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The cupric-ion adsorption effects on the nano・scales佐ucturesofthe ultraviolet (UV) light irradi-

ated poly(acrylamide/sodium acrylate) gels have been investigated by the small angle X-ray 

scattering (SAXS) measurements. It has been revealed that， without the cupric ion adsorption， 
the UV-light irradiated PAAm/SA gels do not show any characteristic structures in the SAXS 

profiles while a distinct peak has been observed in each ofthe SAXS profiles ofthe Cu-adsorbed 

gels; the SAXS peak position and width become smaller with the UV-light irradiation period 

indicating the development of the chelating aggregation of the network polymers of which the 

interconnections are progressively cut offwith the UV-light dosage. 
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1. INTRODUCTION 

Gel is formed by a combination of nano-scale three-
dimensional network and solvent; by its characteristic 
structure， some gels exhibit interesting and use削 prop-
erties due to the intercomponent interactions between 
the ingredients， namely the network and solvent [1]. 
Among the gels' interesting properties， the volume 
phase transition can be the most famous phenomenon in 
which remarkable volume change occurs with minor 
variation of ambient conditions such as t巴mperature，
electric field， pH， ingredient compatibility， etc. When 
the hydrogel's network contains ionized side-groups， the 
transition features are profoundly affected: the volume 
change in the transition becomes very large and discon-
tinuous [ト5].Besides， if the solvent contains multi-
valent ions such as heavy-metal and/or rare-metal ions， 
the ionized hydrogels exhibit other valuable白nctional-
ities in which the authors have been interested: the ad-
sorption of multivalent ions. The first practical applica-
tion ofthe multivalent-ion cap旬nngprope氏yofthe Ion-
ized hydrogel was made for developing the heavy-metal 
ion detector [6]， however， the白nctionalityof the detec-
tor utilizing the gel's multivalent-ion cap臼ringprope向f
was only to indicate the ion speciωin the solvent by 
means of the difference in the volume phase transition 
temperature; there had not been the applications paying 
the attention to the multivalent-ion capturing amount. 
Under these circumstances， the authors have been 
investigating both of the adsorption and desorption 
properties of some hydrogels for the heavy-and/or 
rare-metal cations and anions aiming at the utilization 
for the environmental purification and the resource 
recycling [7・20]
In addition to these application studies， the authors 
have considered that the fundamental researches on the 
multivalent ion capturing effects on the struc旬resand 
properties of the ionized hydrogels are indispensable for 

developing the more effective functional materials. 
Along this line， in the previous study， the authors inves-
tigated the effects of the cupric-ion adsorption on the 
macroscopic and semi-macroscopic prope凶iesof the 
poly(acrylamide/sodium acrylate) (PAAm/SA) gels after 
the UV -light irradiation for different periods as de-
scribed below [21]. First， observed were the changes in 
the macroscopic surface properties of the wet and dehy-
drated PAAm/SA gels by irradiating UV-light; in spite 
that the exposed area to白eUV-light tums turbid， there 
was almost no remarkable change in shape even with a 
large amount of the UV-ray dosage (UV-irradiation for 
10 hrs with utilizing a high pressure mercury lamp with 
170 m W /cm" of output intensity， of which the effective 
UV wave-Iengths are 318 and 365 nm). On the other 
hand， the wet gels demonstrated very sensitive proper幽
ties to the UV-light: the wet PAAmlSA gel ([AAm]: 
[SA ]=500 mM:200 mM) readily disintegrated taking on 
the surface erosion in the UV-light irradiated area only 
in a few minutes. After 1 hr UV-light irradiation， the 
digging depth of the channel on the UV-irradiated area 
ofthe wet gel's surface became up to 12 mm. Secondly， 
the authors observed the optical property change of the 
surface ofthe UV-light irradiated PAAm/SA gel on the 
adsorption of cupric ion. As shown in Fig. 1 (b)， the UV-
irradiated area became turbid immediately after drop-
ping a small amount of aqueous Cu2+ ion solution on the 
surface whereas the unirradiated surface region did not 
show such a feature. The turbid area was stiU observed 
after the striped P AAm/SA gel had been dipped in the 
cupric ion solution for 24胎s(Fig. l(c)). Besides， it had 
been revealed that there were characteristic corrugated 
patterns in the unirradiated region while such a structure 
was not observed in the UV -ray irradiated area， as 
shown in Fig. 2， on the observation of the phase contrast 
microscope images across the boundary of the UV-ray 
irradiated and unirradiated areas of the P AAm/SA g巴I's
surface shown in Fig. l(c). 
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Fig. 1 
The property changes of a UV -light irradiated 
PAAmlSA gel on adsorbing cupric ion [21] 
(a) An At foil with an aperture was put on the gel 
before UV-ray iπadiation. (b) The area having been 
UV-irradiated for 15 min became turbid immediately 
after dropping a small amount of aqueous CuCC2 so-
lution on the gel's surface. (c) The turbid area was 
still observed after白egel shown in (b) having been 
dipped in aqueous CuCC2 solution for 24 hrs. 

