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GENERAL INTRODUCT10N 

Poly (N-isopropylacrylamide) (PN1PA) gels 訂e well known as nonionic 

polymer gels showing volume phase transition induced by temperature. Hysteresis 

and various morphological changes are observed on swelling and shrinking processes 

of gels and such dynamical phenomena of gels can be expected as combined effects 

of thermodynamic instability and nonlinear elasticity. PN1P A gels shrink and 

become white after jumping above the critical t1emperature. Whitening slowly 

disappears and the gels become finally transparent. This final stage is regarded as 

the equilibrium state. The purpose of this research is to clari今 suchshrinking 

process of PN1P A gels丘omthe viewpoint of macroscopic level using by graphical 

analysis method. This thesis is divided into five chapters. 

Volume phase transition phenomena of gels is very interesting theme合omthe 

st佃 dpointof the study of complex system. it is more important to discuss the 

relationship between experimental facts 合om the dynamical viewpoints of 

classification of space and time. PLASMA has been devised and built in our 

laboratory as a new app訂atus企omthe above viewpoint (Part I). The f10w of studies 

on volume phase transition of gels by PLASMA is reviewed and some results are 

introduced in p訂tII. 

Shrinking and whitening processes of synthesIlzed disk-like PN1PA gels were 

studied at various constant temperatures，企omcritical temperature (T c) to T c +ムT
using by a CCD video camera or a single lens c創nera. PN1P A gels shrink and 

become turbid， then whitening slowly disappears and the gels become finally 

仕ansparent. The number of dots of gels is evaluated using by a clipping procedure 

and defines the area of a gel S (t). The integral value of light intensities due to the 

whitening of gels is W 1 (t) and W 2 (t) is introduced as whitening per area of gel W 

1 (t) /S (t) . S (t) shows two・stepshrinking and to fit it， the sum of exponential and 

stretched exponential functions was adequate using the 'χ 2 map method ( Chapter 

1・1). The exponential (日rstshrinking) is deduced as collective diffusion with 

infinitesimal deformation of an elastic body by T.Tanaka. 1n order to discuss the 

meaning of stretched exponential function with s> 1， new theoretical concept 'integral 
transformation' was proposed. Applied this concept to secondary shrinking of PN1P A 

gels， assuming that gels consist of a lot of parts， each part shrinks step-like at t=τ 

and the distribution function of て wasdefined as the derivative of stretched 

exponential function D (τ) . (Chapter 1・2) W 1 (t) was explained by a sum of two 

whitening processes accompanied with shrinking one. Each process was directly 

explained by D (τ) and it indicates that whitening occurs like a function in each 

p訂twhen each part shrinks， assuming that there are a lot of parts from the viewpoints 
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of mesoscopic level. (Chapter 2) Size of disk-like gels and jumping temperature 

were changed and the effects on both shrinking and ¥¥Thitening processes are discussed. 

Diameter of disk-like gels gives no change， while the time scale of S (t) and W， (t) 

is elongated with increasing thickness of gels. The relationship between thickness 

of gels and average time of shrinking were expressed by T.Tanaka's formula 

mentioned above. A verage time of firs and second shrinking shows a critical slowing 

down. First shrinking and first whitening 訂ealways synchronized at small 

temperaωre jump， while average time and the de:gree of asynchrous of second 

whitening undergoes slowly at large jumping temperature. 1t is due to the effect of 

elastic effects of gels chain. Except for the case of large temperature gap， whitening 

process is always synchronized with shrinking process， and it indicates that the 

shrinking process in macroscopic level is strongly related to whitening one in 

mesoscopic level. When gels訂ethick and jumping temperature is large， S (t) 

shows 3 step shrinking and the possibility of multi-step shri凶ongwas proposed. 

(Chapter 3) Sample gels were prepared by cutting out the synthesized sheet -like 

PN1P A gels with a cookie cutter， the shape of which was clover， diamond， heart and 

spade， respectively. Shape of gels dependence on S (t)， W， (t) and W 2 (t) was not 

observed， but all the gels show that the convexoconcave of the shape disappear in 

second shrinking and the shape is restored after shrinking. This deformation 

corresponds to the three-dimensional deformation of gels like Japanese original pouch 

'Kinchaku'. The edge part of disk -like gels tends to turn over a丘erfirst shrinking and 

it is due to the edge p制 'sshrinking. Skin layer is formed as shrunken layer on the 

surface of gels after first shrinking process and出eedge part exactly corresponds to 

skin layer itself. (Chapter 4) 1n addition， bubbles or interconnected network like 

neぽonappear in gels in secondary shrinking. Power spectra on the surface of 

disk-like gels by l-dimensional Fourier Transformation was done and has 3 modes， a 

sine， Markov noise and white noise. The temporal change of correlation s仕engthof 

Markov noise is very similar to the temporal change of integral value of light 

intensities in gels. W， (t) corresponds to the temporal change of correlation strength 
of Markov noise on the surface of gels. 1n addition， size of periodic s仕ucturedue to 

the network is small at large jumping temperature gap and it is compatible with the 

tendency of phase separation. (Chapter 5) 
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Part 1. PLAS九IA

All materials are formed by their elements-irトtheirselvesand the relationship 

between dynamics of their elements. Their elements are divided into various classes 

of nature， and there is a spatial especial movement in each class. The schematic 

diagram of class organization based on a microscope photograph of Amoeba Limax is 

shown in Figure 1. 1ncreasing the degree of magnification， the class organization of 

nature was understood from amoeba limax of microscope level， organella of light 

scattering level， biomembrane and phosphatidy 1 choline of molecular level， a 

methylene chain of functional group level， and to wave function of molecular orbital 

level. 1n spatial class organization of condensed mattersラ wecan easily understand 

the class organization of natureit by dividing the classification into six levels (naked 

eye， microscope， light scattering， molecular， functional group， and molecular orbital 

levels). The concept of class organization in nature connects with the recent research 

theme of 'complex system'， 'complex f1uid'， 'supermolecules'， 'cluster'， etc. It is very 

important to discuss the fundamental principle of the relationship between each class 

of nature in order to clariかthemechanism of stIuctural formation processes in 
condensed matter. Especially it is necessary to cliscuss from the viewpoint of 

dynamics in order to understand the following vector development， reaction→ 

relaxation→transition→structural formation. 

For the pぽposeof discussion about movement of elements in each class， a 

macromolecule is the best example because a macromolecule has a large number of 

motional degrees of freedom. The particular motional behaviour of each element is 

distributed into each class企oma macroscopic class to a microscopic one. As its 

simple exampleラ theschematic diagram of a space-time image of macromolecular 

dynamics is shown in Figure 2. The horizontal axis is space and the vertical one is 

relaxation time. There are many movements， for example， two state motions， local 

motions， segmental motions， cooperative diffusion， repetitive motions and so on. 

Till now a new app紅atus named PLASMA 1V(Perfective Laboratory 

Automation System for Macromolecular Analysis) have been made in our laboratory 

from the viewpoint of spectroscopic measurements based on the concept mentioned 

above1
• The schematic diagram of PLASMA 1V is shown in Figure 3. The puゅose

of PLASMA is to analyze dynamics in the following 5 classes and the relationship 

between each motional class， 

① Naked eye level (video graphics analysis) 

② Microscope level 

(graphics analysis of CCD images and spec仕oscopyusing by a microscope) 

③ Light 印刷eringlevel 

(two-dimensional static and dynamic light scattering analysis) 
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④ Molecular level 

(various spcctroscopic analysis with absorption， action， emission， depolarization 

spectra， pico-and nanoscconds time-resolved spectroscopic techniques) 

⑤ Functional group lcvcl (image Raman scope with microscope) 

PLASMA is controlled by our original program softs. In this report， we estimate the 

imagc of volume phase transition processes of gels rnore clearly based on naked eye 

level of PLASMA. 

In reccnt years， many scientific researchers in the field of condensed matter 

begun to have the intcrest in various graphical analysis methods. Many biologists 

havc been interestcd in the observation of livings using various microscopes in order 

to discuss thc function of bio-organ. Students belonging to the faculty of biological 

and medical scicnccs havc to lcarn thc morphological techniques using various 

microscopcs. On thc othcr hand， some graphical methods were discussed based on 
fractal analysis in the field of space and earth science:s 2. 3. They try to estimate the 

origin of some space phenomcna. For example， they discussed the origin of the 

craters using photographs of the moon's surface. Graphical analysis method will be 

effective to clarify thc origin of morphological phenomena in the field of condensed 

matter. In reccnt， many studies for crystal growth processes have been reported using 

graphical methods based on fractal analysis 4. Therefore it is very important that 

various graphical analysis methods apply to thc field of condensed matter. 

References 
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Part 11. Volume Phase Transition of Gels by PLASMA 

Gels訂ethree dimensional network swollen with solvent. Some polymer gels 

undergo the volume phase transition by surrounding stimuli， temperature， solvent 

compositionヲ pH，electric field， stress and so on. Flmdamental studies of gels were 

initiated as follows. In 1968， K.Dusek and D.Patterson predicted a discontinuous 

volume change of gels based on the analogy of the coil-globule transition 1. In 1973， 

T.TanakaヲL.O.Hockerand G.B.Benedek proposed a theory of the dynamic motion of 

gels， which was explained by collective diffusion of polymer chain and solvent 2. In 

1977， T.Tanak et. al. found the critical phenomena of polyacry凶nidegels in water by 

light sca抗eringexperiments 3. In 1978， T.Tanaka found a distinct volume change of 

polyacry lamide gels immersed in acetone/water mixture 4 • Then a lot of papers on 

the volume phase transition of gels have been represented till now. In recent years， 

volume phase transition of gels has been applied to drug delivery systemラ

micromachining and so on. 

Poly(N-isopropylacrylamide) (PNIPA) gels are well known as nonionic 

polymer gels which show a large volume change by temperaωre. The structure of 

PNIPA gels is shown in Figure 1. Volume change process of gels essentially has a 

very wide range of movements企omnaked eye level to molecular one and it could be 

a typical thesis in "complex physics" and "complex :fluid". As mentioned aboveヲ a

new apparatus named PLASMA (Perfective Laboratory Automation System for 

Macromolecular Analysis) based on the concept of dass organization of nature has 

been made in our laboratory. The puゅoseof PLASMA is to analyze dynamics in 

the following 5 classes and the relationship between each motional classes，① 

graphical analysis of images using by a camera in naked eye level，②graphical 

analysis of images using by a microscope in microscope level，③two-dimensional and 

dynamic light scattering analysis in condense m釧 erlevel，④multi-dimensional 

spec甘oscopyand time-resolved spectroscopy analysis in molecular level and ⑤ 

two-dimensional image raman microscope in functional group level. PLASMA has 

been adapted to volume phase transition of gels， for example， titration c町vesand 

morphological analysis of polyacrylamide gels under volume phase transition， 

graphical analysis of permeating process of solvents in PNIP A gels， rotational 

motions of chromophore in volume phase transition of PNIP A gels， additional effects 

of various components to volume phase transition temperatures of PNIP A gels and so 

on. Volume phase transition phenomena of gels has been investigated in various 

aspects5・6，coil-globule transition 7ラ structureof water8ラphasetransition as an elastic 

body9・10， skin layer 1 1. 1 2， heterogeneities 1 3 and so on. It will be clear to 

understand the volume phase transition企omthe viewpoint of PLASMA. 
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Figure 1. Structure of Poly(N-isopropylacrylamide) 

1. Volume Phase Transition of Gels and Osmotic Pressure 6 

Phase diagram of gels has been discussed and the concept of discussion will be 

shown here. 1f gels are immersed in solvents， they swell or shrink as shown in 

Figure 2. 1t is a different feature from powder or solid. The state of gels is 

theoretically defined as the infinity of molecular weight by crosslinkage， on the other 

hand， experimentally defined as the point in which the viscosity diverges in sol-gel 

translt1on. 

Phase diagram of PN1PA gels is shown in Figwre 3. Volume phase transition 

of gels has been explained using by osmotic pressure. Osmotic presswre of gels π 

is defined by 
[ a F 1 

II =ー|一一 I_ (1) 
l a V JT. 

where F is企eeenergy change after mixing of solvents and an unstrained polymer 

network and V is total volume of gels. It is 0丘enpresented that such expression of 

phase diagram of gels is similar to that of Van der Waals f1uid formally.πconsists 

ofπelastic，πmixing andπion， which denote the contributions of the elastic free energy， 

mixing free energy and free energy due to ions， respectively. 

日 IIelastic+ IIimixing + IIion 

i(φi (φi 1/3l NkT r ， • 1. ，. ¥ ， "i . ~ _rφ) 
= UkTI 1 ~ 1-1 -:-1 1一 一一[φ+ln(lーが+X<t2J + ufkTI ~ 1 (2) 
L l 2φ。)lφ。) J v ‘ Lφo ) 

where φis the volume合actionsof polymer network andゆois the volume fraction 

of polymers when the gel network has a random walk configuration. The 

polymer-solvent interaction parameterχ， the Boltzmann constant kヲ theAvogadro's 

number Nラtheabsolute temperature T， the molar volunle of the solvent v， the number 

of counter ions per chain f， and the number of chains per unit volume of gels v are 

also used. Phase diagram of gels has been explained asπ=0， that is an equilibrium 
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state. The reduced temperatureτis obtained as follows. 
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Equation (3) agrees with ionic polymer gelsラbutdoes: not hold good in PNIP A gels. 

There is an訂gumentwhether PNIP A gels show a discontinuous or continuous 

volume change 26. If PNIPA gels show a continuous volume change， is it suitable to 

call the phenomena 'transition'? The fact that phase diagram of PNIP A gels is not 

explained by the state equation of gels based on osmotic pressure is due to the 

elasticity effect of gels 

Powder G e 1 S 0 1 i d 

• g g
v
 

-• • • • • • • g --a ・.畠.・'・'.---...'・. . - -. 
二二千、

S h r i n k i n g Swelling 

S h r i n k i n g Swell ing 

Figure 2. Characteristics of gels 
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Figure 3. Morphological change of PN1P A gels on s¥velling and shrinking processes 

a丘町 temperaturequench and jump， respectively. Gels are described on the concept 

of 'skin layer' as one of the elastic effects. 

Vo  1 umc  

Morphological Change on Volume Phase Transition of Gels 

Volume change with remarkable pa抗emformations was observed on swel1ing 

and shrinking processes of gels 1 1. 1 7ー 20 T.Tanaka et. al. showed the morphological 

change of PN1P A gels in water 1 2. Wrinkle pa口emsappear like surface of a brain 

when gels swel1， while gels are covered with many bubbles when they shrink. They 

also showed that when acrylamide/sodium acrぅrlatecopolymer gels in acetone/water 

mixture shrink under a certain strain， gels behave various pa抗ernsラ bubble，bamboo 

and so on 7 • These morphological pa抗ernshave been a抗ractedmany theorist. 1n 

case of swelling process， the morphological swelling process of spherical gels is 

described as an elastic body of which surface layer is swollen and attached to the 

shrunken inner part. However the shrinking mechanism is not so clear yet 6， 2 1 and 

skin layer has been structurally proposed by some researchers， which has so far been 

believed to be formed on the surface of gels and prevents solvents from permeating 

across the boundary when gels shrink. When skin layer is formed on the surface of 

gels， shear appears between shrinking layer and s¥¥Tollen inner part. Then gels 

deform its shape as an elastic body 1 3. H. Yasunaga et. al. observed two spin-spin 

relaxation time T 2 on shri此ingprocess of gels by NMR spectroscopy and they 

indicated the existence of skin layer 1 4. On the other handラT.Tanakaet. al. proposed 

a single exponential function as a自社ingfunction of volume change on swelling and 

shrinking processes， assuming the infmitesimal deform:ation of an elastic body 2 2， 2 3 

Their theory has a good agreement with some swelling processes of gels， but does 

not explain shrinking processes of PN1P A gels shown in our experiments 1 2・15ー 19 

Elasticity due to crosslinking is also very important from a viewpoint of phase 

demixing between polymer network and solvents， that is， coupling between phase 

仕ansitionand elasticity 6 is an essential concept for shrinking process of gels. 

Dynamics of gels訂eexpected as combined effects of thermodynamic instability and 

nonlinear elasticity. H.Tanaka has studied asymmetric molecular dynamics in 

polymer solution 1 6， considering volume phase仕組sitionphenomena of gels as an 

2. 

-16 -



expanded problem. 

3. Spinoda1 Decomposition of Gels 

Shrinking process of gels has been assumed as phase separation between gels 

chain and solvents. However phase sep訂ationssuc:h as nucleation and spinodal 

decomposition are poorly studied for gels. Spinodal lines are theoretically defined as 

K=O， where K is the isothermal bulk modulus written as 

I n 11 I 
K = -V同一 (4)
l e)V JT . 

Spinodal lines are also defined as that longitudinal density f1uctuation diverges at 

K+4/3μ= 0， where μis shear modulus 6 • 

Let us consider whitening process of gels on volume phase transition. It is 

well known that PNIPA gels shrink and become white just after temperature jump 

above critical temperature. Then the whitening slowly disappears. The whitening of 

gels has so far been believed as f1uctuations accomlpanied with phase separation 

between polymer chain and solvents. Y.Li et al. showed that early shrinking process 

of PNIP A gels could correspond to spinodal decomposition from temporal turbidity 

change of gels30 using by mean-field linear Cahn-Hillard-Cook(CHC) theory32. 

According to the theory， the scattered light intensity 15 is related to the f1uctuation 

growth rate R (q) as follows， 

I札，t)'" exp(2R(q)t) ， (5) 

where q is the scattering wavevector and t is time. R.Bansil et al. showed the 

spinodal ring by two-dimensional light scattering of PNIP A gels and also described 

the time evolution of the scattered light in the early shrilnking stage by the linear CHC 

theory 3 1 • Both groups didn't observe the disappearance of whitening and the 

connection with phase diagram is not clear. Increasing and decreasing of scattering 

light was also observed on phase separating process of polymer solution， but 

scattering light has been usually studied企omthe viewpoint of q， not t 3 3 -3 ..j . 

Determination of spinodal line of gels was discussedl with the s仕ucturefactor by 

T.Tanaka and A.Onuki 6. 

4. Studies on Gels by PLASMA 

4・1. Additional effects of various metal ions to volum，e phase transition 

temperatures of PNIP A gels 3 5 

PNIPA is soluble in water and has phase diagram which shows the LCST 

(lower critical solution temperature). It is said to be due to the hydrophobic effects. 

Coil-globule transition and additional effects of surfactants have been researched 

recently. Interaction between water molecules and N-isopropyl groups can be 

assumed to be sensitive to addition of various compounds， temperature and so on. 

The dependence of added metal ion on volume phase transition tempera印reof PNIPA 

gels was discussed as follows. 

The aqueous solutions with PNIPA gels were prepared by the addition of 20 
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sorts of nitrate sal1. The dependence of added alkalli metal ion on volume phase 

transition temperature (Tc) is shown in Figure 4. Tc decreases with an increase in 

concen仕ationof any metal ion. This phenomena can be explained by the following 

theory based on the statistical mechanics model which is developed from Ising model， 

not the equation of state method using osmotic pressure: mentioned above. 

くStatisticalmechanics model> 

1. Assuming Ising model based on cells of gels， total number of cells N is 

represented as follows. 

N =Nc + Nv (6) 

where N c and N v are the number of cells which have water clusters and are 

vacant， respectively. 

2. Free energy of gels is explained as follows， 

Gnetwork( T， Nv) = Nv(ε+oT) (7) 
where E and α 紅eenthalpy and entropy changes in a cell by discharging 

water cluster， respectively. 

3. Free energy of Ising model is explained as fo11o¥¥Ts， 

NrNvzJ r N! 1 
Gsing( T， Nv )二二一-kT ln 1 _ _ -. _-. . 1 

l Nc!Nv! J 

where z and J are the neighboring number between cell clusters and interaction 

coefficient of Ising model， respectively. 

