent, and BP showed the high-
est photoinitiation efficiency when dissolved in pure water
solvent. Effects of BP concentration, monomer concentra-
tion, and monomer type on photografting were studied.
The percent grafting showed the maximum at a lower BP
concentration (0.20 mol/mol %) in pure water solvent
than that (0.60 mol/mol %) in the mixed solvent with 90

v/v % water. The percent grafting first increased with the
increase of monomer concentration till 3 mol L�1 and then
decreased. Acrylic acid (AA) could also be photografted
onto polyethylene by BP in the mixed solvents. UV–visible
spectroscopic examinations revealed that the kmax of p–p*
transitions of BP red shifted as the increase of the water
volume ratio, i.e., the polarity of the solvent. The excitation
of BP in solvents with a higher polarity under UV irradia-
tion requires less energy, so the photografting initiated by
BP is easier to occur. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 123: 1951–1959, 2012
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INTRODUCTION

Photografting has become a versatile method for the
modification and functionalization of natural and
synthetic polymer substrates.1–3 Photoinitiator is
usually an essential component in a photografting
system. A hydrogen abstraction-type photoinitiator
(Norrish type II) such as benzophenone (BP) is
excited, after absorbing UV light in a proper wave-
length range, to a triplet state which abstracts a
hydrogen atom from the polymer substrate to form
a macromolecular radical, and then the macromolec-
ular radical initiates the grafting of vinyl monomers
onto the polymer substrate.

BP and its derivatives are the most commonly
used photoinitiators for photografting.4–7 However,
they are usually water insoluble unless their chemi-
cal structures are modified with hydrophilic groups.
The water insoluble nature of BP and its derivatives
strongly impedes the industrial applications of the
photografting method, since the photografting reac-
tions have to be carried out in organic solvents
which increase cost and produce environmental

problems. To find efficient grafting systems which
use water as the solvent or at least the main solvent
is of great importance.
As an alternative method, photoinitiator is pre-

coated on the surface of a polymer substrate by
immersing the polymer substrate in an organic solu-
tion containing the photoinitiator for a period of
time and then drying it, then the photografting reac-
tion can be carried out in mixed solvents containing
water and organic solvents. Kubota and coworkers8–11

investigated the effect of mixed solvent of water and
organic solvents, such as acetone, methanol, dioxane,
and tetrahydrofuran (THF), on the photografting of
hydrophilic monomers on polyethylene film pre-
coated with Xanthone (XT). It was found that the
component of the organic solvents in the mixed sol-
vent remarkably influenced both the grafting behav-
iors and the location of the grafted chains in the PE
film substrate. Yang et al. investigated the surface
photografting of a multifunctional monomer onto
LDPE, which was conducted with benzophenone
(BP) as the photoinitiator in mixed solvents contain-
ing THF and water.7

The previous work on the effect of mixed solvents
on photografting usually discussed the effect from
the point of view of how solvent affects the poly-
merization reaction rather than from the photoinitia-
tion process.
Kubota and coworkers found that acetone can

function as an efficient photoinitiator in water sol-
vent.12 In a series of our studies, we found that
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some other aliphatic ketones, such as butanone, pen-
tanone, etc.,13,14 and aliphatic aldehydes15,16 can be
used as photoinitiators for photografting when they
are mixed with a proper ratio of water or water and
alcohol. The obvious advantage of using aliphatic
ketones and aldehydes as photoinitiators for photo-
grafting is that they can be used in water or mixed
solvents mainly consisting of water.