Fig.2 
The phase contrast microscope images of the 
PAAm/SA gel surface shown in Fig. l(c) across the 
boundary of UV -ray irradiated and unirradiated areas 
observed aft巴rimmersed in CuCt2 aqueous solution 
for 24 hrs [21]. Cle訂 corrugatedpa仕ernswere ob-
served in the unirradiated area. 

2. EXPER協1ENTALSAND RESULTS 

The aqueous solution containing 200 mM  of SA， 
500 mM  of AAm and 12.3 mM  of N，N'-methylenebis-
acrylamide (BIS， cross linker) was prepared as the pre-
gel solution by desolving these reagents in 50 g of water. 
Then the pregel solution had been left intact for 24 hrs at 
60 oC a丘町adding2.4 mM  of ammonium persulfate (po-
lymerization initiator). After the period， s巴veraltiled 
portions with a dimension of -15x15x4 mm3 were cut 
out from the lump of the P AAm/SA gel. Then the small 
gel pieces were put in pure water in order to wash out 
unreacted ingredients; in these process， the volume of 
the gel slips increased -40 times to the extent of 
-50x50x 15 mm3 in dimension. 
For the irradiation of UV -light， a high pressure m巴r-
cury lamp with output of 100 W (HANDY CURERUB 
Handy 100， SEN LIGHTS Co.，Ltd.) was utilized as a 
light source of which the intensity was 170 m W Icぱ and
the effective UV wave叫lengthswere 318 and 365 nm. 

After the rinsing procedure， the fully swollen gel 
specimens had been exposed to UV-light at a distance of 
200 mm from the light source for different periods in a 
range of 0-15 min. Then， some of the UV・rayirradiated 
specimens had been put in the respective CuCi2 aqueous 
(lOOmi， 100mM) solutions for 24 hrs， while the others 
were used without furth巴:rtreatments. After then， the 
UV-irradiated gel specimens with and without the cupric 
ion adsorption treatment were cut into disk-shaped spec-
1m巴nswith 5 mm in diameter and 1 mm in thickness for 
the small angle X-ray sca白ering(SAXS) measurements. 
The SAXS experiments were performed with an 
apparatus (SAXES) installed at BL-I0C of Photon Fac-
tory in Institute of Materials Structure Sci巴nce，KEK， 
Tsukuba， Japan. An X-ray beam of 1.488 A in wave-
length was used as a light source. The scattered X-ray 
intensity from each of the specimens had been measured 
by a one-dimesional PSPC for 7200 seconds at room 
tempera仰向 (-25OC). The observed X-ray intensity was 
corrected for the cell scattering and absorption， and then 
normalized with the thickness of the sample and meas-
ur巴m巴nttime. 
Figure 3 shows the SAXS profiles (in a range of 
0-0.15 A，l in the magnitude of the scattering-vector) of 
the P AAmlSA gels after the UV -light irradiation for dif-
ferent periods in a range from 0 to 15 min. As can be 
easily seen企omthe profiles， their shapes are similar and 
there are no special features. In the le丘-handfigure of 
Fig. 4， described are the SAXS profiles of the UV-light 
irradiated PAAm/SA gels after the cupric-ion capturing 
treatment in the same q-range with Fig. 3. As can be 
easily seen from Fig. 4， a distinct peak emerges in all of 
the SAXS profiles of the UV-irradiated and cupric-ion 
adsorbed PAAm/SA gels. The right-hand figure ofFig. 4 
descibes the SAXS profiles with the巴nlargedq-range， 
0-0.05 A，l for helping the more detailed examination of 
the SAXS profiles; it can be r巳cognizedfrom the白gure
that the SAXS peak position vari巴swith the UV -light ir-
radiation periods. 

