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ABSTRACT: The surface modifications of cellulose sub-
strate based on the photo-induced reaction are closely related
with the radicals introduced on the surface of cellulose sub-
strates by light irradiation. We have evaluated the ability of
radical formation in lyocell fabric and two water-soluble pho-
toinitiator systems by using photoluminescence analyses.
Namely, the relative quantum yields of fluorescence and
phosphorescence were estimated by the integrated emission
intensity under the same values of light absorbance and the
identical measuring conditions. First of all the [2-(acryloylox-
y)ethyl](4-benzoylbenzyl)dimethylammonium bromide (PIA)
system had larger UV absorbance values below 287 nm than
[3-(3,4-dimethyl-9-oxo-9h-thioxanthene-2-yloxy)-2-hydroxypro-
pyl]trimethylammonium chloride (PIB) system at the
same concentration. The relative quantum yields of fluores-
cence and phosphorescence emission in PIA system were
smaller than those in PIB system even if the two sys-
tems had the same values of light absorbance. Therefore it

was found that the PIA system was more easily transited
to the triplet-state and the transited molecules reacted
with the cellulose substrates more effectively. The modified
cellulose fabric with 2-(dimethylamino)ethyl chloride hydro-
chloride (AM1) and PI system had only a little different
UV absorbance and photoluminescence properties from
the untreated fabric system. However, the fabric modified
with 2-(4-chlorophenyl)-ethylamine (AM2) and PI system
showed relatively big differences. The UV absorbance
values were increased and the relative quantum yields
of photoluminescence were decreased remarkably. We
have acquired that the tertiary amine treated cellulose fab-
ric were very effective in photo-induced modification of
cellulose. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105:
352–359, 2007
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INTRODUCTION

In the dyeing and finishing processes of textile materials,
many research groups have developed special mecha-
nisms and application fields by means of photo-induced
reactions. This reaction involves surface modifications af-
ter irradiation of UV light, electron beam, excimer laser,
X-ray, and g-ray.1–4 There are also two types of applica-
tion methods. One is the surface treatment of textile sub-
strates by radiation without any additional photosensi-
tive material and the other is the surface grafting, cross-
linking, coating and laminating with these materials in
radical initiating system or ionic initiating system.5–9

Through above any photo-active process, they have
acquired much information about photo-degradation
effect, antistatic effect, shrink/crease resist effect, flame
resist effect, dyeability improvement, pigment dyeing,
printing etc.10–17

Photosensitive materials applied to polymer indus-
try have been studied in a variety of fields including
reactivity evaluation of these materials, development
of advanced materials, and characterizing of reaction

products.18 In textile applications, first of all, the
choosing water-soluble photoinitiator is essential for
adapting to textile substrates and mainly benzophe-
none derivatives and thioxanthone derivatives have
been employed.14,19 Also after initiating of photoinitia-
tor, mono (or multi) functional acrylate, acrylic acid,
allyl, thiol, or epoxy monomer (oligomer) have ap-
plied to the grafting, crosslinking, and polymerizing
of almost every textile substrates.20,21

In addition, some special chemists concerned with
photochemical characterizing of photo-induced reac-
tion have achieved in-depth studies about water-solu-
ble photoinitiater on the basis of fluorescence and
phosphorescence analyses.22 The reaction mechanisms
of these initiators and some substrates were almost
established recently.23

The spectroscopic analyses of cellulose substrates
have been made in mechanical pulp sheet during vari-
ous irradiation.24 The effects of chemical treatment
and photosensitive dye were evaluated by photolumi-
nescence in other cellulose paper, film, and powder.25

However until now, most of the researchers study-
ing the photo-induced reaction of textiles have only
concerned with the characterizing of reaction prod-
ucts and any cellulose fabric has not been used in pho-
toluminescence analysis. Therefore it is necessary to
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examine photo-induced reactivity of textiles, more
quantitatively, using photoluminescence. In this study,
we present spectroscopic analyses of the cellulose fab-
ric containing water-soluble photoinitiators and eval-
uate the photo reactivity by using UV absorbance and
photoluminescence spectra.