Aliphatic ketones and aldehydes are carbonyl
compounds which undergo n–p* transitions under
UV irradiation. Peaks arising from n–p* transitions
are generally shifted to shorter wavelengths (hypso-
chromic or blue shift) as the polarity of the solvent
is increased. When acetone, acetaldehyde, and form-
aldehyde are dissolved in water, many studies
suggest that their carbonyl group interacts with
water to form hydrogen bond.17–24 The hydrogen
bond makes a significant contribution to the blue
shift for the n–p* transition.19 The formation of a
hydrogen bond between an aliphatic ketone or alde-
hyde and water increases the energy of the excited
state of the ketone or aldehyde, thereby permitting
the excited molecule to abstract a hydrogen atom
from polymer substrate and initiate grafting.25

On the other side, aromatic ketones, such as ben-
zopheone, usually undergo n–p*and p–p* transitions
under UV irradiation. The experimental absorption
spectrum of BP has two broad bands, one is a weak
n–p* band in the region of 320–370 nm and the other
one is a strong band in the region of 240–300 nm
that corresponds to several p–p* transitions.26 Only
the p–p* transitions could lead to hydrogen abstrac-
tion from polymer substrate to initiate grafting due
to their reasonable excitation energies. However,
peaks arising from p–p* transitions are generally
shifted to longer wavelengths (bathochromic or red
shift) as the polarity of the solvent is increased.
Undoubtedly, red shift in absorption wavelength
will induce the lowering in excitation energy. Does
it lead to the lower photoinitiation efficiency of BP?

Our current study showed that BP had a higher
photoinitiation efficiency when photografting reac-
tions were conducted in mixed solvents consisting of
water and ethanol, especially when the water con-
tent was higher. Here we present the photografting
of acrylic monomers onto HDPE films initiated by
BP in mixed water/ethanol solvents and in pure
water solvent. Effects of BP concentration, monomer
concentration, and monomer type on photografting
are also included in this manuscript.

EXPERIMENTAL

Materials and UV equipment

Commercial high-density polyethylene (HDPE) film
was manufactured by Yanshan Petrochemical (Beijing,

China). The PE film (� 200 lm in thickness) was
cut into 2 cm � 3 cm rectangular samples, and then
subjected to Soxhlet extraction with acetone for 24 h
to remove impurities and additives before use. Photoi-
nitiator benzophenone (BP, chemically pure grade)
was from Yuanhang Chemicals (Tianjin, China), the
monomers methacrylic acid (MAA, AR grade) and
acrylic acid (AA, AR grade) were from Bodi Chemicals
(Tianjin, China). All the chemicals were used without
further purification. The UV system with a shutter
assembly and an air cooling fan was supplied by
RunWing (Shenzhen, China). The input power of the
high pressure mercury UV lamp was 2 kW. No filter
was used to isolate UV light.

Grafting procedure

To study the effect of solvent composition on the
photografting, pure water, ethanol, and mixed sol-
vents consisting of water and ethanol with water
volume ratios of 10, 20, 30, 40, 50, 60, 70, 80, and 90
v/v % were used. If not otherwise stated, the mono-
mer concentration was 2 mol L�1, and the BP con-
centration was 0.5 mol/mol % of the concentration
of monomer.
The photografting was carried out in a liquid

phase (Scheme 1). Three HDPE film samples were
placed on the bottom of an 8-cm diameter Petri dish
and then 10.0 mL solution was added. The Petri
dish was covered with polyethylene foil to prevent
the evaporation of solution. The reaction tempera-
ture was not strictly controlled, but the temperature
increase during the grafting process was no more
than 10�C due to the air cooling. The Petri dish was
put at a fixed position 10 cm below the UV lamp,
where the UV (254 6 5 nm) intensity was 20 mW
cm�2. UV exposure times were usually fixed to be
4 or 5 min.
The grafted films were first washed with deion-

ized water at ambient temperature for several times,

Scheme 1 Photografting apparatus. [Color figure can be
viewed in the online issue, which is available at wileyonline
library.com.]
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and then they were put in 60�C water for at least 24
h and the water was changed every 6 h during this
period. Because of the high hydrophilicities of the
monomers and their homopolymers, washing with
water is sufficient for removing most of the remain-
ing monomers and homopolymers in the grafted
layers. Then the samples were dried at ambient tem-
perature for 24 h and then vacuum dried at 50�C for
another 24 h.

The percent grafting (%) was calculated as follows:

Percent grafting ¼ mg �m0

m0
� 100%

where mg and m0 are the masses of the HDPE sam-
ples after and before grafting. The mass was deter-
mined using an electronic balance (0.0001 g). Typical
relative errors in extents of grafting of three samples
were 65%.