Introducing the state variable X= (N c-N v)小J，total free energy of gels is explained as 

I (e+αT)( 1・X). zJ(トX2). 1 "，，( l+X i 1 ( 1+X i (l-X i. ( l-X il 
O(T，Nv) =NI ¥---:¥---/ + --¥-. --/ +kTI ~ Ilnl ~ 1+1 ~ Ilnlーァ 11(9) 

/ 2 4 1 2 J 1 2 J 12 1 12 1/ 

Equation (7) is trasfered to equation (8) for th(~ temperature at which the 

probability of existence shows to be highes1. Consequently the critical temperature 

¥
l
/
 

0
0
 

/
'
l
、
¥

Tc of volume phase transition of PNIPA gels is written as 

273.15 + To 
T =2_ . /. r_ _ .i¥ - 273.15 (10) 
2-z1n(1-虻Mn+]

where T 0 is the critical temperature of PNIP A gels in water and a ( = 1-η [MI1+J) is 
chemical activity coefficien1. Curve fittings for concentration of various metal ion vs 

Tc are shown in Figure 5. Our obtained plotted curves about univalent， divalent and 

trivalent metals agree with equation (8) very well. Relationship between surface 

charge density of metal ions ρ(=n/4πr2) and hydrated force ηvalue are shown in 

Figure 6. The hydrating effect of metal ions is given a master curve based onρ. It 

can be assumed that metal ions a抗ractwater molecules and an decrease in chemical 

activity coefficient affect the critical temperature of PNIPA gels. Our proposed 

theoretical model is very effective in order to analyze not only added effect of metal 

ion but also that of hydrated organic compounds and polymers such as various 

alcoholic group and Polyethyleneoxide (PEO) and so on. Phase diagram of PNIPA 

in water/PEO mixtures is shown in Figure 11 and equation (8) holds good. If 1くη

[MI1 +J， T divergent -∞ in equation (8). It indicates that there is no critical 
temperature in the region of [Mn +J > 11ηand it is. The drastic change of solution 
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nature is induced overηc= 1 where C is the concentration of PEO as shown in 

Figure 7. This phenomenon was named 'Hydrating-induced solution transition'. 

PNIP A gels are very sensitive to environment mentioned above and it will be due to 

week interaction between polymer chains and water molecules. 
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4-2. Volume Phase Transition in Molecular Leve13 5 

Dynamics of volume phase transition of gels in microscopic level has been 

discussed using by light scattering method， NMR spectroscopy and so on. According 

to f1uorescence probe method which is effective to discuss dynamics in micro level， it 

is reported that molecular motions drastically change near the volume phase transition 

point of gels. 1n order to clari今volumephase transition of gels in microscopic level， 

spectrosopy measurements of f1uorescence in PN1P A gels were done near the 

volume phase transition temperaωre. PN1P A gels were prepared in a thin cell with 

f1uoresceine aqueous solution. The cooling or heating rate of sample solution was 

0.3 mKJ s and one spec仕切nwas measured per about 16ms. The emission and 

anisotropy ratio spectra in PN1P A gels (the crosslinkage densityρ=0.037) at 33.0
o
C 

-39.0
o
C were shown in Figure 8. Both spec仕achange drastically near volume phase 

transition temperature. Temperature dependence of anisotropy ratio spectra at the 

maximum emitted wavelength is shown in Figure 9. Regardless of very slow speed 

of temperature change， hysteresis was observed in temperature-induced volume phase 

transition. Some new knowledge in this experiment are summarized as follows 

1. V olume phase transition tempera印reof PN1PA gds (Tc) increases with an 

increase in the crosslinkage densityρ. 

2. Rotational motions of f1uorescein are slow at lower temperature in swollen state 

of PN1P A gels， whereas they訂efast at higher telmperature in shrunken state of 

PN1PA gels. 

As shown in Figure 10， the following equation was日抗edto data points for ρ-Tc 

curve using by nonlinear-least-squares method， 'which was based on the 

quasi-Marquardt algorithm as a software part of PLASM[A. 

T-Tn 
ε 二=Aps ~ An-s ( 11 ) 

J 0 

where T is critical temperature of PN1PA gels， T 0 coil-globule transition temperature， 

n average degree of polymerization between the crosslinking points. According to 

blob model for the explanation of coil-globule transition， degree of polymerization 

dependence on crossover temperature in scaling law of polymer chain is represented 

as follows. 

1-8 
1: = ----~ n-l12 一一一

T 
(12) 

From the viewpoint of molecular level， volume phase transition phenomena of PN1P A 

gels can be assumed to be assembled coil-globule transition phenomena of polymer 

chains which have various degree of polymerization between the crosslinking points. 

On the other hand， the fact that rotational motion of fluorecein is slower in swollen 

state than s胎山lkenone does not coincide with the nlotional behaviour of PN1P A 

side-chains ne訂 coil-globuletransition. PN1PA gels soak up a lot of water in 

swollen state， so water solvents may make some struc知町 ingels as shown in Figure 

11. 1f the image is correct， it is concluded that diffusion rate of water solvents are 

slower in swollen state than in shrunken state in case of PN1PA gels. 

-22 -



.---_圃・・ 園田・園田園・E ・-・画面画面画面画面画面画面画面園田・圃圃園

| IntρlI'ICtPl"lt 1町、A.CtP Pr{)('T位指11"1it M~泊骨骨、ハパ f()r 11¥.fI J(: HI J7rlr)f I Vρr~ 日

開 IP前 FL3"孔F
らく.ωL.:475nm 
3. 6662E+日2m
6.759症+日2m
3.300庄+白1C
3. 9714E+日1C

(a) 

I Il"ItρIIjlC#ρnt ImAttTドr(')I'ρF相官nlC#Mρthのrlr Ri f()r Il¥ill)(; HIi7[)[)() Vρr只日

開 1PAGFLls7LP 
ら<.ω.L.: 475nm 
3.666庄+佐川
6.759庄+佐川
3.3四匹+白1C
3. 8991E+日1C

、、，，
ノ
'hu 

〆
'a
‘、

Figure 8. Emission and anisotropy ratio spectra in PNIP A gels 
(a) Emission spec廿a(b) Anisotropy ratio spectra 

-23 -



-・・・・・・・・・・・・・・園田園圃- 一一ーーー・・・・圃圃・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・圃圃圃圃圃圃圃圃圃圃圃圃圃圃-・E・-ーーーーーーーーーーーーー---・E・-ー・・・・・・・・・・・・・・・・・圃一

T nt. ~1 1 i侃而liM僧仲間的雪In.:l門ethodfor下両蚕吾-Tr自信itionUず n

-~ 
INTENSITYト一一一一一ー一一ーーーーーーγ 一 _L_・一一一一ー一 一一一一ー一一一ー一一一ー。】 ・. I 

8.日E-目白日

2.日E一目白日

4.日E一目白日

1.日E-目白日1
3.3庄+日間4 3. 42E+日目白4

。.0.・4 

qyhて~波踊~I
・向

3.54E十日日目4 3.66E十四狙4
TE門PERATLJRE加。c，

bz、PL向h区、f1向。i5u.且1

3.78E+OOO4 3.泊E+OOO4
AN:-l.症-0001-2.日E一日目白

Figure 9. Temperature dependence of anisotropy ratio spectra 

on heating ( • ) and cooling ( 0 ) processes 

f-----------------------------------------------------…ting -一ーーーーーーーーー一一ー一一ー一一ーーーーーーーー一一ー一一ーーー-ーーーー-1P (1): 2.202E+日1
IP(2): 4.943E-01 

一一一一...JP(3): 日.000E+00 
1.88E+02I I I 一一一寸P(4):日.000E+目白

P(5): 0.日目白E+日目
P(6) : 日.日目白E+目白

1.5日E+日2

1.13E+02 

7.5日E+日1

3. 75E+日1

日.0日E+日目
白.00E+目白

P(7) : 日.日日目E+日目
P(8): 0.日日目E+目白
Chi2: 2.9日6E+目1
Damp: 2.503E-日2
Iter: 71 
Strt:日
Stop: 4 
5.0日目E+03

Figure 10. Plots of anisotropy ratio against crosslinkage density and 

curve自社ingof equation (11) to the plot data 

-24 -



一一一 | 

ぺ彰

Figure 11. Volume phase transition image of PNIP A gels in microscopic level 

-25 -



References 

1. K.Dusek and D.Patterson， J.Polym.Sci.，A・2，1217 (1968) 

2. T.Tanaka， L.O.Hocker and G.B.Benedek， J.Chem.Phys.，59，9ヲ5151(1973) 

3. T.Tan沿caラS.Ishiwataand C.IshimotoラPhys.Rev.Lett.，38，14，771(1977) 

4. T.Tanaka， Phys.Rev.Lett.，40，820 (1978) 

5. H.G.Schild， Prog.Polym.Sci.， (17) ，163 (1992) 

6. K.Dusek (Editor)， Responsive Gels: Volume phase transitions 1， 

Adv.Polym.Sci.，109 (Springer) (1993) 

7. E.I.Tiktopulo，V.N.Uversky，V.B.Lushchik，S.I.KleninヲV.E.Bychkovaand 

O.B.Ptitsyn， Macro.，28，7519 (1995) 

8. Y.Suzuki， N.Suzuki， Y.Takasu and I.Nishio， J.Chenl1.Phys.，1 07 (15) ，5890 (1997) 

9. A.Onuki， Phys.Rev.A， 5932，39，11 (1989) 

10. H.Nakazawa and K.Sekimoto， J.Chem.Phys.，1675，104 (4) (1996) 

11. E.S.Matsuo and T.Tanaka， J.Chem.Phys.，1695，89 (3) (1988) 

12. H.Yasunaga， M.Kobaぅrashi，S.Matsukawa， H.Kurosu and I.Ando， 

Annual Rep. NMR Spectroscopy， (34)， 39 (1997) 

13. M.Shibayama， S.Takata and T.Norisue， Physica A，245 (1998) 

14. K.Sekimoto， Phys.Rev.Le抗サ4154，70(26) (1993) 

15. A.Hochberg， T.Tanaka and D.Nicoli， Phys.Rev.Le札，217，43(3) (1979) 

16. H.Tanaka， Phys.Rev.Le口.，3158，71(19) (1993) 

17. T.Tanaka，S.T.Sun，Y.Hirokawa，S.Katayama，J.Kucera，Y.Hirose and T.Amiya， 

Nature" 796，325 (26) (1987) 

18. S.Hirotsu， J.Chem.Phys.，88，1 ，427 (1988) 

19. E.S.Matsuo and T.Tanaka， Nature，482，358 (6) (1992) 

20. M.Shibayama and M.Uesaka， J.Chem.Phys.，4350， 1 05 (10) (1996) 

21. B.Barriere， K.Sekimoto and L.Leibler， J.Chem.Phys.，1735，105 (4) (1996) 

K.Sekimoto，N，Suematsu and K.Kawasaki， Phys.Rev.A，39 (9) ，4912 (1989) 

22. T.Tanaka and D.J.Fillmore， J.Chem.Phys.，1214，70(3) (1979) 

23. Y.Li and T.Tanaka， J.Chem.Phys.， 1365，92 (2) (1990) 

24. Y.Hirokawa and T.Tan北a，J.Chem.Phys.ヲ6379，81(12) (1984) 

25. S.Hirotsu， Y.Hirokawa and T.Tanaka， J.Chem.Phys.，87 (2) (1987) 

26. C.Wu and S.Zhou， Macro.，30，574 (1997) 

27. H.Ushiki， F.Tsunomori， K.Hamano， Rep.Prog.Polytn.Phys.，Jpn.，37，463 (1994) 

28. T.Nakagawa and Y.Oyanagi， "Saishou Nijou・houNiyoru Jikken-Data Kaiseki"， 

Tokyo Daigaku Syuppan-kai，Tokyo (1982) 

29. "Koubunshi Kagaku no kiso" (2nd edition)， Tokyo kagakudoujin (1994) 

30. Y.Li， G.Wang and Z.Hu， Macromolecules， 4194，28 (1995) 

31. R.Bansil， G.Liao and P.Falus， Physica A， 346， 231 (1996) 

32. J.W.Cahn and J.E.Hilliard， J.Chem.Phy.， 688，31 (3) (1959); 

J. W.Cahn， J.Chem.Phy.， 93，42 (1) (1965) 

33. H.Furukawa， Adv.Phys.， 703， 34 (6) (1986) 



- ....，..・'‘ー戸rー;;=;:iiー圃圃圃圃圃・圃・・・・・・・・・・・・・・・・・・・・・・・・・・・・園面画面画面画面圃・・・・圃・・・・・・・・・・・・

34. A.T.Bharucha-Reid，泡lementsof the Theory of Markov Processes and their 

Applications"， McGraw-Hill， N ew Y ork (1960) 

35. H.Ushiki and C.Hashimoto， Polym.Proc.， 46， 273 (1997) 



Graphical Analysis for Gels Morphology 

Chapter 1. Shrinking Pocess 

1・1.Shrinking Process of PNIP A Gels 

1-1-1. Abstract 

A new graphical analysis method is proposed for measurement of gels 

morphology on volume phase transition. Poly(N-isopropylacrylamide) (PNIPA) 

gels shrink and become white after jumping above the critical temperature. 

Whitening slowly disappears and the gels become finally transparent. This final 

stage is regarded as the equilibrium state. The shrinking and whitening of disk-like 

PNIP A gels have been monitored using a CCD video camera， and both area and 

whitening of the gels have been evaluated from time-resolved images using a new 

graphical analysis method. We showed that gels underwent a two-step shrinking in 

synchronism with the whitening process. To fit the time-dependent shrinking processラ

the sum of exponential and stretched exponential functions was adequate using the 

。χ2map method'. The exponent characterizing the stretched exponential was found 

to be greater than one. The meaning of fitting paraJneters is determined on the 

assumption that the skin layer collapses in the second shrinkage. 

1-1-2. Introduction 

Some polymer gels show large discontinuous volume change upon change of 

temperature 1ラ solvent composition 2. 3. 4， pHぺ ele:ctric fieldぺ s廿ess7 …
Considerable interest has been devoted to this phase transition that has been explained 

合omvarious point of view considering gels as an elastic body 8. 9ラ usingphase 

transition formation 10， heterogeneities 1 1 ， assuming Icoil-globule transition 1 2ラ or

structure of water 1 3 ・… Thereis little discussion about dynamics on volume phase 

transition of gels from the viewpoint of macroscopic level. As one of interesting 

dynamical phenomena， various mo中hologicalpa抗ems:were observed when gels 

swell/shrink. In the case of PNIP A gels in water， wrinkle pa抗emsappear when gels 

sweU， while gels are covered with many bubbles ~when they shrink 1 • When 

acrylamide/sodium acrylate copolymer gels in acetone/~vater mixture shrank under a 

certain strain， various pa仕emswere observed such as bubble， bamboo and so on 3 . 

These pattems have attracted theorists and have been explained by considering the 

gels as elastic bodies. Sekimoto et al discuss the deformation of gels by taking 

account of 'Skin layer' g， structurally proposed as a shrunken layer formed on the 

surface of gels when gels shrink. They showed that the skin layer is useful to 

explain various morphological changes when gels shrink. Shrinking accompanying 

bubble formation of cylindrical PNIPA gels was recently reported by Shibayama et al 

14 who showed that the actual observation is very com]plex. The mechanism is not 
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so clear on shrinking process yet. 

Tanaka et al. propose a single exponential function to fit the volume change 

during the swelling and shrinking processes， assuming infinitesimal deformation of an 

elastic body 14. Their theory is in good agreement with some swelling processes of 

gels， but cannot explain the two-step shrinking of PNIPA gels 1. 15 -21 Tanaka et al. 

showed the two-step shrinking of spherical PNIP A gells and interpret the cause of 

two・stepshrinking by assuming skin layer， which prevents solvents from permeating 

across the boundary 1 . Tomari et al. thermodynamically showed the possibility of 

two-step swelling/shrinking on the assumption of skin layer2 1. Using NMR 

spec甘oscopy，Yasunaga et al. observedれ7VOspin-spin relaxation time T 2 on shrinking 

process of PNIP A gels and reported the existence of skin layer 2 2. The question of 

the relationship between the skin layer and the origin of the two・stepshrinking 

process still remains. 

PNIPA gels紅enonionic polymers showing a large volume change by changing 

temperature 1. Just after above the critical temperature， gels shrink and become white. 

The whitening slowly disappears and the gels become finally transp訂ent. This final 

state is regarded as出eequilibri山nstate. In this repo民 themechanism of the phase 

transition is discussed based on phenomenological kinetic analysis using graphic 

lmages. 

ト1-3. Experimantal 

1) Sample Preparation 

N-isopropylacrylamide (NIPA; monomer) was obtained from Ko同inChem. Co. 

and recrystallized in a benzene/n-hexane mixture. N，N'-methylenebisacrylamide 

(BIS; cross-linker) ， ammonium persulfate (APS; initiator)， N，NヲN'，N'-

tetramethy lethy lenediamine (TEMED; accelerator) were purchased from Wako Co. 

and used without further purification. Aqueous solution of NIPA (655mM)， BIS， 

TEMED and APS was polymerized between glass plates with a spacer; thickness 

was about 0.3 mm. It was undisturbed at 20
v

C for one day. The synthesized 

sheet-like gels were taken from the glass plates and washed several times with a large 

amount of distilled water for about a week. Disk-like gels were prepared by cutting 

the sheet-like gels with a cookie cu口er. The sample wa.s put into a 2.0mm thickness 

cell filled with distilled water， as shown in Figure 1. The cell was sealed with epoxy 

resin. The critical temperature (T c) was c10se to 34.1
0

C based on c10ud point 

measurement. Gel diameter was about 28.0 mm at about 20.9
v

C and is plotted 

against temperature in Figure 2. The diameters ratio d34. l'c/d2 O. g'C was 0.32， 

where d and suffix are the diameter of the gel and observed temperature， respectively. 

Crosslinkage density of the gel is given by 2N c / (N c +N m )， where N c and N m are 

molar concentrations of cross-linker and monomer， respectively， and was obtained 8.8 

XIO-3 in this study. 
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2) Experimental Procedure 

As shown in Figure 3， the sample cell was immersed in a thermostated water 

bath at + 0.02
0

C. The sample gels are lighted 合omabove by a white light source. 

The shrinking of PNIPA gels was observed in this 8lpparatus at the macroscopic 

level as a part of PLASMA. PLASMA is a new app紅atussystem abbreviation at 

"Perfective Laboratory Automation System for Macromolecular Analysis" 2 3. 

The whitening and shrinking of the gels were studied as a function of time at 

various constant temperatures，合omTc to Tc+!1 T with !1 T= O.4
O

C， 1.0
o

C， 3.0
o

C. 

It took 2-3 minutes to reach the desired temperature in the s創nplecell. Besides 

direct visual observation， images of the gels were int(~rmittently recorded using a 

digital video camera (Sony Co.: DCR VX-l 000). Video pic印reswere converted 

into RGB form files throughout the video board (I.O DAT A: GV・98X)at a light 

intensity resolution of 256 and a spatial resolution of 320 x 200 dots. From the G 
(green) plane， the graphics were transferred to a MS-DOS personal computer by our 

original so丘ware24. 

Video Camera 

PC-98 

Water Bath 

Figure 3. Apparatus for visual volume phase transition measurement 
of gels as a p紅tofPLASMA. 

Programs for graphical analysis and curve fitting were made by Turbo 

P ASCAL (Borland). Various自社ingfunctions can be always estimated for all data 

curves using nonlinear-least司squaresmethod based on the quasi-Marquardt algorithm 

as a software part of PLASMA 2 5 • Calculations were carried out on a personal 

computer (NEC:PC-9821 V13) with a co・processorfor numerical calculations (Intel: 

8087/80287) . 

1・1-4. Results and Discussions 

1) Visual Observation 

Typical shrinking of disk-like PNIPA gels was ob:served visually as follows. 

PNIPA gels紅etransparent and adhere to the fingers at 20 YC before shrinking. 

When the gels are immersed in a water bath above T c +0.4 YC， they first shri叫〈
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monotonically. 1f lighted企omabove by a white light source (Fig. 3)， they become 

bluish white due to intense multiple scattering. Bluish white gels are less adhesive 

than仕組sparentones， gels stop shrinking for a while. During this first step， and the 

gels become bluish white， because if the gels紅etaken from the water at that point 

and poぽedinto cold water， then become transparent from the outside with bluish 

white core. While the bluish white gels stop shrinking， some white points appe訂 ln

the gels and the edges of the disk-like gels become white. Many bubbles and 

shrinking appear. The disk-like gels s加i此 abruptlyagain with deformation. Gel 

shape is restored after shrinking and whitening begins to disappear slowly. The gels 

show white and 仕組sparentspots randomly. With time the white spots slowly 

disappear and finally the gels become completely transparent. 