EXPERIMENTAL

Materials

The commercial lyocell scoured fabric was used in all
experiments. The water-soluble photoinitiators, [2-
(acryloyloxy) ethyl](4-benzoylbenzyl)dimethylammo-
nium bromide (PIA) and [3-(3,4-dimethyl-9-oxo-9h-
thioxanthene-2-yloxy)-2-hydroxypropyl]trimethylam-
monium chloride (PIB) were laboratory grade ob-
tained from Aldrich Chemical. Also 2-(dimethylamino)
ethyl chloride hydrochloride (AM1), 2-(4-chloro-
phenyl)-ethylamine (AM2) and sodium carbonate from
Aldrich were applied to the modification of cellulose
fabric (Fig. 1).

Preparation of modified cellulose fabric

The cellulose fabrics were independently padded and
squeezed twice. First the fabrics padded in 8 wt %
aqueous ammonium salts or amine solution at room
temperature were squeezed to about 90�100% pick-
up. Next the fabrics padded in 12 wt % sodium car-
bonate aqueous solution were squeezed to about
90�100% pick-up. After the fabrics have been cured in
958C heating chamber for 10 min, they were washed
with distilled water and neutralized with dilute acetic
acid. Then they were dried at ambient conditions.

Spectroscopic measurements

UV absorbance measurement

The UV absorption spectra of the aqueous photoinitia-
tor solutions were recorded at 200�500 nm by Shi-

madzu UV-1601 spectrophotometer (Japan). The UV
absorbance values of the fabrics containing 200�220%
solutions were measured after padding the fabrics (4
� 2.5 cm2) in 10 mL solutions (liquid ratio 41 : 1) for a
certain period. At this time, the fabric padded in dis-
tilled water was used for the reference sample.

Fluorescence and phosphorescence
emission measurement

The photoluminescence spectra were obtained by HITA-
CHI F-4500 fluorescence spectrometer (Japan). The fabrics
(2� 1.5 cm2) padded in 5mL aqueous photoinitiator solu-
tions (liquid ratio 67 : 1) for 24 h were controlled to 150%
pick-up and then the four-layered fabrics were placed
between two-quartz plates. Fluorescence emission spectra
were recorded in a 458 arrangement in a solid sample
holder when excited at the wavelength of the maximum
UV absorbance (258 nm) and at the wavelength of the
other absorbance peak (287 nm). Each measurement was
repeated four times and the mean emission curve was
selected respectively. Room-temperature phosphores-
cence emission spectra were measured at the same wave-
length with four-layered fabrics which were vacuum
dried at 408C for 8 h after padding in the PI solutions.

Photoluminescence quantum yield determination

The relative quantum yield (j) of photoluminescence
in optically thin film or solution system can be esti-
mated on the basis of the following equation.26,27

f2 ¼ f1

I2
I1

� �
E1

E2

� �
A1

A2

� �
n2
n1

� �2

where I is the integrated emission intensity, E is the
monochromatic excitation intensity, A is the fraction
of the excitation light absorbed by the sample, n is the
index of refraction, and the 1 and 2 subscripts denote
different two samples. The excitation intensity at arbi-
trary exciting wavelength should be corrected by

Figure 1 Water-soluble photoinitiators and modifiers.
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using quantum counter or using standard samples
whose exciting spectra and the quantum yield are
well-known. In this paper, we would only try to com-
pare the relative photoluminescence quantum yields
of some different unknown samples relatively. There-
fore, the E1 and E2 terms could be eliminated when
recorded with the identical instrument under the
same measuring conditions.

And the fraction of excitation light can be approxi-
mated by the light absorbance in optically thin film or so-
lution systems. The fabrics containing PI aqueous solu-
tions were not optically thin. Also the light absorbance
and the integrated emission intensity are not increased
linearly to PI concentration at relatively higher concentra-
tions. We have tried to evaluate the relative quantum
yields of the different samples when the UV absorbance
values at exciting wavelength were equal.

Moreover the refractive indices for corresponding two
samples are assumed to be closed and these terms are
negligible. Consequently it was found that the relative
quantum yields were directly proportional to the inte-
grated emission intensity under above circumstances.