ATR-FTIR characterization

Attenuated total reflection Fourier transform infra-
red (ATR-FTIR) spectra were obtained from pristine
and grafted samples on an Avatar-380 spectrometer
(Nicolet Analytical Instruments, Madison, WI)
equipped with a Smart Orbit assessor (Thermo elec-
tron corp., Waltham, MA). Data were collected and
analyzed using Omnic software. The number of
scans was 32 at a resolution of 4 cm�1 between 400
and 4000 cm�1.

SEM investigations

The SEM micrographs of the vacuum dried grafted
HDPE surfaces were obtained with a Hitachi S-4800
SEM (Tokyo, Japan). A thin layer of gold was sput-
ter-coated before measuring.

UV–visible spectroscopy of BP in water/ethanol

The UV–visible spectra of BP in pure water, ethanol,
and mixed solvents containing water and ethanol
with different volume ratios were obtained with a
UV–visible spectrometer. BP concentration in the sol-
vents was fixed to be 6.5 � 10�9 mol L�1.

RESULTS AND DISCUSSION

Photografting in mixed water/alcohol solvents

The photografting of MAA onto HDPE films initi-
ated by benzophenone (BP) were first carried out in
pure ethanol and mixed solvents consisting of water
and ethanol with different volume ratios, MAA con-
centration was 2 mol L�1, and the BP concentration
was fixed to be 0.5 mol/mol % of the concentration
of MAA, and the water volume ratio in the mixed

solvents varied from 10 to 90 v/v %. The percent
grafting at 4- and 5-min irradiation was plotted as a
function of water volume ratio (Fig. 1). The photo-
grafting of MAA onto HDPE initiated by BP in an
ethanol solution was found to be very difficult to
occur.27 In this study, when there was no water, i.e.,
only ethanol as the solvent, the percent grafting was
extremely low. When the water volume ratio was
less than 50%, the percent grafting was very similar
to that of in ethanol solution, though there was a
small increase in percent grafting with the increase
of water volume ratio. However, when the water
volume ratio was higher than 60 v/v %, the percent
grafting increased dramatically with increasing
water volume ratio. The percent grafting in the
mixed solvent with 90 v/v % water was 10 times
more than that in ethanol. These results suggest that
water content in the mixed solvent significantly
affect the grafting reaction, grafting reaction is easier
to occur, i.e., BP has higher photoinitiation effi-
ciency, in mixed solvent with higher water content.

Effect of benzophenone concentration

The effect of benzophenone concentration on the
photografting of MAA onto HDPE was investigated
in the mixed water/ethanol solvent with 90 v/v %
water at 4-min irradiation and the results are shown
in Figure 2. The percent grafting first increased with
the increase of BP concentration and then decreased,
the maximum value appeared at 0.6 mol/mol %.
From the results in Figure 1, it might be reasona-

ble to deduce that BP should be more efficient in
pure water without any alcohol. However, due to
the very low solubility of BP in water, it was impos-
sible to form a homogeneous solution of MAA
(2 mol L�1) and BP (0.5 mol/mol %) in pure water,

Figure 1 Photografting of MAA (2 mol L�1) onto HDPE
surface initiated by BP (0.5 mol/mol %), carried out in
mixed water/ethanol solvents with different water volume
ratios. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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therefore the data in pure water was not obtained.
To evaluate the photoinitiation efficiency of BP in
pure water, its concentration must be lowered. We
found that when the concentration of BP was low-
ered to less than 0.3 mol/mol %, a homogeneous
solution could be obtained.