3. DISCUSSIONS 

In the present nano同scalestructural investigations， it 
has been revealed the UV-Iight irradiated PAAm/SA 
gels show the interesting features in the SAXS profiles 
by capturing the cupric ion. The authors estimate that the 
premonitory modification of the P AAm/SA gel surface 
had been already come about before the cupric ion ad-
sorption; and that， however， the scattered X-ray intensi-
ties from the P AAm/SA gels wer巴toosmall to detect by 
the SAXS systems because of the small X-ray scattering 
cross sections and the low concentrations of the ingredi-
ent elements in the form ofthe swollen gels. 
Such a latent change has been thought to have been 
elicited by the previous macroscopic measurements [21]， 
in which observed was a large decrease in the仕ansmit・
ted light intensity through the Cu2+-adsorbed PAAm/SA 
gels with increasing the UV-irradiation periods: in spite 
the shapes of the light-transmissivity spec仕aare not 
affected so much [21]. In addition， a collateral features 
indicating the surface modification by the UV -Iight iロa-
diation were also revealed by the phおかcontrastmicro-
scope investigations of the UV -Iight irradiated PAAml 
SA gel surface after the cupricion-cap印ringtreatments 
versus that of the unirradiated surfaces adsorbing Cu: in 



― 34 ― ― 35 ―

137 37[2] 135-138 (2012) 