The cellulose fabrics did not have uniform thickness
and the control of solution pick-up was very difficult,
so the emission spectra had showed some variations.
To minimize these experimental errors, we have
applied optically thick, four-layered, fabrics like the
photoluminescence measurements of pulp paper.24,25

RESULTS ANDDISCUSSION

Reaction mechanisms of cellulose
substrate and photoinitiator

Two groups of initiators are available in the photo-
induced reactions of polymers. One is initiated

according to the free radical chain process and the
other is based on the ionic mechanism, usually ring
opening reactions of epoxy resins. Also there are
photo-fragmenting initiators (Type I photoinitiators)
and hydrogen-atom abstracting initiators (Type II
photoinitiators) in the former group.23

We have applied Type II photoinitiators, especially
water-soluble initiators in commercial, to cellulose
fabrics and the reaction mechanisms of PIA and PIB
initiators are as follows. When the benzophenone de-
rivative, PIA, absorbs light, it can be excited to a sin-
glet-state and transited to a triplet-state after passing
through the intersystem-crossing (Scheme 1). It ab-
stracts hydrogen atoms from cellulose molecules of
the substrate surface and forms ketyl radicals and
alkyl radicals. The surface alkyl radicals react with un-
saturated monomers (oligomers), therefore the modifi-
cation of the substrate surface can be progressed. The
thioxanthone derivative, PIB, goes through the similar
processes (Scheme 2). Because of the lowest excited
triplet state (pp*), PIB has a low affinity for intermolec-
ular hydrogen atom abstraction in comparison with
PIA which has the np* triplet state. If there is a amine
cosynergist for effective photo-curing, PIB forms an
intermediate excited electron transfer complex (exi-
plex). Then the alkylamino radicals are generated by
the hydrogen atom abstraction process or the electron
transfer process.

It could be found that the two relationships influ-
ence the photo-induced reactivity of cellulose fabric
and photoinitiator system by the above reaction mech-
anisms. The first is the relationship between the fluo-
rescence emission intensity and the degree of inter-
system-crossing and the second is the relationship
between the phosphorescence emission intensity and
the amount of radical formation.

UV absorption property

The UV absorption spectra of the aqueous PIA and
PIB solutions between 200�500 nm are shown in
Figure 2. The PIA solutions had an absorbance peak at
256 nm and the PIB solutions had a shoulder at
256 nm, peaks at 273 nm and 403 nm. The absorbance
values of the two PI solutions at 256 nm were linear to

Scheme 1 Photo-induced PIA reaction with cellulose sub-
strate.

Scheme 2 Photo-induced PIB reaction in the presence of amine cosynergist.
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the concentration in the range of 1 � 10�5 M to 1
� 10�4 M. And PIB solutions had a larger absorbance
values than PIA solutions.

However, the absorption spectra of the fabrics
padded in PI solutions for 24 h have been somewhat
changed (Fig. 3). The absorbance peaks were shifted a
little to 258 nm in PIA type and shifted to 258 nm,
287 nm, and 406 nm in PIB type. The PIB absorbance
values below 320 nm were decreased remarkably in
comparison with those in solution states. Therefore,
the fabrics padded in PIA solutions showed much
larger absorbance values than those in PIB solutions
contrary to the results in solution states.

Because the linearity between the UV absorbance
values of the fabrics and the PI concentrations did not
existed, we have selected the concentrations of the
two aqueous photoinitiator solutions, which have the

same absorbance values (Fig. 4). The solutions which
have the same absorbance values, 0.4 and 0.9 at
258 nm, 0.3 and 0.8 at 287 nm, were used in this study.

On the other hand the longer the fabrics were
padded, the larger the UV absorbance values were.
And the absorbance values became nearly constant af-
ter padding for 24 h.

Fluorescence emission property

As mentioned above, photoluminescence measure-
ments were applied to the fabrics having matching ab-
sorbance values. When excited at 258 nm, the emission
spectra of the fabrics padded in 3 � 10�5 M PIA solu-
tion were compared with those in 1 � 10�4 M PIB so-
lution and those in 9 � 10�5 M PIA solution were

Figure 2 UV absorption spectra of the aqueous photoinitia-
tor solutions.

Figure 3 UV absorption spectra of the fabrics padded in PI
solutions for 24 h.

Figure 4 Relationship between the UV absorbance values
of the fabrics padded in PI solutions and PI concentrations
(padded for 24 h, excited at 258 nm).

Figure 5 Fluorescence emission spectrum of PIA solution
(3 � 10�5 M, excited at 258 nm).
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compared with those in 6 � 10�4 M PIB solution. Also
excited at 287 nm, the emission properties of the fab-
rics padded in 8.5 � 10�5 M PIA solution were eval-
uated with those in 1 � 10�4 M PIB solution and those
in 2.5 � 10�4 M PIA solution were evaluated with
those in 6 � 10�4 M PIB solution relatively.