Figure 3 shows the photografting of MAA
(2 mol L�1) onto HDPE surface initiated by BP with
different concentrations in water. The percent graft-
ing also varied with the change of BP concentration.
At 4-min irradiation, the percent grafting first
increased quickly with BP concentration from 0.1 to
0.15 mol/mol % and then increased very slowly.
At 5-min irradiation, the percent grafting first
increased quickly with BP concentration till
0.20 mol/mol % and then decreased. Comparing

Figure 3 with Figure 2, it can be found that, when
the BP concentration and irradiation time were the
same, the percent grafting was higher in water than
in the mixed solvent with 90 v/v % water, indicat-
ing BP has higher photoinitiation efficiency using
pure water as the solvent rather than the mixed
solvent of water and ethanol.
Both in the mixed solvent with 90 v/v % water

and in pure water solvent, the occurrence of the
maximum in the percent grafting as a function of
the BP concentration was observed. This might be
simply explained by a balance between the positive
effect of BP as a photoinitiator and the negative
effect as a screening agent. The percent grafting
showed the maximum at a lower BP concentration
(0.20 mol/mol %) in pure water solvent than that
(0.60 mol/mol %) in the mixed solvent with 90 v/v
% water. This is possibly due to the poor solubility
of BP in water. Although homogeneous solution
could be obtained with BP concentration higher than
0.20 mol/mol % in pure water solvent, BP molecules
might aggregate to form clusters and lead to the
lowering in its photoinitiation efficiency.

Effect of monomer concentration

Figure 4 shows that the percent grafting first
increased with the increase of monomer concentra-
tion till 3 mol L�1 and then decreased. As discussed
previously,13 for a given grafting system, the graft-
ing rate should be proportional to the monomer con-
centration. However, for the photografting of MAA
onto HDPE initiated by aliphatic ketones which are
mixed with water and alcohol, we observed the ex-
ponential increase (exponent �2) of extent of

Figure 2 Photografting of MAA (2 mol L�1) onto HDPE
surface initiated by BP with different concentration, car-
ried out in a mixed water/ethanol solvent with 90 v/v %
water, 4-min irradiation. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 3 Photografting of MAA (2 mol L�1) onto HDPE
surface initiated by BP with different concentrations in
water. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 4 Effect of monomer concentration on the photo-
grafting reactions carried out in the mixed solvent with 90
v/v % water, BP concentration was 0.5 mol/mol % and
the irradiation time was 5 min. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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grafting with monomer concentration.13 The expo-
nential increase of extent of grafting with monomer
concentration using aliphatic ketones as photoinitia-
tors is possibly due to the easy occurrence of branch-
ing on grafted chains. In this case, when the
monomer concentration was increased from 1.5 to
2 mol L�1 (25% increment), the percent grafting
increased from 42 to 64% (>50% increment). How-
ever, when the monomer concentration was
increased further, the increase in percent grafting
became smaller and even negative, possibly due to:
(1) the screening effect of the monomer MAA which
has strong absorption of the UV irradiation around
254 nm leads to the decrease in the UV intensity at
the grafting sites with increasing MAA concentration
and hence less grafting reactions occurred; (2) the
homopolymerization of MAA, since MAA can be
homopolymerized under UV irradiation. With the
increase of MAA concentration, more monomer
molecules are homopolymerized.

Monomer type

Except for MAA, acrylic acid (AA) is another hydro-
philic monomer which is commonly used to modify
the hydrophilicity of polymer substrate. AA could
also be grafted onto HDPE using BP as the photoini-
tiator and the mixed water/ethanol solvents. The
comparative study of the photografting of MAA and
AA onto HDPE was carried out under the same
reaction conditions and the results are shown in
Figure 5. For both monomers, percent grafting
increased with irradiation time, but the percent
grafting for MAA was always higher than that for
AA for a given irradiation time, indicating that
MAA shows higher grafting reactivity than AA.