• 

• • 

450 

• • 
j
!
?
j
j
j
ii
L
li
s
-i

・
l
i
i
3
i
i
i

∞

印

λ
品寸

列

。

(
J
Z
z
s
c
e
J
C
O
Z
2
0』
』

0
0

Tγαns. Mat. Res. Soc. Japan 

the latter， recognized are the characteristic crinkled pat-
tems (Fig. 2) often emerged in the volume phase transi-
tion of the ioniz巴dhydrogels; on the other hand， in the 
former， there are not such a surface structure [1-3，21]. 
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Fig.5 
The UV-light irradiation period dependence of the 
correlation length derived frorn the SAXS peak posi 
tion in Fig. 4. See also text. 
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Though， at present， the nano-structural changes be-
fore the Cu2+-adsorption have not been able to be de-
tected yet， the influence of the UV-light irradiation to 
the surfaces of the P AAmlSA gels may be inferable 
from the difference in the SAXS profiles of the P AAm/ 
SA gels capturing cupric ion after the different-period 
UV -light irradiation; not to mention that the nano幽scale
structural changes by capturing cupric ion themself have 
been very interesting and have been very important. 
As mentioned above， after the adsorption treatment 
of the cupric ion， a distinct pe叫chas emerged in each of 
the SAXS profiles of the UV-irradiated PAAm/SA gels. 
The notic巴ablechanges in the SAXS profiles related to 
the SAXS peak appearance can be examined from the 
two viewpoints (Fig. 4): one is on the SAXS peak posi帽
tion corresponding to the correlation length of the well-
defined nano-structure; and the other， the peak width 
related to the regularity andlor singularity of the nano・
structures. As for the SAXS peak position， it can be 
recognized from the right-hand figure in Fig. 4 that the 
position of the SAXS peak moves toward the lower 
q-region with increasing the UV-irradiation period. This 
profile change indicates that the observed nano-scale 
structure becomes larger with increasing the dosage of 
the UV-light (Fig. 5). In addition to the remarkable 
change in the SAXS peak position， there is perceivable 
change in the SAXS peak width: apparently， the peak 
becomes naηower with the increses of the UV-light 
irradiation period; though the origin ofthe broadening of 
the SAXS peak has not been cleared yet， it can be said 
that the UV-light irradiation makes the emerged nano-
structure more regulated. The authors have also consid-
ered that there might be a possibility of the superposed 
peaks in the SAXS profiles from the shapes and their 
changes with increasing the UV-light irradiation dosage. 
The authors have estimated an after-mentioned 
mechanism in order to explain these characteristic fea-
tures in th巴SAXSprofiles obsevred in the present s印dy.
Some of the weakly charged polyelectrolytes are well-
known to have a distict nano-structures caused by the 
so-called microphase separation which appears by deli-
cate balances of the ingredient interactions between the 
network polymers and also those between the network 
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Fig.3 
The SAXS profiles of the UV-light irradiated (for 
the periods in a range合om0 to 600 s) PAAm/SA gel 
without the Cu-adsorption treatrnents. See also text 
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Fig.4 
The SAXS profiles of the UV-light irradiated (for 
the periods in a range from 0 to 600 s) PAArnlSA gel 
after the Cu-adsorption treatrnents. See also text. 
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polymers and ions in the solvent [22，23]. In this situa-
tion， one will expect some characteristic structures， such 
as a distinct pe必王inthe SAXS profile. However， the ob-
servations of such structures by the SAXS experiments 
are very difficult when the differences ofthe X-ray scat-
tering cross-sections between the network polymers and 
the solvent is very small as in the case of the swollen 
P AAm/SA gel. Ther巴fore，in the hydrogels with low net-
work polymer concentrations， the microphase-separated 
structures have been often observed by the small angle 
neutron scattering (SANS) experiments [24，25]. In spite 
ofthis si旬ation，the authors have been still able to inves-
tigate the hydrogels' microphase-separated structures by 
the SAXS experiments by dehydrating them， namely in 
the condition the hydrogels are shrunk by the surface 
tensions caused by the remnant water in the hydrog巴Is
[26・29].In these authors' SAXS experiments， the effec-
tive X-ray scattering occurs by the difference in the scat-
tering cross sections between the network po恥nersand 
the counter ion elements of the ionized side chain; and it 
has been successfully observed that the SAXS peak po-
sitions and intensities differ with the counter-ion ele-
ments indicating change in the interaction strength [28] 
Even in the relatively wet hydrogels， the similar 
structural situation will happen when the ionized hydro-
gels shrink due to the formation of the interconnection 
between the ionized side幽chainsand the counter ions 
caused by the chelation mechanism. At this point， one 
should rernind that the conditions of the phase-separated 
structure are also much influ巴ncedby the elastic proper-
ties of the network polymer. As in the case of the present 
study， when the UV司lightis irradiated to the hydrogel， 
some of the network polymers in the hydrogel can be cut 
off， which will make smaller the elasticity of the hydro-
gel segments and will make narrower the connection 
range of the n巴tworkpolymer in the hydrogels. Because 
the network polymer degradation degree will become 
higher with approaching the surface of the hydrogel， the 
elasticity of the surface訂eabecomes very small and the 
decoupled segments on the surface can easily connect to 
each other by the adhesive force cause by the chelation 
between the ionized polymers through the cupric ion. 
Such a mechanism is thought to have been demonstrated 
in the abovementioned macro-and semi-macroscopic 
property changes oberved in the previous study (Figs. 1 
and 2 [21]): the turbidity emerging on th巴surfaceof the 
UV-light irradiated PAArnlSA gel by applying a drop of 
cupric ion solution can be ascribed to the gathering of 
the small segments up to the size of the light wave-
length; and the disappearance of the coagurated pattems 
is estimated to be caused by decreasing the surface elas-
ticity due to the lost of the long range connection of the 
network polymer. The similar property change can occur 
in the intemal area of the hydrogels; even though such 
UV-light irradiation effects become smaller there. The 
shi丘ofthe SAXS peak to the lower q-region can be 
related to increase in the size of the accumulated clusters 
composed ofthe disintegrated segments or in their inter-
cluster distance. The examination for figuring out the 
origin of the observed changes in the SAXS profile 
should be very important and such investigations can be 
also very irnportant丘omthe viewpoint for controlling 
the nano-struc印reto develope new smart materials. The 
detail investigations are in preparation. 

REFERENCES 

[1] T. Tanaka， Sci. Am. 244， 124 (1981). 
[2] T. Tanaka， Phys. Rev. Lett.， 45， 1636 (1980). 
[3] T. Tanaka， Phys. Rev. Lett.， 40， 820 (1978) 
[4] S. Hirotsu， Y. Hirokawa， and T. Tanaka， 
J. Chem. Phys.， 87， 1392 (1987). 