2) Graphical Analysis Method for Volume Phase Transit:ion of Gels 

Graphical analysis diagrams for disk-like gels at the initial and final stages on 

shrinking are shown in Figure 4 (a) and (b)， respectively. Since PN1PA gels訂e

廿ansparentat first， we cannot get images of disk-like gels clearly using a video 

C創nera. So a white plastic disk was used to estimate the initial gel size. On 

increasing scattered light on the gels， the disk-like gels become white and can be 

observed clearly against a black background. 1n our graphical analysis， the resolution 

of light was from 0 up to 255. The bottom-left and bottom-right side graphs show 

the distribution of light in a whole picture and limited space of a whole picture， that 

is， within a closed curve line on the upper-right side of Figure 4. The horizontal 

axes of these graphs correspond to image board sensitivity 企om0 to 255， and the 

vertical axes give the numbers of pixels normalized to 1 at maximum value. As 

shown in Figure 4 (b)， only one peak appe紅edin the dis廿ibutiongraph when PN1PA 

gels became fmally transp訂ent. ηleintensity backgrowld was not zero. As shown 

in Figure (4)， there訂etwo peaks when the gels訂ewhite. The first peak with lower 

intensity is mainly attributed to light distribution of the background， while the second 

peak with higher intensity is due to whitenings. Maximum intensity of the scattered 

light against a perfectly transparent sample corresponds to 63， shown as the ve口ical

dotted line in bottom graphs. Therefore a clipping procedure has to be used to 

process the image : we count 0 if intensity of a pixel is less or equal to 63 

(background) and 1 if comprised of 64 and 255 (gels). Using such a procedure， we 

obtain black and white images of the disk-like gels as shown on the upper幅rightside 

of Figure 4. Note the presence on the s創neside in Figure 4 of a second gel sample 

of smaller size which can be studied in the same time. Sometimes some noise occurs 

in the area uncovered by the gels， leading to pixel intensity greater than 63. To 

remove these pixels， we consider only lightened pixels inside a given domain drawn 

訂oundthe shrunken gels， that is， the area surrounded by a closed curve on the 

upper-right side of Figure 4. Here we introduce typical parameters S (t)， W 1 (t) and 

W 2 ( t) transferred 企omthe monitored graphical image. The number of black dots 

within the closed curve line defines the area of a gel S (t)， normalized to 1 at the 

-32 -



initial value of area obtained using a white plastic disk of size the same as before 

shrinking. The integral value of the second peak area 011 the bottom-right side is the 

area of whitening gels W 1 (t)， normalized to 1 at maximum value. W 2 (t) is 

introduced as whitening per area of gel W 1 ( t) /S ( t)， normalized to 1 at maximum 

value. The shrinking of volume phase transition of PNIP A gels will be discussed 

based on S(t)， Wl(t) and W2(t). 

Besides clipping， upper-left side shows contour maps of light based on the 

following. We count light intensity difference between neighboring pixels and put 

black dots by clipping. Light intensity suddenly changes around the black spots. 

Temporal ch釦 gein the clipping images of PNIPA. gels and dis仕ibutionafter 

temperature jump is shown in Figure 5. The black dom.ain due to whitening of gels 

becomes gradually smaller with time. As shown in Figure 5・(g)， the gels are spotted 

with black and white， indicating that gels are randonaly spotted with white and 

仕ansp訂entparts when whitening disappears. When the gels become finally 

仕組sparent，black domains disappear completely as shown in Figure 5・(h). The 

second peak due to whitening on the right side， shifts to higher intensity with time. 

The peak shifts back to lower intensity and finally disappears in Figure 5-(h). 

Plots of S ( t) (・)， W 1 (t) (口)and W 2 (t) (0) as a function of time and 

at various s T are shown in Figure 6. S (t) first d.ecreases monotonically and 

remains constant for a while， then decreases and approaches a certain constant value. 

In Figure 6-(b)， the two-step shrinking is clearly observed in temperature-induced 

volume phase仕ansitionof PNIPA gels. Since disk-like gels have anisotropic shape 

and show large deformation buckling was suppressed by putting sample gels between 

glass plates. The two司stepshrinking of gels has so far been measured by diameter 

change of spherical and cy lindrical gels 1. 1 3 -1 5 at 200 to 600μm in the swollen 

state. This study shows that the two-step shrinking has no relation to the gel 

deformation. 

As shown on Figure 6， W 1 (t) and W 2 (t)白rstincrease sharply and decrease 

graduaUy， reaching 0 at the final stage. The time at which S ( t) reaches a minimum 

corresponds to the time at which W 2 (t) is a maximum. The time of W 2 (t) is 

synchronized with出atof S ( t) for different s T. 

The sample gels sometimes stuck to glass plates， and probably due to the 

adhesiveness of transparent PNIPA gels. In most cases， these gels did not shrink and 

never became white. If the fixed part was t紘enoff， it started to shrink and be white. 

This indicates that gels will not be white without shrinking. Synchronism between 

S (t) and W 2 (t) shows shrinking of PNIPA gels strongly related to whitening. 
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Figure 4. Graphics analysis of volume phase transition of disk-like PNIPA gels. 

Thickness and diameter of gels are O.4mm and 61mm， respectively. 

Time after jump to !l T=1.0
o

C is (a)3minutes and (b)2456minutes， respectively. 

Upper-le丘side:contour maps of light intensities base on a differential operation. 

Upper-right side: black and white images of the disk-like gels by a clipping procedure 

Bottom-left side: distribution of light intensity. 

Bottom-right side: distribution of light intensity within closed curve of the vision 

depicted in upper-right side. 
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Thickness and diameter of gels紅eabout O.4mm and 61mm， respectively. 
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3) Fitting Functions for S (t) in Shrinking of PN1PA Gels 

Normalized areas of gels S (t) show two-step shrinking and we propose 

equations (1)組 d(2) as fittingおnctionsof S (t). 

( t i .. (( t i.s i 
S(t) = A l exp l -~ 1+ A2expl-I-=-Il:'1 + (1引 -A2) (1) 

l しI) l lτ2 J J 

iti.ik (-A2+叫 )kexp(kt) i 
S( t) = AteXplー-=-1+ 1 一一 1 + (トA1-A2) (2) 

l "(; t ) lλk+( -Aバ/λ)λ(exp(kt)・1)) 

For both functions， the first stage of shrinking is single exponential relaxation as 

deduced by the previous theory 14. 1n this theory， shrinking is explained as collective 

dit白sionwith infinitesimal deformation of an elastic body. The second terms 

represent the second stage of shrinking. For stretched exponential with s > 1 
(equation (1)) or equation ( 2 )， the second terms keep A 2 (>0) for a while and 

abruptly decreases企omA2 to O. Although such decay has been often observed， we 

consider the decay curve a relaxation function without stages such as incubation time 

or decreasing time. The third terms in (1) and (2) are background. 

A stretched exponential function with s <1 was at first proposed as an 
empirica1 decay formula in a dielectric field， and meaning of stretched exponential 

function with s豆1in the field of so丘condensedmatter has been doscussed 2 6 . 
Here we proposed efficient functions with different physical meanings 企oma 

phenomenological point of view. The second term of equation (1) is a stretched 

exponential白nction:

X(t) =叫-1工戸1 (3 ) 
l l T2 J J 

and we show that the numerical values for s is 1創~ger than 1. A stretched 

exponential with s > 1 has been used as a decay cぽ vefor phase transition phenomena 
explained by nucleation and nuclear growth. This has been used by A vrami to 

explain crystallization kinetics of a polymer2 7. Who deduced the stretched 

exponential企omthe assumption that crystal particles appear as nuclei and grow with 

the particle impingement and s is a space dimension for nuclear growth. Equation 
(3) with s =2 ( Gaussian) is assumed a good approximation， of a relaxation 
function for the exchange narrowing problem of paramagnetic resonance in Kubo and 

Tomita's theory2 8. 

The second term in equation (2) is deduced by solving the following equation， 
dX 
dt = (k-λX)X (4) 

a nonlinear equation describing the growth of biological populations 29. Population x 

( t) is determined by birth rate k and death rateえ andx (t) is controlled by x (t). 

Which equation better explains the shrinking process of PN1P A gelsヲ equation

( 1) or (2)? It is clear that both equations show a strong interaction between 

elements. Some chemical reaction rates訂eaffected strongly by amount of products. 
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4) Curve Fitting Analysis for S (t) in Shrinking Process ()f PNIPA Gels 

Curve fittings for S (t) in temperature-induced shrinking processes of PNIPA 

gels at various !1 T are shown in Figure 7. Equations (1) and (2)日tS(t) quite 

well and自社ingparameters in equations (1) and (2) at various !1 T 訂elisted in 

Table 1. Although equations (1) and (2) each have 5 p訂仰eters，the residual sum 

of squaresχ 2 of equation (1) seems smaller than出atof equation (2). But the 

difference is too small to be significant. 

To discriminate between equations (1) and (2) as to better fit of data， we use 

the ' x 2 -map method' 30. As shown in Figure 8， two parameters of a fitting function 
are selected as X and Y coordinate axes and calculated 1/χ 2 are plotted on the Z 

coordinate axis. Such a three dimensional graph is called anχ 2-map-Fi口lng

parameters and χ2 for the best fit are shown in Table I. One par創neterincreased 

or decreased. Minimum and maximum of the parameter are determined when χ2 

increases 10-fold. Minimum and maximum values of fitting p紅白neterson aχ 2 

・mapare shown in Table II. This method clarifies the uniqueness of the best fit 

variable parameters in a fi口ingfunction. χ2-map自社edby equ~ions (1) (Left 

side) and (2) (Right side) at !1 T= 1.0
o

C is shown in Figure 8. A2，τ2， s，え
and k are important in order to discuss the properties of equations (1) and (2). 

Everyχ 2 -map on the le丘sideshows a single peak， while that on the right side， a 

broad wall peak. Although the number of fitting parameters is the same in equations 

( 1) and (2)， A 2， T 2 and s in equation (1) are more independent than A 2，え
and k in equation (2). So equation (1) is more adequate than equation (2) to fit S 

(t). To interpret the independency of fitting parameters quantitatively， clipping is 

used on aχ 2 -map as shown in Figure 9. We count 0 if 1/χ2 of the pixel is less 

than half maximum 1/χ 2 and 1 if more than half maximum 1/χ2 We obtain black 

and white images of a pe法 lnaχ 2 -map depicted in Pigure 9， and measure the 

lengths of the proj ection axes合omthe black area， X and Y. Two p訂ametersRl 

and R2 are introduced : R 1 obtained by dividing出enurrlber of black dots by (X x 
Y)， and R2 defined as XlY or YIX. Rl and R2 are smaller than 1. If a single 

peak is found on aχ 2 _ map， R 1 and R 2 are close to 1. If a broad wall is found， R 1 

or R 2 are close to one. Various R 1 and R 2 at !1 T訂eshown in Figure 10. To 

compare fitting Par創neterindependency of equations (1) and (2)， Rl and R2 are A 

2 :τ2， A2: s， T 2: s (equation (1))， A2:え，A2:k，え:k (equation (2)). Rl of 
equation (1) is much smaller than that of equation (2) at various s T. Equation 

( 1) is more adequate as a自社ingfunction of S (t) from the viewpoint of statistical 

independency. 
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1/X' 

Figure 8.χ 2 maps of S (t) at volume phase transition of PNIPA gels. 

X， Y and Z axes are values of each p訂ameterin equations (1) and (2) 

and 1/ X 2， respectively. Left and right side are equation (1) and (2)， 

respectively. 
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Figure 10. Independency of fitting p紅ametersin equations (1) and (2). 
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Table I Parameters obtained by curve fittinzeg l of S(t) 
at volume phase transition of PNIP A gels 

Equation (1) 

/1 TCC ) Al A2 r 1 (min) τ2 (min) 3 χ2 

0.0 0.742 0.145 9.77 94.7 2.04 8.7x10-S 

0.4 0.494 0.389 3.54 35.3 3.14 6.2x10-S 

1.0 0.173 0.702 1.36 11.6 4.28 9.2x10-S 

3.0 0.0806 0.770 0.101 2.80 4.49 1.9x10-5 

Equation (2) 

/1 TCC ) Al A2 r 1 (min) 式 k χ2 

一
0.0 0.739 0.144 9.56 0.326 0.0480 8.6x10-S 

0.4 0.455 0.435 3.03 0.258 0.116 1.3x10-4 

1.0 0.126 0.759 0.313 0.609 0.466 2.9x1 0-4 
3.0 0.0555 0.800 0.0426 2.81 2.25 6.2x10-S 

Table 11 Fi口ingrange of paramters in equations (1) and (2) 

Equation (1) 

/1 T( Oc ) Al A2 r 1 (min) τ2 (min) 皇
mln. max. mln. max. mln. max. mln. max. mln. max. 

0.0 0.690 0.794 0.0351 0.249 7.04 13.2 44.5 189. 0.346 4.07 
0.4 0.470 0.519 0.354 0.424 1.94 5.16 31.1 39.5 2.04 5.43 
1.0 0.142 0.204 0.660 0.744 0.00 2.71 10.7 12.5 2.95 6.84 
3.0 0.0669 0.0935 0.746 0.793 0.00 0.202 2.72 2.89 3.91 5.34 

Equation (2) 

/1 TCC 1Al  A2τ1  (min) え k 

mln. 立lax. mln. max. mln. max. mln. max. mln. max. 

0.0 0.702 0.776 0.125 0.148 7.84 11.8 0.300 0.336 0.0465 0.0513 
0.4 0.418 0.491 0.417 0.443 0.00 5.57 0.248 0.263 0.114 0.119 
1.0 0.0732 0.179 0.751 0.766 0.00 0.626 0.603 0.615 0.461 0.470 
3.0 0.0317 0.0794 0.792 0.808 0.00 0.0851 2.78 2.84 2.23 2.28 
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5) Two-Step Mechanism in Temperature-Induced Volume Phase Transition Process 

of PNIP A Gels 

Equation (1) is adequate as a自社ingfunction of S (t) at various s T. We 

discuss the physical meaning of自社lngp訂ametersby taking account of skin layer. 

Images of volume phase transition of PNIP A gels訂eshown in Figure 11. Just 

above Tc， the coefficient A2 is small， and shrinking can be described by a single 

exponential. The gels shrink monotonically and the skin layer does not appear. For 

larger temperature jump， A 2 increasesラindicatinggreater contribution of the stretched 

exponential. PNIP A gels shrink at first， the skin layer is formed on the surface and 

gels stop shrinking. The skin layer breaks or changes and the inner part starts to 

shri出 sand τ2 characterizing the stretched exponential in equation (1) 
represent respectively sharpness and average time for collapse of the skin layer. As 

shown in Table 1， A2/Al increases with s T. The first shrinking process is 

dominant near T c. The second shrinking is important at larger s T.τ 1 and T 2 

decrease with increase in s T and first and second shrinkings of PNIP A gels become 

faster at larger s T. The relationship between τ's and s T is consistent with the 

theoretical model of skin layer developed by Tomari et a12 O. s increases with 
increase in s T and collapse of the skin layer is less with increasing s T. 

The second term of eq削 ion(1) suggests that the second shri此ingof PNIPA 

gels undergoes like nucleation and nuclear growth. Nuclei correspond to shrinking 

parts of PNIP A gels and nuclear growth can be shown as a network of shrinking parts. 

This is consistent with the visual observation. Although s is a spatial dimension 
when nuclei grow and usually smaller than 4 in Avrami's formula， s is a spatial 
strength of growth. As shown in Table 1， nucleation and nuclear growth are faster 

with increase in s T. 

The shrinking of PNIP A gels may be summarized as follows. Gels first shri凶〈

monotonically as collective diffusion with infinitesimal deformation. Gels stop 

shrinking with skin layer formation on the surface of gels. The skin layer may bre北

or changeラ andthe inner part starts to shrink. On increasing s T， the second 

shrinking becomes dominant and average time T 2 to skin layer collapse decreases， 

and the degree of the collapse strength s increases. The general meaning of 
stretched exponential function with s > 1 will be explained in another article. 

1-ト4. Conclusion 

(1) The Present graphical analysis is effective to estimate temperature-induced 

volume phase transition of PNIPA gels. 

(2) A two-step shrinking occurs in temperature-induced volume phase transition of 

PNIPA gels. 

( 3) The sum of exponential and stretched exponential funct:ions (equation ( 1 ) )日ts

temperature-induced volume change of PNIPA gels using ，χ2 map method'. 

On the assumption of collapse of skin layer， fitting parameters s and T 2 in 
equation (1) represent sharpness and average time to collapse of skin layer， 
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respectively. 

(4) Whitening is synchronized with shrinking in temperature-induced volume phase 

transition of PNIPA gels. 
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Figure 11. Shrinking of PNIP A gels. 
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1-2. Analysis of Shrinking Process by Integral Transformation Method 

1・2-1.Abstract 

Kinetics of shrinking process of disk-like poly(N--isopropylacrylamide) gels 

(PNIPA) which show the temperature induced volume change was discussed in this 

report. PNIP A gels shrink and become opaque with their macroscopic deformation 

after temperature寸山npingover the critical point. The shrinking process accompanied 

by whitening was measured and analyzed by our original app訂atusand theoretical 

method. Temporal change of gels size af白te釘rvarious t旬ernp戸erat旬ur閃e-て刊‘

critical point wer閃e白抗e“db防y白es叩um0ぱfexponential and s仕etche吋dexponential ft白mcはtiぬons1百S 
W叩it白hs>刈1. In order to discuss the meaning of stretched exponential ftmction with s> 1， 

new theoretical concept using by dis甘ibutionftmction was proposed. Applied this 

concept to secondary shrinking of PNIP A gels， assuming出atthere are a lot of p訂tsin 

gels， each part shrinks step-like and the distribution ftmction of the characteristic times 

was defined. 

1-2-2. Introduction 

In previous paper， the temporal change of area of disk-like PNIPA gels was 

measured after temperature-jumping over the critical point， and two-step shrinking of 

gels was observed at various destination temperature.
2 
To fit the time-dependent 

shri凶angprocessラ thes山nof exponential and stretched exponential functions was 

proposed. The shrinking curve at second stage was expressed very well by the 

following stretched exponential ftmction with s> 1 
(( t ) s ) 

I( t) = expl・|一一II (1) 
l l てSE) ) 

When s<I， I(t) decreases monotonically. However when sI> 1， I(t) keeps 1 for a while 

and abruptly decreases from 1 to 0 as shown in Figure 1. Nleaning of equation (1) was 

discussed in previous paper as follows. Stretched exponential ftmction with s豆1was 

at first proposed as an empirical decay formula in a dielectric field
6 
and has been very 

useful to express an experimental decay in the field of soft condensed ma壮er.
7
The 

meanings of such decay curve and/or this ftmction have been discussed by many 

researchers. In general， it is considered that such decay c山veconsists of many single 

exponential functions with various characteristic life times" This relationship means 

Laplace transform and there are a口emptsto deduce dilrectly the distribution of 

characteristic times企omthe observed decay curve， for exarnple CONTIN progr出nsas

explained below. And the meaning of s and/or the distribution of characteristic times 

has been discussed 企omthe viewpoint of企actalstructure and so on.
9
•

10 

On the other hand， there are few discussion about stretched exponential with s> 1 

compared with s<I. However a stretched exponential analysis with s> 1 has 

represented the kinetics of phase change such as isothermal crystallization of polymer， 
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which undergoes nucleation and nuclear growth. Equation (1) has been deduced by 

A vrami to explain crystallization kinetics of alloy and a polymer.11 A stretched 

exponential analysis with s> 1 was deduced from the assumption that crystal particles 

appear as nuclei and grow with the particle impingement， where s is a space dimension 

for nuclear growth. This is the most famous interpretation of equation (1)， although 

equation (1) with s=2 (Gaussian) is assumed a good approximationラ ofa relaxation 

伽lctionfor the exchange narrowing problem of paramagnetic resonance in Kubo and 

Tomitds theory-12 

As shown in the case of stretched exponential function with s<1， the concept of 

dis甘ibutionhas been important more and more. Data are obtained as some distribution 

in various measurements， for example， dielectric relaxation~， rheology， light scattering 

measurements， etc.. Attempts to interpret the observe:d phenomena using by 

distribution function can be considered to become ge口ingimportant now. 1n this report 

we try to incorporate such thoughts of distribution function into the analysis of 

shrinking process of PN1P A gels and discuss the meaning of stretched function 

(equation (1)) with sミ1.