Theses results are consistent with our results
reported previously.13–15,27

The higher photografting reactivity of MAA than
that of AA is usually explained by the hyperconjuga-
tion of the methyl group attached to the double
bond of MAA, which may activate the double
bond,28,29 or by the fact that the activation energy
for polymerization of MAA is lower than that of
AA.28 However, there are some controversial reports
on the polymerization (grafting) reactivity of AA
and MAA. For example, van Herk et al.30 studied
the propagation rate coefficient, kp, of AA and MAA
in organic solvents and water with pulsed laser-
induced polymerization (PLP) in combination with
analysis of formed polymer by size exclusion chro-
matography (SEC), and they found that the kp values
of AA are much higher than those of MAA no mat-
ter in water or in organic solvents, i.e., AA has
higher reactivity than MAA; in addition the kp val-
ues obtained from polymerization experiments in
water are significantly larger than the corresponding
values obtained in organic solvents, indicating that
solvent has a significant effect on the reactivity of
monomers. In our previous study, we have also
found that solvents strongly affect the photografting
reactivity of AA and MAA, i.e., AA and MAA show
similar reactivity in several organic solvents, but
MAA shows much higher reactivity than AA in
mixed solvents containing water.27 For surface pho-
tografting reactions, the effect of solvent is more
complicated since solvent affect not only the propa-
gation but also the initiation step. Yang et al.
reported higher polymerization reactivity but lower

Figure 5 The photografting of MAA and AA onto HDPE
surface. Both monomer concentration were 2 mol L�1, BP
concentration was 0.5 mol/mol %, and the mixed solvent
had 90 v/v % water. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 6 ATR-FTIR spectra of pristine PE film and PE
films photografted for different times. The photografting
reactions: MAA concentration was 2 mol L�1, BP concen-
tration was 0.5 mol/mol %, and the mixed solvent had 90
v/v % water. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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grafting efficiency of AA than MAA in bulk (without
solvent) photografting, and they attributed the
difference in polymerization reactivity and grafting
efficiency to the different affinities of the monomers
for the surface-free radical, the macromolecular-free
radical, and the semipinacol-free radical.31 In this
experiment, we observed higher photografting reac-
tivity of MAA than AA. Since the photografting
reaction conditions for AA and MAA were the
same, the effect of solvent on the propagation rate of
photografting polymerization reaction is not the
dominant factor leading to the difference in the final
apparent photografting reactivity of AA and MAA,
on the contrary, the effect of solvent on the initiation
step may become decisive. Considering the chemical
structures of AA and MAA, the latter has a hydro-
phobic methyl group and the hydrophobic nature of
PE surface, we may conclude that, when the photo-
grafting is carried out in mixed solvents containing
water, MAA is more accessible to macromolecular
radicals produced on PE surface and hence the
initiation of photografting is easier to occur.

Characterizations

FTIR is commonly used to characterize the grafting
of monomer(s) onto a polymeric substrate by investi-
gating the appearance of the characteristic absorp-
tion peaks of the monomer(s). The PE samples
grafted with MAA were characterized with ATR-
FTIR (Fig. 6). The PE sample grafted for 1 min had
the same absorption bands as those of pristine PE,
indicating there was no grafting occurred on the PE
sample. However, for the samples grafted for more
than 2 min, the characteristic stretching absorption
band occurring at about 1710 cm�1 for the carbonyl
group (C¼¼O) in MAA appeared, an absorption
band at about 1165 cm�1 for the CAO stretching
vibration and that in a wide range of 2300–3700
cm�1 for OAH stretching vibration also appeared.
The intensity of these absorption bands increased
with the increase of grafting time, which is
consistent with the results in Figure 5. The ATR-
FTIR characterization confirmed the successful raft-
ing of AA onto PE.

Figure 7 SEM micrographs of PE films photografted for different times: (a) 2 min, (b) 3 min, (c) 4 min, and (d) 5 min.
Scale bars: 10 lm. The photografting reactions: MAA concentration was 2 mol L�1, BP concentration was 0.5 mol/mol %,
and the mixed solvent had 90 v/v % water.