[5] S. Hiro臼u，Phase Transitions， 47，183 (1994) 
[6] D.K. Jackson， S.B. Leeb， A. Mitwalli， D. Fusco， C. 
Wang， and T. Tanaka， J. Intell. Mater. Syst. Struct.， 
8， 184 (1997). 
[7] K. Hara， M. Iida， K. Yano組 dT， Nishida， Colloids 
and Surfaces B， 38， 227 (2004). 
[8] K. Hara， M. Yoshigai and T. Nishida， Trans. Mat. Res 
Soc. Jpn.， 30， 823 (2005). 
[9] K. Hara， M. Yoshigai and T. Nishida， Trans. Mat. Res. 
Soc. Jpn.， 31， 815 (2006). 
[10] K. Hara， M. Yoshigai and T. Nishida， Trans. Mat. 
Res. Soc. Jpn.， 32， 819 (2007). 
[11] K. Hara， S. Yoshioka， A. Nishida， M. Yoshigai and 
T. Nishida， Trans. Mat. Res. Soc. Jpn.， 33， 369 
(2008). 

[12] K. Hara， S. Yoshioka， A. Nishida， M. Yoshigai and 
T. Nishida， Trans. Mat. Res. Soc. Jpn.， 33， 455 
(2008). 

[13] K. Hara， S. Yoshioka， A. Nishida， M. Yoshigai and 
T. Nishida， Trans. Mat. Res. Soc. Jpn.， 33， 463 
(2008). 
[14] A. Nishida， N. Kawamura， T. Nishida， S. Yoshioka 
and K. Hara， Trans. Mat. Res. Soc. Jpn.， 33， 459 
(2008). 

[15] K. Hara， N. Kawamura， D. Yamada， S. Yoshioka， T. 
Nishida， Trans. Mat. Res. Soc. Jpn.， 34， 489 (2009). 

[16] N. Kawamura， D. Yamada， T. Nishida， S. Yoshioka， 
K. Hara， Trans. Mat. Res. Soc. Jpn.， 34， 493 (2009). 
[17] K. Hara， N. Kawamura， K. Nagamatsu， D. His勾ima，
M. Yoshigai， S. Yoshioka and T. Nishida， Trans. 
Mat. Res. Soc. Jpn.， 34， 497 (2009). 
[18] K. Hara， N. Kawamura， K. Nagama臼u，D. His勾ima，
M. Yoshigai， S. Yoshioka and T. Nishida， Trans. 
Mat. Res. Soc. Jpn.， 34， 501 (2009). 
[19] K. Hara， M. Saito， S. Yoshioka and T. Nishida， 
Trans. Mat. Res. Soc. Jpn.， 35， 853 (2010). 
[20] K. Hara， E. Hirata， S. Yoshioka and T. Nishida， 
Trans. Mat. Res. Soc. Jpn.， 36， 401 (2011) 
[21] K. Hara， Y. Uemoω， N. Ueno， K. Terayama and S. 
Y oshioka， Trans. Mat. Res. Soc. Jpn.， 35， 865 
(2010). 

[22] V. Borue and 1. E刊凶1Imovich，Macromolecules 
21，3240 (1988). 
[23] J. F. Joanny and L. Leibler， J. Phys. (France)， 
51，545 (1991). 
[24] M. Shibayama and T. Tanaka， 1. Chem. Phys.， 97 
6842， (1992). 
[25] M. Shibayama and T. Tanaka， J. Chem. Phys.， 102， 
9392 (1995). 
[26] M. Sugiyama， S. Kuw勾ima，Y. So句ima，
A. Nakamura， N. Hiramatsu， T. Kikukawa， A. 
Suzuki and K. Hara， Jpn. J. Appl. Phys.， 38， L1360 
(1999). 
[27] M. Sugiyama， M. Annaka， K. Hara， M. E. Vigild and 
G. D. Wignall， J. Phys. Chem. B， 107，6300 (2003). 
[28] K. Hara， M. Sugiyama， M. Annaka and Y. Soejima， 
Colloids and Surfaces B， 38，197 (2004). 
[29] K. Hara， Y. Sueyoshi， M. Sugiyama， T. Tanigawa， 
and S. Yoshioka， Trans. Mat. Res. Soc. Jpn.， 34， 461 
(200~) 
(Received November 24， 2011; Accepted January 9， 2012) 