1.2 

ト
2 
0.4 

Lo 

nu 
6 12 

Figure 1. Curves of equation (1) with A=1.0 and τ0==6.0. s values of solidラ

short-dashed， dash-dotted and long-dashed lines are 1.5， 3.0， 5.0 and 9.0， respectively. 
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ト2-3. Integral Transformation Method 

1) Curve Fitting to S仕etchedExponential Function 

Normalized 紅白 ofgels S (t) shows two-step shrinking and the following 

equation was prop~sed ~s a自社lng白nctionof S (t) in the previous article.2 

s(t)ニ AI州ーニ I+A州 -f_t t 1 + (l-AI・A2) (2) 
L て 1) ~ ~ て 2 ) ) 

The first stage of shrinking is single exponential relaxation as deduced by T.Tanaka et 

al.14 In this theory， shrinking is explained as collective diffusion with infinitesimal 

defonnation of an elastic body. The second term represents the second stage of 

shri此ingand we showed that the numerical values for s is larger than 1 at variousム
T. The third term in equation (2) is企actionof shr山lkengels. 

Curve fitting for S (t) in temperature-induced shrinking processes of PNIPA gels 

at 11 T=O.4
O

C is shown in Figure 5. Equation (2) fitted S (t) quite well and fitting 

parameters about the second term of equation (2) at variousムTare listed in Table 1. 

2) Stretched Exponential Function with sく1and Distribution Function 
New analytical concept about the fluorescence intensity was presented by 

H.Ushiki.
1S 
The following concept is considerable to discuss the meaning of stretched 

exponential企omthe viewpoint of distribution. Assuming a distribution of excited 

singlet lifetime， the fluorescence intensity was given by 

的)= f: D(-r;)F( t，-r; (3) 

where D (τ) and F (t，τ) are distribution of characteristic time τand elemental 

function， respectively. In this case，τis excited singlet lifetime and F (t) is an 

exponential decay as follows 

F( tパ )=αpl--=-1. (4) 
l て j

The following equation was assumed as D (τ) in ord(~r to obtain the 

dis甘ibutionvalue 
1 ( (てーて0)2i 

D(て)=ー==-exp!・角今 | 
、12 πσ ~ kσ ー j

σ=A+B(τ・て 0)+ C(て・ τ0)2

varlous 

(5) 

(6) 

組 dD(τ) was calculated， of which integral value was normalized to 1 in PC as shown 

in Figure 2 (a) . Exponential curves which have various lifetime τwere plotted in 

Figure 2 (b). Each curve of which lifetime isτhas D(τ) at the initial value. The 

sum of these exponential curves are calculated and自社edvery well by equation (1) 

with 0く3く1as shown in Figure 2 (c). It was shown that a s仕etchedexponential 
function with 0く3く1is analytically effective to express the sum of exponential 
functions of various lifetimes and discussed the relationship hetween s and D (τ). In 
the field of light scattering measurements， the intensity time correlation function has 

been well known to be represented by a s甘etchedexponential function with 0くs~ 1 and 
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recently D (τ) itself is deduced using by CONTIN programl6 etc. CONTllぜprogramis 

justified to be one of the most faithful algorithms to solve equation (3) which means 

Laplace transform. 
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Figure 2. Calculation process of decay curve and its五社ingresult 

(a) D (τ) deduced from equation (5) with τ0=200，σ=20，と=1，t=0'""400. 

(b) Single exponential decay cぽ veswith various lifetimles of D (て). 

(c) Sum of various single exponential decay cぽ veswith D (τ) and 

its fitted graph by a stretched exponential function ¥vith 0く3く1.
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3) Relationship between Step Function and Stretched Exponential Function with s > 1 
In this report， we try to incorporate such concept to a stretched exponential 

function with s > 1. In case that a s仕etchedexponential function with s > 1 is observed 
as 1 (t) phenomenologically， we assume that 1 (t) is also represented by equation (3) 

which consists of D (τ) and F (t， r ) . In case of s > 1， w(~ propose that F (t，τ) can 
be expressed by step function as follows instead of equation 1(4). 

F( t;t) = 1 (t豆"t)， 0 (t >"t) (7) 

As same as the previous discussion， we first assume D (τ) as equation (5) of which 

integral value was normalized to 1 using by our algorithms in PC as shown in Figure 7 

(a). Each decay is expressed by equation (7) and all decays which have various τ's 

were plotted in Figure 7 (b) . Each curve of which lifetime is τhas D(τ) at the 

initial value. The sum of decay curves訂ecalculated and fitted well by equation (1) 

with s > 1 as shown in Figure 7 (c) . 

4) Relationship between Dis仕ibutionof Step Functions and Parameters in Stretched 

Exponential Function for s > 1 
Assuming various D (τ) by changing parameters based on equation (5)， the s山n

of decay curves was calculated and fitted by equation (1). The relationship between 

D(τ) and fi口ingparameters in equation (1) with s > 1 are obtained. As shown in 
Figure 8 (a)， left-side graph is various D (τ) changing by τo in equation (5)， and 

right-side is the relationship between τo and fi口ingparametersτSE and/or s. r 0 of 
D(τ) changes linearlly the value of not only τSE but also B. When σlncreases as 
shown in Figure 8 (b) ，τSE slightly increases and s decreasles strongly. As shown in 
Figure 8 (c)， when σincreases only in one side containing the integrated value of D 

(τ) to 1，τSE slightly increases and s decreases strongly. These results show that the 

shape of D (て)influences bothτSE and s， and the relationship between τSE and s 
are not simple. Unfortunately equation (1) with s > 1 is not always very good as a 
fitting function. 
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Figure 3. Calculation process of decay curve and its fi口ingresult 

(a) D (て)deduced by equation (5) with τ0=200，σ=20， ~ =1， t=0'"'-'400. 

(b) Step functions with various lifetimes of D (τ) . (c) Sum of various step 

functions and its fitted graph by a stretched exponential白nction.
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Figure 4. Fitting result to data based on various distribution D (τ) . 

Le丘-sideimages訂evarious D (て)of equation (5) changeing (a)τ o ，(b) a， (c)σA 
and σs， where σA and σB areσat smaller τand at larger τ， respectively. 
Calculated data based on D (τ) were fitted by a stretched exponential function 
(equation (1)) with s > 1. Right-side出la名esare plots of fitting parametersτSE and 
s vs. (a)τ 0， (b)σ， (c)σA and a B of D (τ) . 
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5) Definition of Distribution Function in Stretched Exponential Function with s > 1 
As explained in the previous section， if phenomenologically observed curve 1 (t) 

can be expressed as equation (3)， the derivative of 1 (t) is given by 

dI( t) d r∞ r∞rd， "，，，1 
τ=  diJ 。同)町t) d: = J ~ - I ;t (川 (t))Id: 

r∞i dOC) ~ / . \ ，T"'<I ¥ dF(t) 1 
=l 。11「F(t)+D(:)1 了 d: (8) 

Assuming that F (t， r) is step function expressed in equation (7)， -dF (t，τ) /dt is O 

function. Therefore equation (8) can be rewri仕切 by
dI( t) 一一一O(t)
dt (9) 

It shows that distribution D (τ) is equal to the derivative of the observed decay curve 

1 (t) in case that the elemental function is step function. In case that 1 (t) is stretched 

exponential (eq uati on (1))， D (τ) is given by 
日 (T. is-1 ((  T. i.si 

D(-r;)=子|ナ!exp!-!一二!! (10) 
しolしo) l l -r;o ) ) 

Equation (10) is plotted at various s in F igure 5. 

0.6 

0.4 

AE 
0.2 

。
。

ペ/_ ， 

6 12 

Figure 5. Curves of equation (10) with A=1.0 and τ0=6.0. s values of solid， 
short -dashed， dash -do口edand long-dashed lines are 1.5， 3.0， .5.0 and 9.0， respectively. 
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6) Propaties of Dis廿ibutionFunction in Stretched Exponential Function for s > 1 
In generalヲaverageE and distribution σ2 of D ( r) were evaluated by following 

equatlOns 
C幻

E=乞てD(て)8て 、、I'〆
噌

E
'
A

'
E
E
A
 

〆
r
t
¥

00 

。2_乞(τ-E)2 D(て)8τ 
て=0

( 12) 

When D ( r) is equation (10)， E andσ 2 of D (τ) are calculated like SCF method 

and plotted as a function of s in Figure 10. At that time the region for calculation of 
τis 0 to 30. てo and the step width 8 r 訂e6 and 30/400=0.075， respectively. 

The integrat附山石D(r)δrwas alwa戸 fixedto 1 
On the other hand， is equation (10) a distribution function? If D (τ) is a 

distribution function， the following conditions are satisfied. 

1. Integral value of D (τ) is equal to 1. 

2. Average E and distribution σ2 of D (τ) are expressed analytically. 

First we will show the integral value of D (τ)， M (0) is 1 as follows. 

M(O) = f:∞D(て)dτ=卜州三;rlJ:=1 (13) 

Then M' (0) and M" (0) 紅egiven by 

M'(O) = f: r D(て)dt = f: s [主)。叶[，'sJ 1 dて(州1凶ω4ω ) 
M'附川川川"吋w吻'可'(0)ゆ仰0め)=fよ:て2引D町(r山)川dて=寸3てSEf引j

Substituting z=τ/什τSEand using the following formula 

f: z b 以 p(位 )dFrit)
equation (14) and (15) are gi ven as 

r∞ s ~ r s +1 1 1 ~ r 1.  1 1 
M'(O) =わSEI山 xp(-zs ) dz = r SE~ rトー +11=τSEr 11 +ー |J 0 L- '"""1"'¥ .._ / ~.._ " JL  s + 1 ~ l s . . J " .)[01. l ，. s J (17) 

and 

r r s +2 +1 1 

M"(O) = sτ02 f= Zs+I exp( -zs) dz = sてSE2 l s んて SE2r r 1 +三1 (18) 
J 0 - -J' / r- - -- s +2 l s) 

respectively. Therefore， E was given by equation (17) and σ2 is written by 
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σ2 = M"(O)一川2-てs叶卜+~ ]-r[ 1+廿l ( 19) 

As a result， equation (10) is proved as distribution function in general. In addition， the 

time which shows the maximum D (τ) ，τMax was calculated as a function of s 

follows. 
てM出=て SEexp(ln(l・1/s )/ s ) 

as 

(20) 

Analytically deduced E，σ2 and r M似 werealso plotted as a function of s 
using by the following formula 

r (1 +x) '"'-' 1-0.5748646x+0.9512363x 2 -0.6998588x 3+0.4245549x4 -0.1 0 1 0678x 5， (21) 
where the eηor inherent is below 2.2E-7. As shown in Figure 10， there are very good 

agreements between evaluated values like SCF method and analytically. 

H
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~igure 6. A verage E， dispersion σ2 andτ 伽 ofdistribution function D (て)
(equation (10)) are plo抗edas a 向nctio~ of s. ~?_lidラ broken and dotted lines arq 
analitically evaluated ()nes r Max， E andσ二whilesolid and round circle are E and σゐ
evaluated like SCF， respecrively 
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7) Shrinking Phenomenon of PNIP A Gels from the viewpoint of Dis仕ibutionFunction 

Stretched exponential function( equation (1)) with s> 1 was proposed as a part of 
E口ingfunction of S(t)， that is， the second shrinking process of PNIPA gels. When a 
stretched exponential function (equation (1)) with s> 1 is observed phenomenologically， 
if elemental function is step-like， the dis仕ibutionfunction of 1 D(τ) is expressed by 

equation (10). Here let us imagine that PNIP A gels consist of a lot of parts as shown 

in Figure 11. Each part of gels undergoes step-like shrinking at t=τand D(τ) is 

expressed by equation (10). In the previous repo口，we assumed that skin layer which is 

forrned on the surface of gels collapse or change its nature on the secondary shrinkage. 

12 and s in equation (2)紅eaverage time to collapse skin layer and the strength of 
collapse of skin layer， respectively. Assuming that skin layer shows a step-like collapse 

in each part of gels at t=τ， average E and dispersion (l of D( 1) are given instead of τ2 
and s. That is， E and a2 紅eaverage time to collapse skin layer and the degree of 
asynchronous collapse of skin layer， respectively. 

Although PNIP A gels show two・stepshrinking， a single exponential expresses 

the first shrinking process of PNIP A gels and there is no dis甘ibutionof characteristic 

time of shrinking τ. On the other hand， a lot of parts in gels: shrink on the second stage 

and the distribution of τD(1) is explained by equation (10). Various D(1) of secondary 

shri此ingprocess at ~ T= 0.0ラ 0.4，1.0 and 3.0CC)紅eshown in Figure 12.τM似， Eand 

(/ of D(1) are calculated and listed in Table 1 together with fitting p訂ametervalues of 

equation (2). τ九 日制 andE decrease with increase in d T. It indicates that the 

secondary shrinking of PNIPA gels undergoes rapidly at large ~ T. s increases and a2 

decreases with increasing in ~ T. D(τ) is broad and unsyrrunetrical at small ~ T and it 

indicates that the asynchronism of gels p紅白 islarge at small ~ T. 

Shrinking process 

口→口

ト
τi 

Figure 7. Secondary shrinking process of PNIP A gels 
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Figure 8. D (τ) in second shrinking process of PNIP A gels 
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Table 1. Fitting parameters of S (t) (equation (2)) A2， r 2 and s 
and the characteristic p紅白netersof D (τ) (equation (110)) τM判 Eandσ 2 

E andσ 2 correspond toτ 2 and s， respectively. 

s T(OC) fu τ2 (min) 8 τMax (min) E 2 
σ 

0.0 0.145 94.7 2.04 68.2 83.9 1.86x10
3 

0.4 0.389 35.3 3.14 31.4 31.6 1.21x10
2 

1.0 0.702 11.6 4.28 10.9 10.6 7.76x10
0 

2.0 0.770 2.80 4.49 2.63 2.56 4.17x10-
1 

1・2-4. Conclusion 

When a stretched exponentia1 function (equation (1)) with s > 1 is observed 
phenomen010gically as 1 (t)， assuming that each process undergoes like step function as 

F (t， r) in each p訂t，the distribution function of τ， D(τ) is expressed by equation 

(10). The average E， distribution σ2 are given analytically in this discussion. If this 

concept is applied to the secondary shrinking of PNIP A gels， it can be considered that， 

assuming that there are a 10t of parts in ge1s， each part shrinks step-like and the 

distribution function of the characteristic times was represented as D ( r ) 
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Chapter 2. Whitening Process of PNIP A Gels 

2・1. Abstract 

Kinetics of whitening process of disk-like poly (N-isopropylacrylamide) (PNIPA) 

gels which show the temperature induced volume change was discussed in this report. 

Just after PNIP A gels are immersed into thermostat app訂atusover the critical point， 

they shrink and become opaque， then the whitening slowly disappears. The whitening 

process accompanied with shrinking one was measured and analyzed by our original 

apparatus and analytical method. A fitting function for the temporal change of 

whitening of gels is proposed as double differential stretched exponential functions. It 

indicates that whitening occurs like d function in each part vvhen gels shrink in each 

part， assuming that there are a lot of parts企omthe viewpoints of mesoscopic level. 

2-2. Introduction 

All materials訂eformed by their elements-in-theirselves and the relationship 

between dynamics of their elements. Their elements are divided into various classes of 

nature， and there is an especial movement in each class. The concept of class 

organization in nature connects with the recent research theme of 'complex system'ヲ

'complex f1uid'， 'supermolecules'， 'cluster'， etc. It is very important to discuss the 

fundamental principle of the relationship between each cIass of nature in order to clariか
the mechanism of structural formation processes in condensed matter. Especially it is 

necess訂Yto discuss 合omthe viewpoint of dynamics in order to understand the 

following vector development， reaction→relaxation→transition→structural formation. 

According to the optical spectroscopic techniques， measurement images of five class 

organizations in macromolecules訂eshown in Figure 1. In naked eye and microscope 

levels， a typical measurement technique is CCD video graphic.al analysis. In light 

scattering level， it is static and dynamic two-dimensional light sca抗eringanalysis. In 

molecular level， it is f1uorescence molecular probe analysis. ][n functional group level， 

it is two-dimensional image r出nanmicroscope. The effective length scale for 

measurement are approximately '"'-' 1μm，10μm'"'-' 10 nrn， 100 nrn '"'-' 1 nm， 10 nrn '"'-' in 

naked eye and microscope levels， in light scattering level， in rnolecular level and in 

functional group levelヲrespectively.Two dimensional images were discussed in both 

real and wave-number space企oma different point of view 1
• Twかdimensionallight 

scattering images訂eobtained in wave-number space， while irnage in real space can be 

transferred to two-dimensional F ourier transformation image in wavenumber space. Till 

now we were mはlnga new app訂atusnamed PLASMA (Perfective Laboratory 

Automation System for Macromolecular Analysis) based on the concept mentioned 

above 2
• 

The concept of PLASMA will be effective to clari今the:mechanism of volume 

phase transition processes of gels. Volume phase仕組sitionof gels has so far been 
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investigated by various measurements…microscope 3ラ lightsc:attering-lラ neutron

scattering
4
， NMR spectroscopy 5， f1uorescence spec廿oscopy6 and so on. Poly 

(N-isopropylacrylamide) (PNIPA) gels are well known as nonionic gels showing 

volume phase transition induced by temperature， solvent composition and so on. When 

PNIPA gels are immersed in water， the temperature of which is above the critical 

temperature， gels shrink and be opaque. Then the whitening slowly disappears and gels 

finally become transp紅ent，which is regarded as equilibrium state. The turbidity of gels 

has rejected light scattering measurement which is powerful to discuss phase separation 

mechanism and few studies企omthe viewpoints of turbidity about whitening of gels 

have been carried out 7・8・9.They showed an initial increase in turbidity of PNIP A gels 

and tried to discuss the whitening 合omthe viewpoint of phase separation. 

2-3. Experimental 

Sample preparation， experimental procedure and programs for graphical analysis 

were same in the previous section (Chapter 1). 

2-4. Results and Discussion 

Typical shrinking of disk-like PNIPA gels was observed visually in previous 

section as follows. PNIP A gels訂etransparent and adhere to the fingers at 20
0
C before 

shrinking. When the gels are immersed in a water bath above T c+O.4
O

C， they first 

shrink monotonically. If lighted企omabove by a white light source， they become 

bluish white due to intense multiple scattering. Bluish white gels are less adhesive than 

transparent ones， gels stop shrinking for a while. During this first step， and the gels 

become bluish white， because if the gels紅etaken from the water at that point and 

poured into cold water， then become transparent from the outside with bluish white core. 

While the bluish white gels stop shrinking， some white points appear in the gels and 

the edges of the disk-like gels become white. Many bubbles emd shrinking appear. 

The disk-like gels shrink abruptly again with deformation. Gel shape is restored a丘er

shrinking and whitening begins to disappear slowly. The gels show white and 

transparent spots randomly. With time the white spots slowly disappear and finally the 

gels become completely transp訂ent.

1) Graphical Analysis 

Graphical analysis was described cIosely in the previous section (Chapter 1). We 

introduced typical p紅白netersS (t)， W I (t) and W 2 (t) transferred企omthe monitored 

graphical images by a CCD video camera. 百lenormalized訂eaof gels S (t) was 

obtained by the number of dots due to the gels on recorded images. Integrated value of 

the distribution of light intensities within紅eaof gels was normalized and was named 

the normalized whitening amount of gels W 1 (t). Normalized whitening amount of gels 

per unit area W 2 (t) was obtained by W 1 (t) /S (t). Plots of S (t)， W I (t) and W 2 (t) 

as a function of time at variousムTare shown in Figure 2. CalculatedムS(t) /ムtwas 

also plo口ed.S (t)日rstdecreases monotonically and stop shrinking for a while， then 
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decreases drastically and keeps a certain constant value. W 1 (t) and W 2 (t)日rst

increase sharply and decrease gradually， reaching 0 at the final stage. A 

synchronization between shrinking and whitening processes of PN1P A gels is found out 

intuitively. W 2 (t) shows a maximum when S (t) reaches a lninimum. The sample 

gels sometimes stuck to glass platesラandprobably due to the adhesiveness of 

transparent PN1P A gels. 1n most cases， these gels did not shri凶(more and never 

became white. 1f the fixed part was taken off， gels started to shrink and became white. 

This indicates that gels will not be white without shrinking. 1t is also interesting that 

s S (t) Iムtis accordance with Wl (t) in the initial stage atムT=3.00C as shown in 

Figure 2 (d). It indicates the fact that the temperature-induced shri凶cingprocess of 

PN1P A gels clearly undergo together with whitening one. 
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Figure 2. Graphs for normalized area of gels S (t) (.)， nomLalized whitening amount 

of gels W 1 (t) (口)， normalized whitening amount of gels per unit area W 2 (t) (0) and 

sS(t)1ムt(企). Thickness of gels is about O.3mm. ムTis (a) O.OOC， (b) O.4
O
C， (c) 

1.0
0

C， (d) 3.0
o
C， respectively. 
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2) Curve Fittings for S (t) 

As shown in previous section (Chapter 1)， PNIP A gels show a two-step shri凶Gng

after jumping temperature and the伽 ingfunction of normalized area of gels S (t) was 

proposed as tbllows/ a¥ 〆/、 n 、

S山(υt)ト=寸Aんl
L τI ) l l て2 ) ) 

The first and second terms represent first and second stage of shrinking， respectively. 