The fluorescence emission spectra are shown in
Figures 5–9. The fluorescence emission peaks by PI in
aqueous solutions were observed and curve-fitted by
P1–P4 peaks (Figs. 5 and 6). Also the scattering peaks
(S1, S2) and the Ramann lines by solvent (R1, R2) were
observed, especially remarkable in PIA solutions hav-
ing lower fluorescence peak intensity. But the individ-
ual fluorescence emission peaks divided by accurate
curve-fitting have not the special characteristics of flu-
orescence emission.

The intensity of scattering peak of the fabric padded
in distilled water became larger than those of the solu-

tions and fluorescence was emitted by cellulose (Fig. 7).
The fabrics padded in PIA and PIB solutions had the
overlapped emission spectra of the PI solutions with
the cellulose emission spectrum (Figs. 8 and 9). The
large scattering peaks and the Ramann lines appeared
and fluorescence was emitted by cellulose and the
photoinitiators. However, the intensity and the wave-
length at the maximum emission were very different
from those of the solutions.

It was already well acquired that the relative fluo-
rescence quantum yields were proportional to the
integrated emission intensity values which were cal-
culated by the total sum of the area P1–P5 peak. The
integrated emission intensity values of fluorescence
(If) and the wavelength at maximum emission (Emlmax)
are shown in Table I. The emission peaks of PI solu-
tions appeared at around 475 nm similarly. The If
values of PIA solutions were much smaller than those

Figure 6 Fluorescence emission spectrum of PIB solution
(1 � 10�4 M, excited at 258 nm).

Figure 7 Fluorescence emission spectrum of the cellulose
fabric padded in distilled water (excited at 258 nm).

Figure 8 Fluorescence emission spectrum of the fabric
padded in PIA solution (3 � 10�5 M, excited at 258 nm).

Figure 9 Fluorescence emission spectrum of the fabric
padded in PIB solution (1 � 10�4 M, excited at 258 nm).
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of PIB solutions at the same exciting wavelength and
the absorbance values. Therefore it was found that the
PIA solutions were transited to the triplet-state more
easily than PIB solutions after absorbing the same
quantity of lights.

When the fabrics padded in PIA solutions were
excited at 258 nm, the Emlmax values were about
400 nm corresponding to that of the fabric padded in
distilled water. However, excited at 287 nm, the emis-
sion intensity at 350 nm caused by cellulose became
small and those at about 450 nm caused by photoini-
tiator became maximum values. The fabrics padded in
PIB solutions had very large fluorescence emission
peaks at around 465 nm. The If values of the fabrics
padded in PIA solutions were much smaller than
those in PIB solutions. Therefore, it was also acquired
that the cellulose fabrics containing PIA solutions
were more photo-active than those containing PIB sol-
utions when excited at 258 nm and 287 nm.

The fabrics having larger absorbance values (0.9
and 0.8) had smaller If values than those having lower
absorbance values (0.4 and 0.3) under the same PI
type and exciting wavelength. According to the above
relative quantum yields equation, the quantum yield
was smaller when the absorbance was larger and the If
values was smaller, in spite of the nonlinearity of the
absorbance and the fluorescence intensity values to
concentrations.

Phosphorescence emission property

The PI molecules in triplet-state would induce the
photochemical reaction with cellulose molecules or be
transited to the ground state with emitting phospho-
rescence.

The phosphorescence emission spectra are shown
in Figures 10 and 11. The scattering peaks were
observed and the phosphorescence emission peaks

TABLE I
Fluorescence Emission Property of the PI Solutions and the Padded Cellulose Fabrics

Samples

Excited at 258 nm Excited at 287 nm

Abs. 0.4 Abs. 0.9 Abs. 0.3 Abs. 0.8

Em
lmax If

Em
lmax If

Em
lmax If

Em
lmax If

Em
lmax If

Em
lmax If

Solutions
Distilled water 476.0 398 474.8 268
PIA solutions 474.8 27 476.6 9 474.2 354 476.0 98
PIB solutions 478.4 14,136 476.0 184 476.6 9912 476.0 167

Fabrics
Padded in

distilled water
398.6 5141 348.8 2,736

Padded in
PIA solutions

397.4 3874 397.4 3477 451.4 2,293 452.6 1,516

Padded in
PIB solutions

463.4 63,098 468.2 29,812 463.4 73,794 468.8 38,910

Figure 10 Phosphorescence emission spectrum of the fab-
ric padded in PIA solution (3 � 10�5 M, excited at 258 nm).