1956 LI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Figure 7 shows the typical SEM micrographs of
PE surfaces grafted for different times. The morphol-
ogies of the grafted sample surfaces are quite differ-
ent to that of pristine PE which is very smooth in a
micrometer scale. When the grafting time was 2 min
[Fig. 7(a)], some particles with sizes of tens of nano-
meters to several micrometers appeared. Worm-like
patterns are shown on the grafted surface grafted
for 3 min [Fig. 7(b)]. With the further increase of
grafting time, the morphologies of the grafted surfa-
ces changed again, granules appeared [Fig. 7(c)] and
became bigger [Fig. 7(d)]. The presence of the pat-
terns and granules in micrometers is coincident with
the observation that the grafted samples became
opaque. The morphologies of the grafted surfaces
are very similar to those of high-density polyethyl-
ene (HDPE) surfaces grafted with glycidyl methacry-
late (GMA), and the formation of these morpholo-
gies is believed to be due to the uneven distribution
of grafted materials and the occurrence of grafting
on the grafted materials.32,33

UV–visible spectroscopy of BP in water/ethanol

The UV–visible spectra of BP in the pure water,
ethanol, and mixed solvents containing water and
ethanol with different volume ratios were obtained.
The maximum absorption wavelengths (kmax) of the
p–p* transitions of BP in the region of 240–300 nm were
plotted as a function of water volume ratio (Fig. 8).

As has mentioned in the Introduction part, peaks
arising from p–p* transitions are generally shifted to
longer wavelengths (bathochromic or red shift) as
the polarity of the solvent is increased. It is known
that the absorption spectrum of an organic molecule
is strongly related to its structure in both ground
and excited states. A change in the ratio of the com-

ponents of a mixed solvent leads to a change in po-
larity, dielectric constant,34 or polarizability of the
surrounding medium. The attractive polarization
forces between the solvent and the photoinitiator
lower the energy levels of both the excited and
ground states. This effect is greater for the excited
state, and so the energy difference between the
excited and ground states is slightly reduced—
resulting in a small red shift.35 The dipole moment
of ethanol and water are 1.69 and 1.85 D, respec-
tively. The increase of water volume ratio in the
mixed solvents leads to the increase in the polarity
of the solvents, and hence the increase of kmax. Our
results in Figure 8 also clearly show the tendency,
kmax increased with increasing water volume ratio.
The kmax for BP in ethanol, mixed solvents with

10, 30, 50, 70, and 90 v/v % water and pure water
are 251.7, 252.5, 254.7, 255.9, 258.1, 258.1, and 257.6
nm (Fig. 8). The energies at these wavelengths are
475.7, 474.0, 469.9, 467.8, 464.0, 464.0, 464.8 kJ mol�1,
respectively. Although the red shift in absorption
wavelength induces the lowering in excitation
energy, these energies are still higher than the bond
energies of ethylenic, primary, secondary, and terti-
ary CAH bonds (443.5, 418.4, 401.7, and 388.8 kJ
mol�1, respectively),36 therefore hydrogen abstrac-
tion by the excited states of BP in the solvents is still
easy to occur.
The excitation of BP in water/ethanol mixed

solvents with higher water volume ratios under UV
irradiation requires less energy, so the p–p* electronic
transition of BP molecule is easier to occur. The easier
occurrence of the excitation of BP and the reasonable
energy of its excited state imply that hydrogen
abstraction from a polymer substrate is easier to take
place and hence photografting reaction is more proba-
ble to occur. This is probably one of the main reasons
for the higher photoinitiation efficiency of BP in a
mixed solvent with a higher water content.
Different from normal polymerization reactions,

surface photografting polymerization is a heteroge-
neous reaction, and hence solvent may affect it from
some other aspects:

1. Solvent may affect the accessibility of photoini-
tiator and monomer to the surface of polymer
substrate. We have discussed above that the
solvents affect the polymerization reactivity of
AA and MAA significantly, and the apparent
photografting reactivity of MAA is higher than
that of AA since MAA is more accessible to
macromolecular radicals produced on PE sur-
face. On the other side, the accessibility of pho-
toinitiator to PE surface is also affected by the
solvents. For the photografting carried out in
the mixed water/ethanol solvents, the increase
of water volume ratio and hence the increase

Figure 8 The maximum absorption wavelength (kmax) of
BP in pure water, ethanol, and mixed solvents containing
water and ethanol with different volume ratios. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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in the polarity of the solvents makes the hydro-
gen abstraction from the hydrophobic PE
surface by excited BP is more difficult to occur.
But our experiments just show the entirely
different results. Therefore, to achieve higher
photoinitiation efficiency of BP, there must be
more excited BP formed in the mixed solvents
with higher water volume ratios.