The first term is a usual relaxation function deduced by T.Tanaka et al and they showed 

that the shrinking of gels is explained as collective diffusion with infinitesimal 

deformation of an elastic body. The second term is a stretched exponential function 

and the third one is企actionof shrunken gels. 

The second stage of shrinking was always expressed by a stretched exponential 

function with the exponent s > 1. We proposed a new analytical concept as follows. If 
some process is observed phenomenologically as 1 (t)， 1 (t) is represented by 

I( t) = f: D(r;)F( t;r;) d-c ， ω 

where D (τ) and F (t，τ) 訂edistribution of characteristic tinleτand element 

function， respectively. In case that a stretched exponential function with sく1is 
observed as 1 (t)， F (t， r) is usually considered as an exponential白nction. This 

relation is Laplace transform and there have been many trials to obtain D (て)by 

solving inverse-Laplace transform. If a s仕etchedexponential function wi由。>1 is 

observed as 1 (t) phenomenologically， D (τ) is given as a distribution function by 
s ( -c iβI ((  -c isi 

D ( -c ) = ~ 1 -=-1 exp 1 -1 -=-1 1 (3) 
o l -Co ) l l -Co) ) 

assuming that F (t，τ) can be expressed by step function as follows 
F ( t， -c ) = 1 (t豆-c)， 0 (t >-c) (4) 

The image of second stage shrinking is shown in Figure 3. It can be considered that 

there are many parts in gels and each part shrinks step-like and the distribution of the 

characteristic times is represented by D (τ) in equation (3). The values of various 

自社ingparameters and residual s山nof squares χ2 of equation (1) at various s T are 

listed in Table I. 

3) Curve Fittings for W 1 (t) 

As shown in Figure 2， WI (t) has a steep peak in the early stage at largeムTand 
it is similar toムS(t) /ムt，that isラthedistribution function of characteristic time D (τ) . 

Assuming that whitening process is directly explained as D (て)， the following fitting 

functions of normalized whitening amount of gels W 1 (t) is proposed as 
( .. 1 n _ 1 r r t 1 R_ 1 ，1 1 lOb-1 I I l I IPb I 

W1( t) = Bll凶汀九p卜|汀 a1 +( 1-B2)1訂ふp卜|二Il
rv

1 (5) 

Equation (5) consists of two terms and it indicates that two ¥¥Thitening processes 

undergo independently. PNIP A gels show a two-step shrinking and whitening process 
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such as仕組sparency→ whitening→ transparency is accompanied with each shrinking 

one. Each whitening process is directly explained by D (て)and the idea of whitening 

one is shown in Figure 3. Assuming that there訂ea lot of parts 合omthe viewpoints of 

mesoscopic level， whitening occぽ slike (j function in each pa口whengels shrink in 

each part. Whitening occぽsin the instance when gels shrink at t=τand the 

distribution of characteristic times D (て)is represented by equation (3). Curve 

fittings for W 1 (t) at various d. T are shown in Figure 3. Equation (5) can be found 

to be in good agreement with data， especially a peak in the initial stage at d. T=3.0oC. 

Values of various fitting parameters and the residual sum of squaresχ 2 of equation 

(5) at variousムTare listed in Table II. 

Normalized whitening amount of gels per unit area W 2 (t) was obtained by 
W 2 ( t) = W 1 ( t )!S ( t) ( 6) 

Curve fittings for W 2 (t) by equation (6) substituted equation (1) 釦 d(5) are also 

shown in Figure 3 at variousムT. W 2 (t) is in good agreement with equation (6). 

Values of fitting parameters of equation (6) were basically same as ones of equation 

(5). and they are listed in Table II. The strong synchronization of S (t) and W 2 (t) 

indicates the fact that macroscopic phenomenon is coupled with mesoscopic one in 

volume phase transition of PNIP A gels. 

4) Whitening of Gels 

Shrinking process of gels has been considered as fluctuation of phase separation 

between polymer chain and solvents. Although whitening behavior on shrinking 

process of PNIP A gels show the formation of domains over wavelength of visible light， 

whitening itself is considered as fluctuation of phase separation. W I (t) is the 

integrated scattering light intensities due to whitening of gels and an initial steep 

increase in W 1 (t) was observed at every d. T. Y.Li et al. observed the temporal 

change in廿ansmittedlight intensities of PNIPA gels and ShO¥¥Ted that the turbidity 

increases xponentially and remains constant when PNIP A gels are immersed into hot 

water which of temperature is above the critical temperature 8. R.Bansil et al. showed a 

ring by two-dimensional light scattering of PNIP A gels and described that the time 

evolution of the scattered light in the same condition is represented by single 

exponential function 9. According to the theory of spinodal decomposition 1 5， the 

scattered light intensity 15 is related to the fluctuation growth rate R (q) as follows 

I札，t)"-'exp[2R(q)t] (7) 

where q is the scattering wavevector and t is time. However disappearance of 

whitening has not been considered in discussion of PNIP A gelsphase separation 

mechanism. Dynamics of gels on the basis of phase diagram is not still clearラalthough

determination of spinodal line of gels wぉ discussedwith the structure factor by 

T.Tanaka 16 and A.Onuki 17. Increasing and decreasing of scattered light was also 

observed on phase separating process of polymer solution， but scattered light has been 

usually studied from the viewpoint of q， not t 1 8・19 At that point， equation (5) is a 

new approach to discuss the appearance and disappearance of whitening. 

-65 -



As listed in Table II，て aand τb are separated well on whitening processes of W 

I (t). Although fitting parameters of S (t) is listed in Table 1， everyτ i (i=a，b) of W I 

(t) was larger than corresponding τi (i=1，2) of S (t). It accordance the fact that 

PNIP A gels will not be white without shrinking above mentioned I I ， soτ a decreases 

with increasingムTand it indicates that the early whitening process corresponds to the 
first shrinking. On the other hand， r b shows the minimum value atムT=O.4OC. It 
will be due to the the elastic effect of polymer chain. 

2-5. Conclusion 

In closing， we would like to s山nsome new knowledge in this report as follows; 

(1) The synchronization of shrinking and whitening indicates the fact that macroscopic 

phenomena is coupled with mesoscopic one in volume phase transition of PNIPA 
gels. 

(2) Equation (3) is adequate to explain W i (t). It indicates that， assuming that there 

訂ea lot of pa口sin gels from the viewpoints of mesoscopic level， whitening occurs 

like 0 function in each part when gels shrink in each part. 

(3) A fitting function of W 2 (t) is proposed as W I (t) /S (t) . 
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Whitening process 

口→ロ

t'i 

Figure 4. Whitening Process of PNIP A Gels 

Table I. Fitting parameters of S (t) (equation (1)) and the residual sum of squaresχ2 

ムT(OC) Al A2 τ1 (min.) τ2 (min.) 白 χ 

0.0 0.742 0.145 9.77 94.7 2.04 8.7x10-5 

0.4 0.494 0.389 3.54 35.3 3.14 6.2x10-0 

1.0 0.173 0.702 1.36 11.6 4.28 9.2x10-5 

3.0 0.0806 0.770 0.101 2.80 4.49 1.9x1 0-0 

Table II F1tuEnqg uaptMiomn(5e) tersof normalized whitening amount of EEls W1(t) 
(equation (5)) and the residual sum of squaresχ 2 

ムT(OC) BI B2 τa (min.) τb (min.) sa sb 
2 χ 

0.0 170 138 42.2 140 2.63 1.77 1.4x10・3
0.4 27.0 40.0 28.8 90.0 1.45 1.60 8.3x10-4 
1.0 7.72 134 12.9 169 1.46 1.16 1.1x10-

3 

3.0 0.988 191 2.74 404 3.67 0.990 5.4x10-
4 
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Chapter 3. Size of Gels and Temperature Effects 

on Shrinking and Whitening Processes 

3・1. Abstract 

Our digital image analysis was applied to investigate the shrinking and 

whitening processes of disk-like Poly (N-isopropylacrylamide) (PN1PA) gels after 

temperature j山np above the critical temperature. PNIP A gels show two-step 

shrinking accompanied with intense multiple scattering and the whitening of gels 

slowly disappear after shrinking. Size of disk-like gels and jumping temperature 

were changed and the effects on both shrinking and whitening processes was 

discussed. Diameter of disk-like gels gives no changeラ whilethe time scale of 

shrinking and whitening processes is elongated with increasing thickness of gels. 

The relationship between shrinking (whitening) process and thickness of gels 

suggests that PN1P A gels shri凶ιascollective diffusion with infinitesimal deformation. 

Critical slowing down is observed in shrinking and whitening processes and 

shrinking process in macroscopic level is always strongly n~lated to whitening one in 

mesoscopic level. However disappearance of whitening is slow when temperature 

gap is large and it will be due to the effect of strong elastic effects of gels chain. 

When gels are thick and jumping temperature is high， 3 step shrinking was shown 

and the possibility of multi-step shrinking was proposed. 

3-2. 1n仕oduction

T.Tanaka et. al. proposed that the swelling and shrinking processes of gels are 

explained by diffusion equationラ assumingthat gels shri出 infinitesimally and 

isotropically as an elastic body. A s山nof single exponenual functions was obtained 

to express the volume change of gels
1 
and the characteristic relaxation time r was 

represented by 

z∞Rゆ， ( 1 ) 

where R and D 訂ethe characteristic length of gels and the cooperative diffusion 

coefficient between polymer chain and solvents， respectively. 1n case of disk-like 

gels， R is thickness of gels. Since the thickness of disk-llike gels is much smaller 

than出ediameterラthetime to diffuse along thickness of gels is dominant. 1n case of 

PN1P A gels， volume change in shrinking process was expressed by a s山nof a single 

exponential and a stretched exponential functions in previous section (Chapter 1). 

The first and second shrinkingsぽeexpressed by a single exponential and a stretched 

exponential functions， respectively. 1t was considered that the two-step shrinking is 

due to the skin layer was formed on the surface of gels iln the final stage of first 

shri出ing. PN1P A gels become turbid when gels shrink and then the turbidity 

disappears slowly. Such whitening process is accompanied with shrinking process 
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and represented by a distribution function and the meaning of a fitting function was 

discussed in Chapter 2.. 

3・3.Experimental 

1) Sample Preparation 

Details of sample preparation were completely same in previous section 

(Chapter 1). PNIPA gels were synthesized between glass: plates with a spacer， the 

thickness of which was about 0.1， 0.2， 0.3 and O.4mm. The synthesized sheet-like 

gels was taken out from the glass plates and washed several times with a large 

amount of distilled water for about a week. Thicknesses of gels were measured 

under a microscope at room temperature. The gels swell after taking out企omthe 

cell for synthesis and thickness of gels changes from 0.1， 0.2， 0.3 and 0.4 to 0.5， 0.7， 

1.5 and 2.0mm， respectively. Disk-like gels were prepared by cu抗ingout the 

sheet-like gels with a cookie cutter， the diameter of whic:h was about 28， 34 and 

48mm. The sample gels were put into a cell of 0.7， 1.0 and 2.0mm thickness filled 

with distilled water and sealed with epoxy resin. The crosslinkage density of the 

sample gels was about 8.8x10-3. The critical temperature (Tc) was about 33.7
0C 

assigned based on cloud point measurements and did not depend on size of gels. 

2) Experimental Procedure 

Details of experimental measurement was written in previous section ( Chapter 

1). The sample cell was set up in a water bath， which was thermostated at Tc+ムT
(ムT=0.0""'_'5.0

0

C)with the accuracy of about 50mK. The shrinking and whitening 

processes of the sample gels are observed by a digital video CCD camera. 

3-4. Size Effects 

1) Graphical Analysis 

Details of graphical analysis were described in previous section (Chapter 1). 

In order to evaluate the shrinking and whitening processes of PNIP A gels， the 

following parameters S ( t)， W 1 (t) and W 2 (t) were calculated from the 

time-resolved recorded images by a CCD video camera. Th(~ normalized area of gels 

S (t) was obtained by the number of dots due to the gels on recorded images. 

Integrated value of the distribution of light intensities ¥vithin area of gels was 

nonnalized and was named the normalized whitening制 ountof gels W 1 (t) . 

Nonnalized whitening amount of gels per unit area W 2 (t) ¥.vas obtained by W 1 (t) /S 

(t) . 

When disk-like gels shrink， the edge part of the gels tends to turn over. 

Therefore the thickness of the cell was changed in order to estimate the effect of the 

edge's turning over. Plots of S (t)， W 1 (t) and W 2 (t) at various thickness of cell at 

s T=1.00C 訂eshown in Figure 1. In temperature-induced volume phase transition 

process of PNIP A gels， S (t) first decreases monotonica11.y and keeps a certain 

constant value. W J (t) and W 2 (t)日rstincrease sharply and decrease gradually. 

-71・



Thickness of cell gives no change of S (t)， W 1 (t) and W :~ (t). It can be concluded 

出atthe effect of the edge's turning over is little in our experiments. 

( d) ~ 
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T im e 仏、 in) 

Figure 1. Graphs for normalized area of gels S (t) (・)，normalized whitening 
amount of gels W 1 (t) ~(口) and normalized white凶ngamount of gels per unit area 
W2 (t) (0) atムT=O.4OC. Thickness of gels is about O.4mm. Thickness of cell are 

about (a) O.7mm， (b) 1.0mm-and (c) 2.0mm， r，espectively. 

Thickness of cell was fixed to 2.0mm and size of gels was changed. Figure 2 

shows the plots of S (t)， W 1 (t) and W 2 (t) at various dialmeter of disk-like gels at 

11 T=O.4OC. S (t) clearly shows a two・stepshrinking. W 1 (t) increases abruptly 

and decreases gradually. W 2 (t) is synchronized with S (t) well till the gels shri叫(.

The diameter of the gels gives no change of S (t)， W 1 (t) and W 2 (t) at all. On 

the other hand， the plots of S (t)， W 1 (t) and W 2 (t) at various thickness of gels are 

shown in Figure 3. Only the time scale of S (t)， W 1 (t) and W 2 (t) is elongated 

with increasing thickness of gels and the shapes of curves are not changed by 

thickness of gels. Figure 2 and 3 show that the synchronism of S (t) and W 2 (t) 

holds over the size range of gels. 
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Figure 2. Graphs for S (t) (・入 W1 (t) (口)and W 2 (t) (0) at ムT=O.4OC.
Thickness of gels ~S .about 0.3mm.. . Diameter of gels are about (a) 28mm， 

(b) 38mm and (c) 46mm， respectively. 
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Figure 3. Graphs for S (t) (・)， W 1 (t) (口)and W 2 (t) (0) at ムT=O.4OC.
Diameter of gels is about 28mm. . Thickness of gels are about (a) 0.1 mmラ

(b) 0.3mm and (c) O.4mm， respectivelly. 
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2) Fi口ingFunctions for S (t) and W L (t) 

The following equations were proposed as fi口ingfunctions of S (t) and W I (t) 

as shown in previous sections (Chapter 1， 2) . 

s( t) =叶す1+吋-[:， t 1 + (1川 ω 
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PNIP A gels first shrink as a usual relaxation function deduced by diffusion equation. 

In final stage of first shrinking， skin layer， a denser layer due to the existence of 

surface tension is formed on the gels. The second stage of shrinking is expressed by 

an unusual relaxation function， that is， a s仕etchedexponential function with the 

exponent s > 1. Assuming that the skin layer collapse or change its nature in the 
secondary shrinkage，τ2 and s in equation (2) are average time to collapse skin layer 
and the strength of collapse of skin layerヲrespectively. As shown in Chapter 1・2，the 

meaning of a stretched exponential function with the exponent s > 1 in second 
shrinkage was described by integral transformation method as follows. Assuming a 

lot of parts in PNIPA gels， each part shrinks step-like at t='t and the distribution of τ 

is represented by D(τ) as follows 
R; ( T isトI ((  T is; i 

D(r) =こ|ι1exp 1-1 -=-1 '1 
rj l rj J l l rj J J 

(4) 

A verage E and dispersion σ20fD(τ) were analytically given by 

E=てir [1+士) (5) 
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(6) 

respectively. The following formula was used to calculate E and (J2 in this report. 

r (l+x) ~ 
1・0.5748646x+0.9512363x2 -0.6998588x 3 +0.4245549x4 .-0.1 0 1 0678x 5ラ (7)

where the e汀orinherent is below 2.2E・7. Since skin layer shows a step-like collapse 

in each part of gels at t='t， E and (J2 are average time to collapse skin layer and the 

degree of asynchronous collapse of skin layer， respectively. 

On the other hand， equation (3) shows that two whitening processes undergo 

independently. Each process is directly explained by equation (4) and it indicates 

that whitening occぽ slike 8 function in each p訂twhen gels shrink in each part， 

assuming that there訂ea lot of parts from the viewpoints of mesoscopic level. 

A verage E of each D(τ) in first and second whitenings were evaluated as Ea and Eb， 

respectively.σ/ and (Jb2 were also evaluated as dispersion of D(τ) in first and second 

whitenings. E andσj2 (i=a，b) represent average time of appearance of whitening and 

the degree of asynchronous appearance of whitening， respectively. 
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3) Size of Gels Dependence on S (t) 

Our experimental data in various diameters and thicknesses of gels agreed with 

equations (2) very well. The plots of fitting p紅白nete:rsof equation (2) as a 

function of diameter or thickness of gels at various I:l T are shown in Figure 4. 

Diameter of gels gives no change on any fi口ingparameter. Since diameter of gels is 

so long compared with thickness of gels in our experiments， the exhaust of solvents 

along the thickness of gels will be dominant. The fraction of first shrinking A I is 

large and independent on thickness of gels at I:l T=O.OoC， while A I is relatively small 

and decreases with increasing thickness of gels at large I:l T. Considering A I as the 

fraction of skin layer， the thickness of skin layer is proportional to product of A I and 

thickness of gels as shown in Figure 5. Thickness of skin layer is proportional to 

thickness of gels at small I:l T， while thickness of skin layer becomes to costant at 

largeムT. The effect ofムTis large and the thickness of gels effects is not so 

obvious. As shown in Figure 4， characteristic times of shrinking て I and て2

increase with an increase in thickness of gels. According to T.Tanaka's theory 

mentioned above， the relationship between characteristic tinle of first shrinking τl 

and thickness of gels d is represented by equation (1) with R=d as follows. The 

log-log plot ofτ1 vs. d
2 
is shown in Figぽ e6 and it agrees with equation (1) with 

R=d. Characteristic time of secondary shrinking τ2 and average of D(τ) in 

secondary shrinking E 訂ealso plotted as a function of d in Figure 6 and the 

following equations hold. 

τi (i = 1 ，2) '"'-' d・2 (8) 

E '"'-' d-2 • (9) 

There is no obvious difference between r 2 and E.τ 2釦 dE are characteristic time 

and average time to collapse skin layerラ respectively. Equations (8) and (9) are same 

as equation (1) and it suggests that the PN1P A gels shrink in secondary shrinking as 

collective diffusion with infinitesimal deformation. As shown in Figure 4， the 

strength of skin layer collapse s 2 decreases with increasing thickness of gels. It 
indicates that not only the average time of collapse of skin layer but also the strength 

of collapse of skin layer become small when gels are thic:k.σ2 is the degree of 

asynchronous collapse of skin layer and the log-log plot ofσ2 vs. d
2 
is shown in 

Figure 7. The following equation holds. 
σ2 '"'-' d-4 (10) 

1t is reasonable that the exponent of equation (10) is two tIlnes that of equation (9). 

It indicates the asynchronous collapse of skin layer is observed when average time of 

collapse is large， that is， gels訂ethick. Not only the averag(~ time of collapse of skin 

layer but also the degree of synchronous collapse of skin layer become small when 

gels are thick. 
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4) Size of Gels Dependence on W， (t) 

Our experimental data in various diameters and thicknesses of gels agreed with 

equations (3) very well. Fitting parameters of equation (3) are plotted as a 

function of diameter of disk-like gels in Figure 8. Diameter of gels gives no change 

on any自社ingparameter of equation (3). The relationship between thickness of gels 

and fitting parameters of equation (3) at various ムTis shown in Figure 9. 