Figure 11 Phosphorescence emission spectrum of the fab-
ric padded in PIB solution (1 � 10�4 M, excited at 258 nm).
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were fitted. And the integrated emission intensity val-
ues of phosphorescence (Ip) were indicated in Table II.
The Ip values of the fabrics padded in PIA solutions
were much smaller than those in PIB solutions. It was
suggested that the fabrics padded in PIA solutions
were more easily transited to the triplet-state, in addi-
tion, the transited molecules reacted with the cellulose
substrates more effectively.

The Ip values of the fabrics padded in PIA solutions
were smaller when the absorbance values were larger,
so the relative quantum yields became smaller. But in
PIB system, we could not find out any relation
between the relative quantum yields and the absorb-
ance values because of the nonlinearity of the absorb-
ance and the phosphorescence intensity values to PI
concentrations.

Modified cellulose effects on photoluminescence

It is well known that the reaction efficiency in the
photo-induced reaction systems with the hydrogen-
atom abstracting photoinitiator is related with the car-
bon-hydrogen bond strength of the substrates donat-
ing the hydrogen atom and the reactions are more
effective with the amine cosynergists. The reaction ef-
ficiency is enhanced by the decrease of the ionizing
potential and the increase of the electron donating
ability of the amine.

We have tried to improve the ability of radical for-
mation in cellulose fabric by treatment of ammonium
salts (AM1) and tertiary amine (AM2), then evaluated
the photoluminescence properties (Table III). The fab-
rics padded in PIA solution (2 � 10�5 M) and PIB solu-
tion (6 � 10�5 M) were used and the exciting wave-

length was 258 nm. The absorbance values were some-
what increased after AM1 treatment, on the other
hand much increased after AM2 treatment. The fab-
rics treated with AM1 had a little larger or smaller I
values of fluorescence and phosphorescence emission
than those of the untreated fabric. However, the fab-
rics treated with AM2 had much smaller I values.
Therefore, it was found that the cellulose fabrics modi-
fied with tertiary amine have much smaller photolu-
minescence quantum yields even if they absorb the
same quantity of light. And they were more effective
in the radical formation on the surface of the cellulose
substrates.

CONCLUSIONS

The cellulose fabrics containing photoinitiator aque-
ous solutions had different UV absorbance and photo-
luminescence properties from the PI solutions.
Namely, the cellulose fabric and benzophenone-deriv-
ative photoinitiator (PIA) systems had much larger ab-
sorbance values below 287 nm than thioxanthone-de-
rivative photoinitiator (PIB) systems at the same con-
centration. And the former systems were more easily
transited to the triplet-state and could produce many
radicals on cellulose substrates than the latter systems.
The modified cellulose fabrics, especially tertiary
amine (AM2) treated fabrics, exhibited lower quan-
tum yields of photoluminescence than the untreated
fabric in spite of their large absorbance values. There-
fore, it was found that this study can offer more quan-
titative methods to select suitable conditions in vari-
ous photo-induced modifications of textiles by using a
photoluminescence analyses.

TABLE II
Room-Temperature Phosphorescence Emission Property of the Vacuum-Dried Fabrics After Padding in the PI Solutions

Samples

Excited at 258 nm Excited at 287 nm

Abs. 0.4 Abs. 0.9 Abs. 0.3 Abs. 0.8

Em
lmax Ip

Em
lmax Ip

Em
lmax Ip

Em
lmax Ip

Em
lmax Ip

Em
lmax Ip

Padded in
distilled water

486.2 33 481.4 30

Padded in
PIA solutions

474.1 30 457.3 10 485.0 31 482.6 15

Padded in
PIB solutions

541.5 424 540.3 1082 543.9 700 540.3 1657

TABLE III
Fluorescence and Phosphorescence Properties of the Modified Cellulose Fabrics

Samples

Untreated fabric AM1 treated fabric AM2 treated fabric

Abs. If Ip Abs. If Ip Abs. If Ip

Padded in PIA solutions 0.22 5811 50 0.35 6247 46 0.60 5017 29
Padded in PIB solutions 0.24 83,768 1807 0.27 81,334 2007 0.44 63,587 1929
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