2. The photolysis of organic solvents under UV
irradiation may affect both photografting poly-
merization and homopolymerization of mono-
mer. The organic solvents, especially alcohols,
are unstable under UV irradiation; they can be
split into radicals that can initiate the homopo-
lymerization of monomers and/or terminate
the growing grafting and homopolymerizing
chains, both are unfavorable for the grafting
reaction. If the concentration of radicals is high
enough, termination reactions are very easier to
occur and hence both grafting and homopoly-
merization reaction rate should be lowered.
Therefore, less organic solvent (ethanol in this
study) in the mixed solvent is also favorable
for the photografting reaction. Kubota and co-
workers37 reported that the formation of homo-
polymer in a photografting reaction increases
with increasing concentration of organic sol-
vent in the mixed solvent. But our recent stud-
ies on the photopolymerization of MAA and
AA initiated by aliphatic ketones in the mixed
solvents of water and ethanol showed that less
homopolymer was formed in the mixed solvent
with a higher organic solvent content (unpub-
lished results), which is consistent with the
results of van Herk et al. on the kp values
obtained from polymerization experiments in
water and in organic solvents.30 Together with
our results on photografting,13,14 we can con-
clude that, at least for aliphatic ketones as the
photoinitiators, the formation of grafted poly-
mer and homopolymer are both enhanced
when the mixed solvent has a higher water
content. The formation of more homopolymers
is unfavorable for photografting reaction since
it lowers the monomer concentration.

We observed a small increase in percent grafting
with increasing water volume ratio around 60 v/v
% and an abrupt increase then (Fig. 1). This phe-
nomenon can be explained with the above discus-
sions. With the increase of water volume ratio and
corresponding decrease of ethanol in the mixed sol-
vent, the photoinitiation efficiency of BP increases,
in addition, the homopolymerization and termina-
tion reactions by the small radicals formed by the
photolysis of ethanol become less, leading to the
increase in percent grafting. Although the excitation

energy of BP decreases (corresponds to the increase
in the photoinitiation efficiency) more significantly
with increasing water volume ratio till 50–70 v/v %,
the growing grafted chains are easily terminated by
the small radicals formed, i.e., the termination effect
of small radicals is the dominant factor, leading to
the small increase in percent grafting. With the fur-
ther increase of water volume ratio, the photoinitia-
tion efficiency of BP increases but the termination
effect of small radicals decrease, and the former may
become the dominant one, leading to the quick
increase in percent grafting.
From the above results and discussions, we

believe that the effect of mixed solvent on the poly-
merization process is not the major reason for the
higher photoinitiation efficiency of BP in mixed sol-
vent with higher water content. Instead, the higher
photoinitiation efficiency of BP in solvents with
higher water content is believed to be due to the eas-
ier occurrence of the excitation of BP and the reason-
able energy of the excited state, which lead to more
hydrogen abstractions from a polymer substrate and
hence more photografting reactions.

CONCLUSIONS

The above results suggest that BP, which is usually
used in organic solvent, can be used as an effective
photoinitiator for photografting carried out in aque-
ous solutions (or mainly water system). The photoi-
nitiation efficiency of BP increased with the increase
of water content in the mixed solvents containing
water and ethanol, and BP showed the highest pho-
toinitiation efficiency in pure water solvent. Other
factors affecting the photografting of MAA onto
HDPE, such as BP concentration and monomer con-
centration, were studied and the optimal conditions
were determined. UV–visible spectroscopy was
employed to study the red shift of the absorption
peak arising from p–p* transitions of BP in the sol-
vents. The higher photoinitiation efficiency of BP in
solvents with higher polarity is believed to be due to
the easier occurrence of the excitation of BP and the
reasonable energy of the excited state, which lead to
more hydrogen abstractions from a polymer sub-
strate and hence more photografting reactions. This
finding may have potentially important values in
industrial applications, since the usage of water as
the main solvent will dramatically decrease the costs
and the environmental problems.
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