Characteristic times of whitening processτa andτb increase with an increase in 

thickness of gels. The log-log plot of τi (i=a，b) and thickness of gels are shown in 

Figure 10. The corresponding parameters average times of appearance of whitening 

E (i=a，b) are also plotted. E (i=a，b) shows the following equation. 

E (i=a，b) '"'-' d-2 (11) 

The exponent of equation (11) is equal to that of equation (9) 叩 dit indicates that 

whitening process is synchronized with shrinking one well emd the whitening process 

also undergoes as collective dif白sionwith infinitesimal deformation.τ a (Ea) and 

τb (Eb) 紅ealways larger than τ， and τ2， respectively. It is consistent with the 

fact that whitening doesn't appear without shrinking. The relationship between s i 
(i=a，b) and thickness of gels is not clear as shown in Figure 9. The log-log plots of 

σi (i=a，b) and thickness of gels d are shown in Figure 11.σa and σb訂ethe degrees 

of asynchronous appearance of whitening in first and second whitening processesラ

respectively.σi (i=a，b) shows the following relationship 

σi2 (i=a，b) '"'-' d-4 (12) 

It is reasonable that the exponent of equation (12) is twice that of equation (11). 

The fact that synchronization of whitening appearance is small when gels are thick is 

same as that of collapse of skin layer. Since W， (t) is synchronized with S (t) wellラ
size of gels dependence on W， (t) is very similar to that of S (t) mentioned above. 
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3・5.Jumping Temperature Effects 

1) Graphical Analysis 

Thickness of cell was fixed to 2.0mm and jumping tenlperature was changed to 

evaluate theムTeffect on shrinking and whitening proc:esses of PNIP A gels as 
follows. Normalized area of gels S (t)， W 1 (t) and W 2 (t) are plotted against time 

after temperature寸umpingat variousムTin Figure 12 when thickness of gels is about 

O.4nun. In temperature-induced volume phase transition process of PNIPA gels， S (t) 

first decreases monotonically and keeps a certain constant value at latter stage. W I 

(t) increases abruptly and decreases gradually. W 2 (t) is synchronized with S (t) 

well till the gels shrink. The minimum of S (t) and the maximum of W 2 (t) appear 

at the same time. The larger ムT is， the faster gels shrink， while whitening 
disappears fastest when s T is about 0.4 oC. Such tendency of theムTeffect on 

shrinking and whitening processes is shown in various thickness of gels， that is， 0.1， 

0.2， 0.3 and O.4mm. However in case of O.4mm thickness gels， S (t) shows 

three-step shrinking when s T is above 2.0
o
C as shown in Figure 12. In addition， 

three-step shrinking was also observed when thickness of gels is 0.5mm atムT=0.4 

OC as shown in Figure 13. They suggest the existence o:f multi-step shrinking of 

PNIPA gels when the disk-like gels is thick andムTis 1訂ge. It will be related to 

the elasticity of gels network and the limit of exclusion of water solvents. 

2) Fitting Functions for S (t) and W I (t) 

PNIP A gels show two-or three-step shrinking after teInpera印rejumping above 

the critical temperaωre. In addition to equation (2) the fol1owing fitting function of 

normalized area of gels S (t) was explained by 

I t 1 I I t lfJ2 1 I I t lth 1 
S(t) = Alexp l -~ 1 + A2expl-I-=-Ir"" 1+ A3expl-1 _:_ r-' 1+ (トAI-A2・A3) ( 13 ) 

l rl J l l r2 J J -l l n J J 

The second and third terms are unusual relaxation functions， stretched exponential 

functions with the exponents s i (i=2，3) > 1. Shrinking mechanism of third shrinking 
is same as that of second shrinking. Equation (3) was used as a fitting function for 

WI (t). 
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Figure 13. S (t) is plotted as a function of time at s T=O.4
OC. 

Thickness of gels are 0.1 (.)， 0.2 (0) ， 0.3 (・)， 0.4 (口)and 0.5 (口)mm.

3) Dependence of s T on S (t) 

Our experimental data in various s T agree with equation (2) and (13) very 

well. Plots of fitting p紅白netersof equations (2) and (5) vs.ムTare shown in 

Figure 14. The合actionof first shrinking A 1 decreases and remains constant with an 

increase in s T. Considering A 1 as the fraction of skin layer， the thickness of skin 

layer decreases with an increase inムTand the existence of the lower limit of 
thickness of skin layer. As shown in Figure 15， characteristic time of first shrinking 

r i increases with an increase in A 1. It indicates that A.l is connected with the 

speed of first shrinking and that A 1 is large when first shri此ingis slow. This 

suggests that the faster shrinking process undergoes， the earlier the elastic effect of 

gels network such as skin layer appe訂 andgels stop s胎i叫¥:Ing. A 3 is also plotted 

against ムT in Figure 14 when the thickness of gels is about O.4mm. A3 is 

independent onムTand A 2 decreases withムTinstead of the appearance of A 3・
τ1 is characteristic time of first shrinking.τ 2 is characteristic time of 

second shrinking and corresponds to average of D (τ) E， while E is average time 

of second shrinking and collapse of skin layer. As shown in Figure 15 and 16， each 

τ1，τ2 and E has scaling behaviour as follows 
τi (i=1，2 and 3)αs T-' (14) 

Eα ムT-J， (15) 

Since vigorous motion of solvents and gels network will be observed whenムTis 

l訂ge，shrinking process will be faster at largerムT. There is no obvious difference 
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between τ2 and E. r 2 and E are also plotted as a function of the 合actionof gels 

size before secondary shrinking (A 2 + A 3) as shown in Figure 17. て2and E 

decrease exponentially with increasing (A 2+A3) and they have various values at 

large (A2+A3).τ 2 and E are independent on (A 2 + A 3 ) when (A 2 + A 3 ) reaches 

a maximum value at large d. T. It indicates that the size of gels before shrinking 

determines the average time of the following abrupt shri凶ong.

The index number s 2 represents出estrength of collapse of skin layer， while 
dispersion of D (て )σ 2is the degree of asynchronous collapse of skin layer and 

corresponds to s 2・。2increases and remains constant with an increase inムT，
while σ2 decreases with an increase inムT. The log-log plot of s 2 and σ2 vs. 
!J. T is shown in Figure 18.σ 2 has the following relationship 

σ2c:x: ムT-2 (16) 

It is reasonable that the exponent of equation (16) is two times that of equation (15). 

It indicates that not only average time of shrinking but also the degree of synchronous 

shrinking appearance become small at large d. T. s 2 remains constant at largeムT
and it seemes that dispersion σ2 is not ref1ected on s 2 well. The strength and the 
synchronous degree of collapse of skin layer increase with an increase in d. T. s :! 
and a 2 are plotted against (A2+A3) in Figure 19. s 2 increases almost lineally 
andσ 2 decreases with an increase in (A2+A3). It indicates that the size of gels 

before shrinking determines the strength of the following abrupt shrinking. That isヲ

the larger size of gels is， the stronger shrinking of gels is. However an upper limit of 

(A2+A3) exists. 

The third stage of shrinking process is characterized by A 3 ，τ3 and s 3・
Characteristic time of third shrinking r 3 decreases with increasingムT，while both 

s 3 and A3 are almost independent on d. T. The plots ofτ 3 and s 3 as a 
function of A 3 are shown in Figure 20 and data are almost concentrated at one point. 

It indicates that the size of gels before shrinking is independent on the characteristic 

time of the following abrupt shrinking. 

The schematic diagram of shrinking process of PNIPA. gels is summarized in 

Figure 21. Just above Tc， the企actionof first shrinking AI is large and temporal 

change of disk -like gels area c加 bedescribed by a single e:xponential. Gels shrink 

monotonically as collective diffusion with infinitesimal defonnation. The skin layer 

will not be formed. On increasing ムT，the合actionof second shrinking A2 

increases and skin layer becomes to be formed after first shrinking. Considering the 

fraction of first shrinking AI as the合actionof skin layer， thic.kness of skin layer 

decreases with increasing d. T. Average time r 2 to skin layer collapse decreases， 

and the degree of the collapse strength s increases. The skin layer may break or 
change its nature， and the inner part starts to shrink. For largeムT，three-step 

shrinking undergoes. PNIP A gels shrink at first， the skin layer is formed on the 

surface of gels and gels stop shrinking. The skin layer breaks or changes its nature 

and the inner p訂tstarts to shrink. However the evacuate ()f solvent is not enough 

and the skin layer is formed again. The possibility of mult:i-shrinking is high when 
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ムTis large or gels are thick. 
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Figure 19. Plots of s 2 andσ2 against (A2+ A3). Thickness of gels is 
O.lmm (・入 O.15mm(0)， O.2mm (ム)，O.3mm(企)and O.4nun (口)， respectively. 
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4) Dependence of I:l T on W 1 (t) 

Our experimental data in various I:l T agree with equation (3) very well. 

Dependence of I:l T on自社ingp訂ametersbased on equation (3) at various thickness 

of gels is shown in Figure 22. Characteristic time of first whitening process てa

decreases wi th an increasing inムT. A verage time of first whitening process Ea is 
calculeted and the log-log plot ofτ a and E a versusムTis shown in Figure 23. 

There is no obvious difference between τa and E a， and the following relationships 

hold. 

τa oc I:l T-1 

Ea CにムT-'
(17) 

( 18) 

The exponents訂eequal to that of scaling behaviour ofτl・ Thisindicates that first 

whitening process is synchronized with shrinking one. There is not obvious 

difference between てaand Ea. Allτ a and E a are larger thanτ" so it agrees 

that whitening will not occur without shrinking and tilme gap is due to the 

synchronization of whitening process and shrinking one in mesoscopic level. 

Characteristic and average times of second whitening processτb and Eb have a 

minimum value aroundムT=O.4oC as shown in Figure 24. It explains that the 

disappearing rate of the whitening amount of gels has a maximum whenムTis 

around 0.4 oC. As shown in discussion of S (t)， relaxation process generally 

undergoes faster with an increase in jumping temperature depth. The fact that the 

disappearing process of whitening is slow near Tc shows the critical slowing down in 

phase transition which was also observed in E and Ea. On the other hand， the 

disappearing process of whitening is slower with an increase in jumping temperaωre 

which is above 0.4 oC. This will be due the strong elasticity of gels network. The 

effect of elasticity will be obvious when I:l T increases. 

The relationship between s a andムTis not clear as shown in Figure 22. 
However the log-log plot ofσ/ versus I:l T is shown in Figure 23 and the following 

equation holds 

σa2~ムT-4， (19) 

where σa
2 
is the degree of asynchronous whitening appearance of first whitening 

process. 1t indicates that not on1y the average time of whitening appe訂ancebut also 

the degree of synchronous whitening appearance become snlall at large I:l T. 1t is 

reasonable that the exponent of equation (19) is two times 1that of equation (18). 。bdecreases and remains constant with increasingムTas shown in Figure 22， while 
the plot ofσb2 andムTis very similar to that of Eb and I:l T as shown in Figure 24. 

Both Eb and σ/ have a minimum value aroundムTis O.4
O

C. Secondary whitening 

process undergoes slowly at largeムTand it will be due to the s仕ongelasticity of 

gels network at large I:l T. It seems thatσb
2 
is not ref1ected on s b well. 
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Thickness of gels is O.1mm(.)， O.15mm(O)， O.2mm(ム)，O.3mm (...) and 
O.4mm (口)， respectively. 

-91 -



圃h 一泊....・・・・・・園田園園田園・・・・・圃圃園田園

1αx> 

1∞ 

310 

0.1 

~T 

10 

.A ・
ム
ムム口 ‘A£ . 

句

ム ム.口 ・企CQ. 

ー

口口

. ~・ 1

10 
0.1 
0.1 

1C政刃

1α氾

1∞ 
N 

b 10 

~T 

口口 口... 』面企』‘• ム & 
ム ・6・巳
'" ・企口口2.0~・ 6

10 

， ，， ~ð~ 
0.1 

0.01 且 且 且且量且且自 且 且・・・ ・ a

0.1 10 0.1 10 

~T ~T 

Figure 23. Plots of fitting parameters in first whitening as a function of s T. 
Thickness of gels is 0.1 mm (・)， O.2mm(ム)， O.3mm (企)and O.4mm(口)， 
respecti vel y . 

旬以x> 1αXXlXX) 
口口 υ

口口口
1αxx:x:o 

提『構 企

1αロx>
口 企

口R担♂晶aaT] ムD， D， 
r、541m  

tf1 1∞t ム . 
ムム

各地陣
ム

1αx> 
10・r .・.・ •• • 

1∞ • • 4. .・
10 

3 5 7 3 5 7 

~T ~T 

Figure 24. Plots of Eb and σb
2 
as a function of s T. Thic:kness of gels is O.lmm 

(・)，O.2mm(ム)， O.3mm(企)and O.4mm (口)， respectively. 

-92 -



圃・区一~・・・・・・・・園田園田園園田園圃園田園

3-6. Conclusion 

1) Size effects 

(1) Diameter of gels gives no change on fi口ingp紅白netersof S (t) and W， (t) . 

(2) Dependence of thickness of gels on S (t) shows that 

1. The fraction of first shrinking A， is independent on thickness of gels whenムT

is O.OoC， while A， decreases with increasing thickness of gels when d. T is large. 
Considering A， as the fraction of skin layer， the thickness of skin layer 
decreases with increasing thickness of gels and d. T， and the lower limit of 
thickness of skin layer exists. 

2. Characteristic time of first shri此lngτ ，and the average time to collapse of skin 

layer in the second shrinking E are proportional to d-2， vvhere d is thickness of 

disk-like gels. It indicates that the first and second shrinking process is 

described by collective diffusion with infinitesimal and isotropical deformation as 

an elastic body deduced by T.Tanaka. 

3. The degree of asynchronous collapse of skin layer σ2 is expressed by σ2""'-'d-4. 

It indicates that the degree of synchronous collapse of skin layer become small 

when gels are thick. It is reasonable that the exponent ofσ 2 is two times that 

ofE. 

(3) Dependence of thickness of gels on W， (t) is same as that of S (t) and it 

indicates that the synchronization of shrinking and whitt~ning processes holds 

over size of gels. The shrinking process in macroscopic: level is strongly related 

to whitening one in mesoscopic level. 

2) Jumping temperature effects 

(1) Dependence of jumping temperature on S (t) shows that 

1. The fraction of first shri此ingA 1 decreases and remains constant with 

increasing d. T. It indicates that the thickness of skin layer increases with 

increasingムTand that the upper limit of thickness of skin layer exists. 

2. A 1 increases with an increase in characteristic time of first shrinking τ，. It 

indicates that the formation of skin layer is slow when first shrinking undergoes 

slowly at smallムT.

3. Both τ， and E are proportional toムT-2，where E is average time to collapse of 

skin layer in the secondary shrinking. It indicates that first and second shrinking 

process shows the critical slowing down. 

4. The degree of asynchronous collapse of skin layer σ2 is expressed by σ2 

~ムT-2.It indicates that the strength of collapse of skin layer， that is， the 
degree of synchronous collapse of skin layer become small whenムTis large. 
It is reasonable that the exponent of σ2 is two times that of E. 

5. E and a 2 are closely related to the size of gels before shrinking (A2+A3). 

(2) Dependence of jumping temperature on W， (t) shows that 

1. The average time of first whitening process Ea is expressed by Ea""'-'ムT-'.It 
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indicates that first whitening process shows the critical slowing down. 

2. The degree of asynchronous whitening appearance in first whitening processσ J 

is expressed by a / ~ム T-2 . 1 t indicates that the degree of synchronous 
whitening appearance become small at large s T. It is reasonable that the 

exponent of σa 
2 
is two times that of Ea. 

3. A verage time Eb and the degree of asynchronous whitening appe訂anceσ b2in

second whitening process紅esynchronized over s T and have a minimum value 

atムT=O.4
O

C. The fact that the secondaηr whitening 0ωurs slower and broader 
at largeムTwill be due to the elasticity of gels network. 

(3) Dependence ofムTon W， (t) is s紅neas that of S (t) and it indicates that the 

synchronization of shrinking and whitening processes holds overムT. The 

shrinking process in macroscopic level is strongly related to whitening one in 

mesoscopic level. 

(4) S (t) shows three-step shrinking when gels are thick andムTis large. 

It suggests the possibility of multi-step shrinking of PNIPA gels. 

Reference 

1. Y.Li加 dT.Tanaka， J.Chem.Phys.， 92 (2) ，1365 (1990) 
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indicates that first whitening process shows the critical slowing down. 

2. The degree of asynchronous whitening appe訂ancein first whitening processσ J 

is expressed by a a2~ s T-2• It indicates that the degree of synchronous 

whitening appearance become small at largeムT. It is reasonable that the 

exponent of σ/ is two times that of Ea. 

3. A verage time Eb and the degree of asynchronous whitening appe訂anceσ Jin 

second whitening process are synchronized overムTand have a minimum value 

atムT=O.4
O

C. The fact that the secondary whitening occurs slower and broader 
at largeムTwill be due to the elasticity of gels network. 

4. Dependence ofムTon first whitening is same as that of first shrinking and it 

indicates that the synchronization of shrinking and whitening processes holds 

over s T. The shrinking process in macroscopic leve:l is strongly related to 

whitening one in mesoscopic level. 

(3) S (t) shows three-step shrinking when gels are thick and s T is large. 

It suggests the possibility of multi-step shrinking of PNIPA gels. 

Reference 

1. Y.Li and T.Tanaka， J.Chem.Phys.， 92 (2)ラ1365(1990) 
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Chapter 4. Shape of Gels Effects 

4・1. Abstract 

Poly N-(isopropyleacrylamide) (PN1PA) gels show two-step shrinking 

accompanied with a multiple scattering after temperature-jump above the critical 

tempera印re. Sample gels were prepared by cutting out the synthesized sheet-like 

PN1P A gels with a cookie cutter， the shape of which was clover， diamond， heart and 

spade， respectively. Shape of gels dependence on the shrinking and whitening 

processes was not observed， but all the gels show that the: convexoconcave of the 

shape disappear in second shrinking and the shape is reston~d after shrinking. This 

deformation corresponds to the three-dimensional deformation of gels like Japanese 

original pouch 'Kinchaku'. The edge part of disk-like gels tends to turn over after 

first shrinking and it is due to the edge part's shrinking. Skin layer is formed as 

shrunken layer on the surface of gels after first shrinking process and the edge part 

exactly corresponds to skin layer itself. 

4-2. 1n仕oduction

Some polymer gels show enormous volume change by solvent composition and 

temperature etc. I Poly N・(isopropyleacrylamide)(PN1PA) gels are well known as 

nonionic polymer gels which show a large volume change by temperaωre. When 

PN1P A gels are put into hot water above the critical temperatureラthetransparent gels 

become opaque and show two・stepshrinking accompanied vvith some morphological 

change on the second stage of shrinking. However if you put the gels at same 

temperature， the very high degree of multiple scattering and the morphological change 

of gels finally disappear. 2 These interesting characteristics of PN1P A gels mean the 

relationship between macroscopic morphological change and some structぽ echange at 

出emesoscopic level. Volume phase transition of gels has so far been discussed 

from the viewpoint of phase separation accompa凶edby strong elastic effect
3 
and the 

mechanism of macroscopic morphological change has been discussed on the 

assumption of skin layelり whichis believed to be formed on the surface of gels as 

shrunken phase when gels shrink. A lot of paper about phase diagram of gels 

involved the f1uctuation of gels as an viscoelastic body and it is very important for 

出etreatment of volume phase transition of gels as phase transition 6 • Recently 

i凶omogenityof gels is divided to static irnhomoginiety and thermal f1uctuation by 

M.Shibayama et a1 7
• Morphological changes which appear while shrinking I are 

very interesting and such dynamical phenomena of gels will be explained as 

combined effects of thermodynamic instability and nonlinear elasticitう人

4・2.Experimental 

Details of sample preparation， measurement and calculation were same in the 
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previous section (Chapter 1 and 2). Here sample gels were prep訂edby cu抗ingout 

the synthesized sheet-like gels with a cookie cutterヲ theshape of which was clover， 

diamond， heart and spade， respectively. The thickness of gels is about O.4mm and 

出elength of gels is about 60mm. The sample gels were put into a cell of 2.0mm 

thickness filled with distilled water and sealed with epoxy resin. The crosslinkage 

density of the sample gels was about 8.8x10-3 and critical temperature (Tc) was 

about 33.7
0

C assigned based on cloud point measurements. 

The sample cell was set up in a water bath， which was thermostated at Tc+ムT

(ムT=0，0.6，1.0and 3.0K) with the accぽ acyof about 50mK. The shrinking and 

whitening processes of PN1PA gels after the temperature jump were observed 

intermittently by a digital video camera (Sony Co.). The recorded video pictures 

were converted into V -RAM system on MS・DOSpersonal computer. The light 

intensities on V -RAM (RGB: 320x200dots) were divided into 0-255 based on the 

imaginary V -RAM System exploited using our original programs. 

4-3. Results and Discussions 

1) Graphical Analysis 

Details of graphical analysis were described in previous section (Chapter 1 and 

2) . On increasing scattered light on the gels， the disk-like gels become white and 

can be observed clearly against a black background. 1n our graphical analysis， the 

resolution of light was from 0 up to 255. Using a clipping procedure， we obtain 

black and white images of the disk-like gels as shown on the upper-right side of 

Figure 1 (a) . 1n these images， the black dot area due to whitening of gels in 

upper-right side pictぽeis smaller gradually with increasing time. The temporal 

change in the graphical analysis image of clover-type PN1PA gels atムT=0.6
0

Cis 

shown in Figure 1. 1n these images， the black dot area due to white gels in 

upper-right side picture is smaller gradually with increasing time. It is also shown 

that the gels deform its shape in the course of shrinking process. 1t will be due to 

the buckling of gels when disk -like gels shrink. 3・dimensionalbuckling of disk -like 

gels cut by star-shaped cookie cu社eris shown in Figure 2. The edge part of PN1PA 

gels tends to tum over. We name this buckling phenomena 'Kinchaku Transition'， 

because the shape is very similar to the J apanese original pouch 'Kinchaku'. 1n our 

experiments， the buckling was suppressed by putting sample gels between glass platesラ

so the convexoconcave of gels disappears as shown in Figwre 3. Such disappearance 

of convexoconcave of gels in shrinking process was also observed in other 

shape-types of gels， diamond， heart and spade type of gels. 1n the final stage of 

shrinking of gels， the convexococcave of clover appears again and PN1P A gels re加m

to the original shape. 

1n order to evaluate the shrinking process of PNIP A gels， the following 

p訂ametersS (t)， W 1 (t) and W 2 (t) were calculated from the time-resolved recorded 

images. The normalized area of gels S (t) was obtained by the number of dots due 

to the gels on recorded images. 1ntegrated value of the distribution of light 
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intensities within area of gels was normalized and was named the normalized 

whitening amount of gels W 1 (t). Normalized whitening amount of gels per unit 

area W 2 (t) was also obtained by W 1 (t) /S (t) . 
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Figure 2. Photographs of shrinking disk-like gels cut by star-shaped cookie cutter. 

。傘〈s
( ( 

Figure 3. Shrinking image of disk-like PNIPA gels between glass plates 
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2) Dependence of Gels Shape andムTon S (t)， W 1 (t) and W 2 (t) 

The plots of S (t)， W I (t) and W 2 (t) at variousムTare shown in Figure 4-7 

for clover-type (・)， diamond-type (企)， heart-type (0) and spade-type (ム)PNIPA 

gels. Every S (t) shows a two-step shri此ing. W 1 (t) increases abruptly and 

decreases gradua11y. W 2 (t) is synchronized with S (t) well ti11 the gels shrink， and 

decreases as W 1 (t) decreases. The largerムTis， the fastl~r gels shrink. Whitening 

disappears fastest whenムTis about 0.60C. The smaller and the largerムTis from 

about 0.4 oc， the longer whitening disappear. The shape of gels gives no change of S 
(t)， W 1 (t) and W 2 (t) at a11. The synchronism of S (t) 釦 d W2 (t) was 

independent on shape of gels. It indicates that the synchronism of macroscopic 

shrinking phenomena and mesoscopic phase separation one holds over the shape 

range in our experiments. The behaviour of S (t)， W 1 (t) and W 2 (t) is same as that 

of disk-like gels which was shown in previous section at variousムT. According to 

that， Motions of solvents and gels network are more vigorous with an increase in 

jumping temperaωre， so shrinking process will be faster at largerムT. And the fact 

that the disappearing process of whitening is slow near Tc shows the critical slowing 

down in phase廿ansitionwhich was observed in S (t) . And the fact that the 

disappearing process of whitening is slower with an increase in jumping temperature 

which is above Tc+O.4 oc will be due the effect of elasticity of gels network. 
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3) Kinchaku Transition and Skin Layer 

At first we will discuss what the skin layer is. T.Tanaka et al. observed 

two・stepshrinking of PNIP A gels and assumed the origin as the formation of skin 

layer 1. He represented skin layer is a peel with density sufficient for impermeability 

to the inner fluid. Accordingly K.Sekimoto and A.Onuki et. al. also assumed skin 

layer is a dense layer on the surface of the gels. They tried to explain the 

morphological change of gels observed on shrinking proc(~ss on the assumption of 

skin layer 1 02. H. Yasunaga et. al. observed two spin-spin relaxation time T 2 on 

shrinking process of PNIP A gels by 1 H NMR spectroscopy and they indicated the 

existence of skin layer structually based on the 1 H T 2 e出ancedimageJ
• But some 

people still clearly understand the existence of skin layer structurally. First we will 

give a full detail of the shrinkng behavioues of disk-like gels which is observed by 

our eyes whenムTis O.60C， since two-step shrinking is clea.rly observed whenムTis 

O.60C. The甘ansparentPNIP A gels are adhere to the fingers at 20
0

C before 

shrinking. Gels first shrink and the bluish white gels stop shrinking. Bluish white 

gels are less adhesive than仕組sp訂entones. Gels stop shrinking for a while. It is 

considered that the whole part of the gels become bluish white. Because if you take 

out the cylindrical bluish white gels from the water bath a.t that point and pour the 

gels by cold distilled water， the gels become transparent from the outside with the 
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core bluish white. Then some white points appe訂 andthe p訂tof the edge become 

apparently white. And the edge part of the gels tend to印rnover. Many bubbles 

and shrinking white pattem appear like an interpenetrated network and gels are 

crumpled and shrink with strong deformation. The shape of the gels is restored after 

shrinking and the edge p訂tof gels is already transp紅ent. Then the whitening of gels 

disappears slowly. The gels訂espotted with white and transp紅encyand become 

甘ansp訂entfinall y . 

It will be easy to understand the above shrinking behaviours from the viewpoint 

of polymer network， not solvent. Gels first shrink monotonically due to coil-globule 

transition. Then gels stop shrinking. We assumed that skin layer is formed at that 

point as shown in Tanaka's report. It will be difficult to consider that the formation 

of the skin layer itself makes the gels stop shrinking from the viewpoint of solvents. 

Because the pore size of polymer network is extremely large compared with solvent 

molecules. It is important that tension of polymer network appear all over the gels at 

that point. So surface tension appe訂 stronglyon the surL'lCe of gels. So a denser 

outside may be formed as the actual state due to surface te:nsion as a result， and the 

different motion in the surface region may be observed Hke 1 H T 2 measurements 

when gels shrink. Such effect in the surface region of gels will be explained as 'skin 

layer'. From the viewpoint of the whole shrinking process of PNIPA gels， it can be 

regarded that skin layer prevent solvents permiative outer in a sense. Because 

shrinking of the gels actually stop. 

When gels first shrink monotonically， the skin is fornled on the surface of gels 

as shrunken layer. At that time shrunken layer is structually concentrated in the edge 

part as shown in Figure 8， so the edge part easily shrink comp紅edwith other part. 

The edge part shrink and笈inchakutransition' is due to the edge p訂t. Other part 

consist of shrunken layer and the attached swollen inner part. K. Sekimoto shows that 

the bukling occuars due to the shear between shrunken layer and swollen layer. In 

secondary shrinking， all gels訂ecrumpled and 'Kinchaku' shape is deformed . 

4) Dependence ofムTon Deformation of Gels Shape 

The temporal change in the graphical analysis image of clover勺pePNIP A gels 

at variousムTis shown in Figure 1， 9， 10 and 11. The convexoconcave of clover 

disappears strongly atムT=0.60C as shown in Figure 1 (c). Gels shrink isotropically 
in first shrinking atムT=O.OOC as shown in Figure 9. The企actionof second 

shrinking is to small to show kinchaku shape. Kinchaku transition is not also clear at 

s T=3.0
o
C. The s仕engthof shrinking is stronger at largeムTand the difference 

between edge's part and other part will be evident at largeムT. The secondary 

shrinking process undergoes fast and the difference between edge's part and other part 

become evident. The convexoconcave observed while gels stop shrinking is due to 

'Kinchaku' shape and the needed. 
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Figure 10. Shri此ingprocess of clover type disk-like PNIPA gels using by 

graphical analysis. Time after jumping temperature at Tc+ 1.0
oC is 

(a) 7minutes (b) 19minutes (c) 30minutes (d) 42minutes. 
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Figure 11. Shrinking process of clover type disk-like PNIPA gels using by 

graphical analysis. Time after jumping temperature at Tc+2.0
o
C is 

(a) 5minutes (b) 6minutes (c) 8minutes (d) 10.5minutes. 
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4-4. Conclusion 

(1) The synchronization of shrinking and whitening is independent on shape of gels. 

(2) Gels deform its shape， called as "Kinch心ωtransition"and it is due to the elastic 

effect of gels. 

(3) Shape of gels give no change of S (t)， W 1 (t) and W 2 (t) at variousムT.
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Chapter 5. Bubbles Formation on Shrinking Process of PNIP A Gels 

5-1. Abstract 

Morphological pa口emsof shrinking Poly (N-isopropylacrylamide) (PNIPA) 

gels are observed using a single lens reflex camera and analyzed. PNIP A gels show 

two・stepshrinking accompanied with turbidity after temperature jump above the 

critical temperature. In secondary shrinking， bubbles or interconnected network like 

neuron appe訂 ingels with a strong multiple scattering. The power spectrum of 

l-dimensional fast Fourier transformation (FFT) has 3 modes， that is， a sineラMarkov

noise and white noise. The temporal change of correlation strength of Markov noise 

is very similar to the temporal change of integral value of light intensities in gels. It 

indicates that the whitening amount of gels corresponds to Markov noise on the 

surface of gels. In addition， size of periodic structぽ edue to the network is small at 

largeムTand it is compatible with the tendency of phase separation. 

5-2. In廿oduction

Volume change with remarkable pa抗emformations ¥vas observed on swelling 

and shrinking processes of g伊elぽSゲトて T.Ta加na紘kaet. al. showed the morphological change 

of PNIPA gels in water6
• Wrinkle pa抗emsappe紅 likesurface of a brain when gels 

swell， while gels訂ecovered with many bubbles when they shrink. They also 

showed that when acrylamide/sodium acrylate copolymer gels in acetone/water 

mixture shrink under a certain strain， gels behave various pa抗ems，bubble， bamboo 

and so on2
• These morphological pattems have been attracted many theorist. In case 

of swelling process， the morphological swelling process of spherical gels is described 

as an elastic body of which surface layer is swollen and attached to the shrunken 

inner part. However the shrinking mechanism is not so clear yet and skin layer has 

been s甘ucturallyproposed by some researchers， which has s:o far been believed to be 

formed on the surface of gels and prevents solvents合O1TIpermeating across the 

boundaηr when gels shrink. On the other hand， T.Tanaka et. al. proposed a single 

exponential function as a自社ingfunction of volume change on swelling and shrinking 

processes， assuming the infinitesimal deformation of an elastic body7，8. Their theory 

has a good agreement with some swelling processes of gels， but does not explain 

shrinking processes of PNIPA gels shown in our experim，ents
6
，9. Elasticity due to 

crosslinking is also very important from a viewpoint of phase demixing between 

polymer network and solvents， that is， coupling between phase transition and elasticity 

is an essential concept for shrinking process of gels. Dynamics of gels are expected 

as combined effects of thermodynamic instability and nonlinear elasticity. H.Tanaka 

has studied asymme仕icmolecular dynamics and morphological pa抗emin phase 

separation process of polymer solution， considering volume phase transition 

phenomena of gels as an expanded problem
lO
. 
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Poly N・(isopropyleacrylamide)(PNIPA) gels are well known as nonionic 

polymer gels which show a large volume change by temperatぽ e. When PNIPA gels 

are put into hot water above the critical temperature， the transparent gels shrink and 

be opaque. They stop shrinking for a while and shrink again accompanied with some 

morphological change. T. Tanaka et al. showed that a sub-micron spherical gels 

consists of some bubbles on the second stage of shrinking'. Volume phase transition 

of gels has so far been discussed from the viewpoint of phase separation accompanied 

with strong elastic effect and the mechanism of such bubble formation will be due to 

elasticity of gels. H. Tanaka showed that some morpholoical pa口emin phase 

separion of polymer solution. Morphological changes which appear while shrinking 

are very interesting and such dynamical phenomena of gels will be explained as 

combined effects of thermodynamic instability and nonlinear elasticity. There is no 

proper discrimination about the origin of such bubble formation. A lot of paper 

about phase diagram of gels involved the f1uctuation of gels as an viscoelastic body 

and it is very important for the treatment of volume phase transition of gels as phase 

transltlon. 

5-3. Experimental 

1) Sample Prep訂ation

Sample preparation was same as previous section (Chapter 1). Sheet-like 

PNIP A gels were synthesized between glass plates with a spacer of which thickness 

was about 0.4 mm. Disk-like gels were prepared by cutting the sheet-like gels with a 

cookie cu抗erof which diameter was 36mm. The samplle was put into a 5.0mm 

thickness cell filled with distilled water and the cell was sealed with epoxy resin. 

The critical temperature (T c) was close to 34.1
0

C based on cloud point 

measurement. 

2) Experimental Procedure 

The sample cell was immersed in a thermostated vvater bath at + 0.02
0

C as 

shown in Figure 1. The sample gels are lighted from above by a white light source. 

The whitening and shrinking of the gels were studied as a function of time at 

various destination temperatures T c +ムTwithムT=0.4 oC and 1.0
o
C. Images of the 

gels were intermittently recorded using a single lens ref1ex camera (Canon EOS) . 

Photographs were converted into BMP form files throughout the scanner (Epson 

GT -5500 Wins) at a light intensity resolution of 256 and a spatial resolution of 320 

x 200 dots. 
Programs for graphical analysis and curve fitting ¥vere made by Delphi 5.0 

(Borland) . Various fitting functions can be always estilmated for all data curves 

using nonlinear-least-squares method based on the quasi-:Marquardt algorithm as a 

software pa口 ofPLASMA. Calculations were carried out on a personal computer 

(NEC:LM500J/3 ) 
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Figure 1. Apparatus for visual volume phase transition measurement 

5-3. Results and Discussions 

1) Shrinking and Whitening Processes of PNIP A Gels 

Temporal change of size and whitening of PNIPA gels were evaluated from 

CCD video camera pictures as shown in previous section (Chapter 1). Since PNIP A 

gels are transparent at first， we cannot get images of disk-like gels clearly using a 

video c創nera.So a white plastic disk was used to estimate the initial gel size. On 

increasing scattered light on the gels， the disk-like gels become white and can be 

observed clearly against a black background. In our graphical analysis， the resolution 

of light was from 0 up to 255. Using a clipping procedure， we obtain black and 

white images of the disk由likegels. We introduced typical parameters S (t)ヲ W，(t) 

and W 2 (t) transferred from these images. The訂eaof a disk-like gels S (t) was 

normalized to 1 at the initial value of area obtained using a white plastic disk of size 

the s創neas before shrinking. The integral value of light intensities in gels area is W 

， (t)， normalized to 1 at maximum value. W 2 (t) is whitening per area of gel W I (t) 

/S (t)， normalized to 1 at maximum value. 

Plots of S (t)， W J (t) and W 2 (t) as a function of time atムT=O.4
O
C and 1.0 

OC are shown in Figure 2. S (t)白rstdecreases monotonically and remains constant 

for a while， then decreases and approaches a certain constant value. W， (t) and W 2 

(t)日rstincrease sharply and decrease gradually， reaching 0 at the final stage. The 

time at which S (t) reaches a minimum corresponds to the time at which W 2 (t) is a 

maximum. The time of W 2 (t) is synchronized with that of S (t) for eachムT.
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2) Photographs of Disk-like PNIP A Gels 

Temporal change of disk-like gels in photographs atムT=0.4 oC and 1.0oC are 

shown in Figure 3 and 4， respectively. Le丘-sideimages are whole gels against 

black background. Each right-side image is a magnified part of left-side image. 

Typical shrinking of disk-like PNIPA gels was observed vilsually in previous section 

(Chapter 1). PNIP A gels訂eat first transparent at 20
0

C before shrinking. When 

PNIP A gels are immersed in a water bath above T c， they first shrink monotonically. 

They become bluish white due to intense multiple scattering and gels stop shrinking 

for a while (Figure 3 (a) and 4 (a) ). Bubbles or interconnected network like neuron 

appear in the gels. The edges of the disk-like gels become white. Then the disk-like 

gels shrink abruptly again with deformation as shown in Chapter 4. Shape of gels is 

restored after shrinking and whitening begins to disappear slowly. Gels show white 

and transp訂entspots randomly (Figure 4 (e) ). The white network-like spots slowly 

disappear and finally the gels become completely transparent. 

In case of d. T=O.4OC， a white ring was observed in Figure 4 (c). It is due to 

the buckling of the edge p訂tof disk-like gels. The edge part of disk-like gels tumed 

over and the overlapped part corresponds to the ring part. We name this buckling 

phenomena 'Kinchaku Transition' as shown in Chapter 4， because the shape is similar 

to the japanese original pouch 'Kinchaku'. The buckling didn't clearly appear atム

T=1.0
o
C. In all 0ぽ previousexperiments except for these photographsヲthebuckling 

was suppressed by pu仕ingsample gels between glass plates. Only the network 

pa仕emwill be discussed here. 
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Figure 3. Temporal change of disk-like gels. Whole gels are shown at left-side and 

closed surface of gels are observed at right-side. Times after immersing sample into 

water at s T=O.4OC are (a) 8min (b) 65m泊 (c)96min and (d) 136min (e) 150min . 
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Figure 4. Temporal change of disk国likegels. Whole gels are shown at le丘・sideand 

closed surface of gels are observed at right-side. Time af1ter immersing sample into 

water at ~ T=1.0oC 訂e(a) 4min (b) llmin (c) 19.5min (d) 75min and (e) 150min. 
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3) Dis仕ibutionof Light 1ntensity 

Figure 5 shows distribution of light intensity in a unit area at L1 T=1.0
oC using 

by magnified photographs shown in right-side images of Figure 4. The distribution 

shifts to higher intensity with time. Then it shifts back to lower intensity and finally 

disappears. This is same as previous reported one using by a CCD video camera 

(Chapter 1). 

6000 

A 4min 。 llmin ιa ~ 

4000ト + 15min 
AA 

• 21min ロ
企

勾 ロ 49min 企

v 815min AA 
ロロ

2000 

。
:200 

Light intensity 

Figure 5. Temporal change of distribution of light intensity at s T=1.0
o
C 

4) Graphical Analysis of Photographs 

White network and transparent domains are shown on the surface of gels in 

Figure 3 and 4. 1n order to obtain such structure， a clipping procedure was used in 

usual. However it was impossible to get the network structure image well using by a 

clipping procedure. 1t is due to the 3・dimensionalnetwork structure. That is， the 

network in back is dark and cannot be picked up. Therefore the following 

procedures were used along horizontal and vertical axes: we count 127 if light 

intensity difference between neighboring pixels goes down along the axis， then 

continue counting 127 along the axis tiU the light intensity difference is less than O. 

When the difference is less than 0， we count 0 and continue counting 0 tiU the 

intensity goes up again along the axis. 1f the s山nof b01th values along horizontal 

and vertical axes are 0， 127 or 255， put back black， gray and white dots， respectively. 

Using such a procedure， we obtain black， gray and white irnages of the disk-like gels 
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as shown in Figure 6. They clearly show the convexoconcave of light intensity on 

the surface of gels. 

8 min 

65 min 

96 min 

136 min 

4 min 

n
 
m
 

19.5 min 

75 min 

Figure 6. Temporal change of analytical images of PNIP A gels 

at ~ T=O.4 oC (left-side) and 1.0
o
C (right-side) 
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5) 1 D-FFT Analysis 

Right-side images of Figure 6 were cut into 128x128 dots and l-dimensional 

fast Fourier仕組sformation(FFT) was carried on along 河口icaland horizontal axis 

of each image， respectively. Each power spectrum of horIlzontal and vertical axes is 

the average of 128 spectra. Temporal changes of power s]pec廿aare shown in Figure 

7. X axis is wavenumber and we count 1 when a sine exists in 128 dots. Real 

measure is also shown. Y axis is仕actionof the wave. I¥.t first there is no periodic 

structure on the surface of PN1P A gels. Then a sine appe訂sat around 5 

wevenumber and it corresponds to the size of characteristic network on the second 

stage of shrinking (about 0.86 mm). There is no difference between sizes of vertical 

and horizontal axes and it indicates that the network strucωre is isotropic. The 

following equation was proposed as a自社ingfunction of these power spectra. 

S(f) = AρI • ， ， A 1， I r ， r ¥， + • ， ， A 1， I r r ¥， I + A2 ( 1 ) 
LAJ2+4rr2U+jげ AJ2+ 4rr2(f -fo)2 J 

The first term represents a power spec仕切nof a sine and Markov noise， where fo is 

wavenumber of a sine. Autocorrelation伽 lctionof Markov noise is written by 

exp (-A，t)， where A，-' is s仕engthof correlation of noise. The second term is a power 

spec廿aof white noiseヲ whereA2 is the企actionof white noise. Data were fitted by 

equation (1) well as shown in Figure 8. It indicates that three modes exist on the 

surface of secondary shrinking disk -like PN1P A gels，出atis， a sine， Markov noise and 

white noise. Fitting parameters of equation ( 1 ) are plotted as a function of time 

after pu仕ingthe sample into thermostat water in Figure 9. The wavenumber of 

periodic structure fo decreases and then increases with tirrle. The time at which fo 

reaches a minimum is larger than the time at which the gels size reach a minimum. 

As shown in Figure 2， needed times to shrink at s T= O.4
O

C and 1.0oC 訂eabout 

100 minutes and 25 minutes， respectively. It indicates that size of network becomes 

large when gels shrink， then size of network becomes srnall. The largest network 

size at s T=O.4
O

C is larger than that at s T=l.OoC. It coinsides with the fact that 

small domains訂eformed when the quench depth is large in phase separation process 

in general. 

White noise fu is almost constant， while correlation s仕engthof Markov noise 

A，-' increases and decreases with time. 1n addition， temporal change of A，-' is very 

similar to normalized whitening of gels W， (t) as shown in Figure 10. It indicates 

that W， (t) corresponds to the correlation strength of Markov noise on the surface of 

gels and W， (t) is obtained without considering the network. 1n general the 

mechanism of phase transition phenomena has been discussed by phase diagram. 

According to the discussion of phase transition， spinodal decomposition and 

nucleation and nuclear formation progress at large and s:mallムT，respectively. 

There has been discussed the possibility that such mechanism to volume phase 

transition. However there is turbidity like Markov noise appe紅 anddisappear while 

PN1P A gels shrink in spite of the formation of network. It can be considered that 

such Markov noise corresponds to the appearance of scattered light in spinodal 
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decomposition. 

5-4. Conclusion 

(1) N ew graphical analysis is proposed and network stnlcture when gels shrink is 

evaluated. 

(2) Power spectra on the surface of gels has three modes， a sine， Markov noise and 

white noise. Temporal change of correlation strength of Markov noise coηesponds to 

normalized whitening amount of gels W 1 (t) as discussed in previous section. 
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Figure 7. Temporal change of power spectra. 
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Abstract 

We describe a new type of low-cost easy-to-use viscometer based on the 

temperature elevation in a liquid under shear flow. After calibration，出is
instrument can be used to measure the apparent steady state viscosity for 

both Newtonian and non-Newtonian liquids with no yield stress. We 

compute the rise in temperature due to viscous dissipation in a Couette cell 

釦dcomp紅 eit to experimental results for di百erentfluids. We show that白e

variation of the temperature with shear rate can be used to characterize the 

rheological behaviour of viscous fluids and to evaluate their viscosity in a 

large domain， from typically a few cP up to more than 10 P， with an 

accuracy of about土5%.ln contrast to simple viscometers， non-Newtonian 
ftuids can be studied with出isapp訂atus.We give experimen凶 resultsfor 

Newtonian and non-Newtonian liquids and show that they訂every similar to 

those given in the 1iterature by using much more sophisticated instruments. 

Keywords: fluid viscosity， Couette cell， viscous dissipation， viscometer， 

shear flow， rheology， fluid characterization 

1. Introduction 

lt is well known that simple viscometers like capillary tubes or 

falling-ball instruments give precise values of the viscosity of 

liquids， but in a quite restricted range for a given instrument. 

Furthermore they are unable to give information on non-

Newto凶anfluids. Indeed non-Newtonian regimes are usually 

connected to structural changes of白e自国dmicrostructure 

under flow. The transient time to reach steady state under 

tress can be long， from a few minutes up to hours. Therefore 

capillary or falling-ball viscometers are unsuitable to study 

non-Newtonian 自国dssince the steady state under stress 

can never be obtained with these types of instrument. To 

gain information on non-Newtonian fluids， expensive rotating 

rheometers have to be used. In也ispaper we first evaluatβ 

the thermal elevation (in a stationary state) due to viscous 

dissipation of a liquid in a Couette cell. Even at moderate shear 

m句S，we show that this temperatu児 elevationcan be si伊ificant

1 On leave from Tokyo University of Agriculture and Technology， 3-5-8， 
aiwai-cho， Fuchu-shi， Tokyo 183・8509，Japan 
2 To whom co汀espondenceshould be addressed. 

and therefore quite easy to measure with a standard laboratory 

instrument. On this basis， we describe an easy-to-use low-cost 

instrumental set-up (about 1115 of the cost of a commercial 

rheometer) which allows us to characterize the rheological 

behaviour of Newtonian or non-Newtonian fluids. Using 

出isset-up we give experimental results both for Newtonian 

(water-glycerol solutions， micro-emulsion systems) and for 

non-Newtonian liquids like quatemary solutions made ofbrine， 

surfactant， dodecane and pentano1. After calibration， the value 

of the temperature， shear and time-dependent viscosity can be 

measured with an accuracy of about土5%in a large domain， 

from few cP up to more than 10 P， for shear rates varying 

continuously from 0 up to 1000 c 1. 

2. Experimental :set-up 

We used a home made set-up depicted in figure 1. It consists of 

a Couette cell made of two concentric cylinders of respective 

radii Ro = 25 mm and Rl = 26 mm， and of heights H = 
60 mm. The inner cylinder is fixed while the outer one rota胞S
at a given angular velocity，ω， by using a variable rotating 

0957-0233/01/01000 1 +05$30.00 (Q 200 1 IOP Publishing Ltd Printed in the UK 
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Figure 1. Schematic diagram of the set-up. 

speed motor GR21 M合omMATIKE. The fluid filled白egap 

of width e = Rl -Ro = 1 mm between the two cy1inders. 

For N ewtonian fl凶ds，at not too high組 gu1紅velocities，and 

because the gap is narrow， the Couette geometry yields a simple 

laminar flow with a shear rate y uniform across the gap and 
given by Y = Rlω/e. The shear rate， which is imposed by the 
selected rotating speed ofthe motor， can be varied continuously 

from 0 u p to 1000 s -1 • For non-N ewtonian fl山dsthe flow may 

be more complex; however we keep出es出nenotation y for 
Rlω/ e， this quantity representing the mean shear rate within 

the cell. The rotor， which is made of ertacetal as出estator， is 

a cyJindrical tube whose outer radius is R2 = 30 mm. Note 
that ertacetaJ is both a good electrical insulator and has a Jow 

thermaJ conductivity. As we shall see below， its Iow value 

of the thermaI conductivity enhances the temperature gradient 

inside of the cell and makes temperature measurements easier. 

The Couette cell (stator + rotor) is placed inside a 
thermostatted housing consisting of two concentric cylindrical 

tubes of thickness d = 20 mm. The inner radius of the 

inner cyIinder is R3 = 30 mm and the gap between R2 and 

R3 is filled with air. 百leinner tube is made of brass to 

ensure a good conduction of heat with the Couette cell while 

the outer one is made of ertacetal. The gap between these 

two回besis filled with circu1ating wa回r合oma wa旬rbath 
whose temperature is controlled within an accuracy ofO.01 oc. 
Another enclosure， connected to the same water bath， is placed 

on the top of the Couette cell to insulate it from outside. A 

platinum resistor (Pt 100)， connected to a Wheatstone bridge， 

measures the temperature inside the stator with an accuracy of 

0.020C. lts distance to出efluid is 1 mm. When the sys胞m

is at rest， the temperatures of the stator and of the water bath 

are the same to within experimentaI e打ors.When the rotor 

is rotating， due to出eenergy dissipation inside of the viscous 

fiuid， a temperaωre gradient is observed between the bath and 

the stator. This temperature gradient can be up to 10 oC for 

glyceroI at a shear rate of 1000 c 1 and is therefore veηeasy 

to measure with standard equipment. As we shall see below， a 

imple model allows us to connect this temperature gradient to 

the viscous properties of the sample， both for Newtonian and 

non-Newtonian liquids. 

2 

3. Model 

The temperature profile within the Couette cell is fust 
calculated by solving Fourier's equations in cylindricaJ 

coordinates， when a stationary state is obtained (8T /8t = 0). 
We consider an elementary volume sandwiched between two 

concentric cylinders whose radii are respectively r and r + dr 

and draw up the corresponding energetic balance accounting 

for the energy due to viscous height dissipation inside of the 

fluid. To simpli勾r，we assume出atthe cy linders have an 
infinite height. By symme位y，出etempera佃reprofile T (r) 

only depends on the radial distance r to the axis. 
In也efluid (Roζrζ R 1)， T (r) is given by the equation 
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where入fand 1J are respectiveJy the thermal conductivity and 

血eviscosity of出efluid.百leterm on the right-hand side of 

(l) represents the creation of energy per unit volume due to 

viscous dissipation. The general soIution of this differential 

equatlOn IS 

2 1Jジ2
T(r) =一一一一+C1 ln(r) + C2 (2) 

4 入f

where C 1 and C2 are constants. 

Outside the fluid (i.e. for r ~ Ro， Rl ~ rζ R2 and 
R2ζrζ R3)， the temperature is given by 
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where入irepresents the thermaI conductivity of the materiaIs 

air and ertacetal. 

The generaI soIution of equation (3) is 

T(r) = C3 In(r) + C4 (4) 

where C3 and C4 arc! constants. 
The temperature pro血ewithin the cell can出enbe fully 

determined by using the boundary condition T(R3) = Tth， 
where 九 is也efixled temperature of the thermostat and the 
continuity of the旬mperatureand heat flux across出edi百erent
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Figure 2. Log-log plot of the temperature increase versus the shear 
(6) rate. Full circles: pure glycerol; empty circles: wateトglycerol
solution at 90% of glycerol; triangles: water-glycerol solution at 
70% of glycerol. The dashed lines are power laws with a slope of 2. 
The inset shows the viiscosity of pure glycerol as a function of 
temperature. Full circles: experimental results， solid line: data from 
literature. 

regions. The temperature di仔"erencebetween the isothermal 

s回tor(C3 has to be zero for the stator to avoid a singularity at 

r = 0) and thermostat is 

1J Y 
2 r RO 1 _ _ (， • e ¥ 

T(s凶tor)一九=一一{ー logい+~ ) + e(Rl + Ro) 
2 l入f '-' ¥ Ro} 

x [走吋会)+ヰ吋2)-会]} 
戸旬、

Since山 gapbe附 en白山torand山 rotoris small 手
compared to their respective radii (e = Rl -Ro << Ro)， a first- <l 
order expansion in ej Ro shows that the thermal conductivity 

of血efiuid does not come into play in formula (5). In a 
reasonable temperature range， the thermal conductivities of 

the air and the ertacetal can be assumed to be constant. So 

the temperature di汀'erence!:l T between the stator and the 

therrnostat
一一
orbetween the rotating stator and the stator at 

rest-tums out to be the product of three teロns:the viscosity 

11 of出efiuid，出esquare of the applied shear rate，ジ
2，and an 

instrumental constant， C， which can be deduced by calibration， 
using Newtonian fluids of known吋scosity:

!:lT = Ts凶附(ジ)-TS!a町 (0)勾 C1Jy2

where the instrument constant C is given by 
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Note that the low thermal conductivity of ertacetal enhances the 

temperature gradient inside the cell by increasing the constant 

C and therefore makes temperature di百erencemeasurements 

easier. On the other hand， it takes a few tens of minutes to reach 

a stationary temperature of the stator. 1t has to be emphasized 

血atformula (6) still holds even江由efluid is non-Newtonian 

i.e. if the apparent viscosity (η=σ/す)depends on the shear 

rate (σis出estress)組 dprovided也efluid does not possess 

a yield s汀ess.For Newtonian liquids a plot of !:lT versusジ
2

should be a straight line， whose slope'gives the viscosity. On 

the other hand， deviations of !:l T from a linear dependence 

on〆shouldbe observed for non-Newtonian liquids. 1n this 
case， at a given the shear rate， we can infer the value of the 
shear-dependent viscosity from the slope of !:l T versus y2. 

4. Experimental results 

4.1. Newtonian liquids 

As we said above， in the absence of shear flow， the temperature 
of出estator is equal to the temperature of the thermostat (the 

thermal conductivity of brass is so high that the temperature 

gradient within the brass tube is negligible). However， when 
出efiuid is sheared， the tempera佃reof出estator increases due 
to viscous dissipation and is modelled by equation (6). 1n order 

to compare the model with experimental results， we measure 

血etemperature of the stator first at rest and then after se凶ng

the shear flow and reaching the steady sta旬.

Figures 2 and 3 show the variation of the stationary 

increase of temperature o T as a function of shear rate observed 
with Newtonian liquids， namely binary mixtures of glycerol 

and water at di仔'erentwater content and micro-emulsion 

ystems. The viscosities are quite low for micro-emulsion 

(5) 
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Figure 3. Log-log plot of the temperature increase as a function of 
the shear rate for a ternary micro-emulsion， water， AOT， decane at a 
molar ratio of 40.8 and a volume fraction 40%. The dashed line is a 
power law with a slope of 2. 

systems and for water-glycerol solutions at high water content. 

1n this case， the temperature increase O T is not too high (at 

most a few K) and it increases linearly with the second power 

of the applied shear rate (straight 1ines of slope 2 in a log-log 

diagram) as expected from the simple theoretical mode1. Since 

the behaviour of the temperature increase with shear rate is in 

agreement with our simple model， we can easily deduce the 

shear viscosity of these liquids after calibration. 1n order to do 

so， we have first measured the臼mperaturerise for liquids of 

known viscosity such as long chain alcohols and nitrobenzene 

and then fitted these data with equation (6). 

For pure glycerol and low water content water-glycerol 

solutions， O T is large， up to 10 K at a shear rate of 1000 s一
1

For these solutions， two regimes are observed (see figure 2 

3 
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for pure glycerol): 出e伽stone， observed at low shear 101 

rates， coπesponds to a weak temperature increase and is 

characterized by a straight line of slope 2 in the log-log plot. 

For higher shear rates， when the temperature increase is high， 

a second regime takes place， leading to a curvature of the plot. 

A similar but less pronounced curvature of the plot can be 

observed for the micro-emulsion in the same domain of d. T 

(figure 3). This last effect is due to血estrong旬mperature
variation of the viscosity with temperature even in a reduced 

temperature range (tables give a variation of a factor of two 

of the viscosity of glycerol in a range of temperature of 10 K 

around room temperature). To model this e仔ectwe assume 

that the viscosity fol1ows an Arrhenius law， which is a typical 

variation for most liquids: 

u 
11=りoexp一一

RT 

where η0， U and R are respectively出ein自由民 temperature
viscosity， the activation energy/mol and the molar Boltzmann 

constant. To account for this effect， Fourier's equation has to 

be solved again. This cannot be achieved analytically and a 

numerical solution would be obtained. In our case， however， 

since the accuracy of our simple instrument is only a few per 

cent， a first approximation is toぉsume出at出eviscosity is 
temperature independent in Fourier's equation and to introduce 

出etemperature-dependent viscosity in the final result. This 
approximation leads to 

d. T = Tstalor (ジ)-Ts凶 or(O)勾 Crloexp U72.(9) 
RTstalor(ジ)

h出einset of figure 2， we have plotted the吋scosityof glycerol 
as a function of the inverse of temperature. The dots are our 

experimenta1 results obtained by fitting our data to equation (9) 
whereas the straight line coπesponds to data obtained from the 

literature. A good agreement between these data is found. 

From the plot of d. T versus y2 and after calibration， we 
can easily measure the viscosity of liquids in the range from a 

few cP up to more than 10 P， and its temperature dependence. 

百leaccuracy is of the order of土5%for the viscosity of 

Newtonian fluids and of the order of土10%for the activation 

energy for highly viscous liquids. 

4.2. Non-Newtonian liquids 

As we said above， simple viscometers (such as capillary 

tubes or as fal1ing spheres) are not suitable to deduce the 

rheological prope口iesof non-Newtonian liquids. In what 

follows we show that our instrument can provide also valuable 

information for血istype of fluid when a stationary statβof 

temperature is reached inside the cel1 (8T /8t = 0). We 
have performed the same type of experiment with a lyotropic 

lamellar phase exhibiting a non-Newtonian behaviour [3]. We 

have studied a lamellar phase made of sodium dodecyl sulphate 

(SDS)， pen凶nol，dodecane and wa也rwith a SDS/water mass 

ratio of 1.55. The phase diagram of出issystem has been 

extensively studied by Roux and Bel10cq [2]. We have 
prepared a solution composed in weight percentage of 15.1 % 

SDS， 23.35% (water)， 14.55% pentanol and 47% dodecane. 

This lamellar phase c組 beseen as∞nstituted of water film 
urrounded by surfactant molecules and separated by a solvent 
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Figure 4. Log-log plot of the temperature increase versus the shear 
rate for a non-Newtonian suid. The dots are experirnen凶 results
wbereas the dasbed lil1e is the best fit to a power law with slope 1.2. 
The inset shows experimental data obtained with a SR5 rheometer 
仕omRheome汀icsfor the same system. The白11lineis the best fit to 
the data with a power law of slope -0.75. 

which is a mixture of 91 % weight fraction of dodecane and 

9% pentanol. We have introduced this phase into the Couette 

cell and have sheared it. The rheological behaviour of thi 

sys飽mhas already been investigatβd [3]. Under shear flow， 

this system exhibits a non-Newtonian behaviour as a resu1t 

of strong couplings between its microstructure and the flow 

field. These couplings lead to出eformation of an assembly of 

multilamellar vesicules， known in the literature as the ‘onion 

texture' [4]. Figure 4 shows the variation of the stationary 

increase of temperature as a function of shear rate measured 

with this solution. In a log-log diagram we obtain here also 

a straight line， indic:ating a power law. However， in contrast 
to Newtonian rnixtu:res of water and glycerol， for instance， the 
slope is lower， about 1.2土0.1instead of 2. This value shows 

that the solution is shear thinning， and leads to a scaling of 

出eviscosity with shear ra旬 asy-O.8. To check this sca1ing， 
we have measured the rheological properties of the same 

sample with a sophisticated s汀esscontrol rheometer， RS5， 

from Rheometrics. The scaling law we obtained is depicted 

in the inset of figurle 4. The slope we infer仕omthe double 

log plot is -0.7土0.05，in agreement with literature data [4]. 

These data clearly show the consistency of the experiments 

made with our simple apparatus. 

5. Conclusion 

We have investigated the e俄 ctof thermal heating due to the 

viscous energy dissipation obtained when shearing fluids in a 

Couette cel1. When the steady state is reached the increase 

of temperature is significant and its variation with shear rate 

can be used to gain valuable information about the rheological 

behaviourofthe fluid. For Newtonian liquids， aftercalibration， 

this allows the determination of the viscosity in a large range， 

from few cP up to more than 10 P with a quite good accuracy， 



typically士5%，and the deterrnination of the activation energy 

with an accuracy of the order of土10%.This technique can also 

beused to sωdy non-Newtonian白山dsin the range 0-10∞s-J 
For the non-Newtonian quatemary rruxture we have studied， 

it provides good scaling of the viscosity with the shear rate. 

引lecost of this set-up is less than 10% of the cost of a more 

sophisticated commercial viscometer. Besides there is no need 

ωproceed to出edifficult measurement of a torque although it 

works at imposed shear rate. Therefore this device can be 

considered as an easy-to-use low-cost viscometer specially 

designed to study the rheological behaviour of viscous complex 

suids. 

Low cost viscometer 
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