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Water and chain dynamics in polymer network structure 
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We performed dielectric spectroscopy and differential scanning calorimetry measurements for 
hydroxypropylmethylcellulose (HPMC)/1,4-dioxane solutions and gels in order to investigate dynamical structures 
of polymer and solvent molecules. A relaxation process was observed for HPMC/1 ,4-dioxane sol and gel around 
lOOMHz at 298K. The behavior of this process shifting to the lower frequency region with decreasing 
temperature below the freezing point was similar to those reported so far for the polymer chain motions. We also 
observed a relaxation process due to unfreezable remnant water. 
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1. INIRODUCTION 

Hydroxypropylmethylcellulose (HPMC) is one of the 
complex carbohydrate derivatives, which is water soluble 
and shows a heat reversible sol-gel transition and phase 
separation [1-4]. Furthermore, HPMC is extensively used 
as an emulsion stabilizer, a water-holding stabilizer and a 
protective colloid stabilizer [4]. 

Recently, irradiation of electron beam to a variety of 
polymers to yield a hydrogel has been extensively studied in 
radiation chemistry field This method yields an 
additive-free hydrogel, which cannot be obtained from 
usual polymerization with cross-linkers and/or polymer 
additives. 

A difficulty in dielectric measurements on complex 
carbohydrates containing water is generally brought from 
large direct current contributions of ions impurity. Since 
HPMC has less ions than other complex carbohydrates, we 
can perform dielectric measurements more easily than other 

aqueous solutions. 
We have studied dynamics of polymer and water in 

various synthetic and biopolymer solutions by dielectric 
relaxation measurements [5]. Dynamics of water and 
polymer observed in gelation process of HPMC aqueous 
solution by irradiation of electron beam were recently 
reported [6]. However, the behavior of the chain motions 
has not been clarified yet in the aqueous solution, because 
the relaxation process is masked by large contributions of de 
conductivity, ion, and water. 
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In the present work, we studied polymer chain dynamics 

in the temperature range from 243K to 298K, using HPMC 
in non-polar solvent, 1,4-dioxane. Additionally, we 
studied the effect of remnant water dynamics on the 
dielectric property ofHPMC/1,4-dioxane sol. 

2. EXPERIMENTAL 

HPMC (the weight-averaged molecular weight, 

Nfw=104,000, and the nominal degree of substitution of 
methoxyl group (DS) and the molecular substitution of 
hydroxypropoxyl groups (MS) per anhydroglucose unit are 
1.9 and 0.25, respectively) used in the present work was 
Metlose 60SH-50 provided from Shinetsu Chemical Co. 
Metlose was used as HPMC sample without further 
purification. Distilled and deionized water was added to 
HPMC to adjust the concentration of a hydrosol, and 
HPMC gel was made by irradiation of electron beam to the 
hydrosol at 150kGy. Aerogel was made by lyophilization 

of the gel for two days, and was swollen in pure 1 ,4-dioxane 
during one week. We also prepared HPMC/1,4-dioxane 
solution from HPMC powder and 1,4-dioxane for a 
comparison with HPMC/1,4-dioxane gel. 

Dielectric measurements of HPMC gel and sol in a 
frequency range from 40Hz to 11 OMHz were performed by 
Precision Impedance Analyzer (lA; Agilent technologies 
4294A), Impedance Material Analyzer (IMA; HEWLET 
PACKARD 4291A), and Time Domain Refrectometry 
(TDR) method (HEWLET PACKARD 54124T)[7]. 
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Electrodes employed for lA, !MA and TDR measurements 

are parallel plate type with the plate distance of 0.5mm for 

lA and IMA, and coaxial cell type with the electric length of 
2.0mm for TDR. 

0 
0 

Melting point and the transition enthalpy were obtained for E' 

HPMC/1,4-dioxane gel and sol by Differential Scanning 

Calorimetry (DSC) (Perkin Elmer DSC-7) measurements in 

the temperature range from 203K to 298K. 

3. RESULTS AND DISCUSSION 

Typical results of dielectric dispersion and absorption 

observed by lA for 20wt%HPMC/1,4-dioxane gel in 

heating process from 243K to 298K were shown in Fig.!. 
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HPMC and 1,4-dioxane are hygroscopic materials. Then 0.1 

s' 

we examined the existence of remnant water by observing a 

relaxation process in giga hertz region. Figure 2 shows 

dielectric dispersion and absorption observed for 20wt% 

HPMC/1,4-dioxane sol at 298K by TDR (from 300MHz to 
1.5GHz), !MA (from lOMHz to SOMHz) and lA (from 
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Fig. I. Dielectric dispersion and absorption cll!Ves for 20wt"lo 

HPM01,4-dioxane gel irradiated at 150kGy in the heating process 

from 243K to298K. 

40Hz to SOMHz). A relaxation process due to water was 
usually observed in giga hertz frequency region. The 

lower frequency tail of the high frequency relaxation 
process around 1 GHz was found as shown in Fig. 2. 
Therefore, we introduce the relaxation process of water 

around 10 GHz for the following fitting procedures. As 

shown in Fig. 3, the relaxation processes at I 0 GHz is called 
h processes. In the frequency range of !02-IO~z, the 

other three relaxation processes were found and named m, 11 
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Fig. 2. Dielectric dispersion and absorption Cll!Ves for 

20wt% HPM01,4-dioxane sol measured by !MA, lA and 

1DRat298K. 

(a) 

h process 

., ... , 

" ./ ' /. !1 process ',, ,, .... 

2 4 
log f[Hz] 

(b) 

4 6 
log f[Hz] 

10 

8 

8 

Fig. 3. Dielectric absorption at 298K(a) and 243K(b) for 20wt"lo 

HPMC/1.4-dioxane gel. Lines were calculated from equation (I). 
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and 12 processes. Takemasa et al. reported that these 
relaxation mechanisms are related to dynamical behaviors 

of ions and bonding water [8]. Our interpretations about 
these processes are described below. 

The dielectric dispersion and absorption curves were 
fitted by eq. (1 ), which is the summation of relaxation 
processes expressed by the three Cole-Cole equations, 
KWW equation and the direct current conductivity as 

e'(ro)= (&.- j& .. ) 

= &"' + t&h y + Ll&m r[- d<I>(t)]exp(- jrot)dt 
1 + )QJT h dt 

Ll&, Ll&,, (J" 
+ I + . +--

1 + {jror,} 1 + (jror,} jro& 0 ' 

[ ( )p""''] c1J (t) = exp - r ~ , 
(1) 

where .d& is the relaxation strength, r is the relaxation time, 
ro is the angular frequency, j is the imaginary unit, &0 is the 

permittivity of vacuum, &00 is the permittivity at limiting 
high frequency, fJ is the Cole-Cole's shape parameter to 

describe the symmetrical broadness, O" is the de 
conductivity, and h, m, 11 and 12 indicate relaxation processes 
in the order from the higher frequency side. Examples of 
fitting results were shown in Fig. 3. Five relaxation 
processes were fitted well at 298 K (Fig. 3 (a)), while at 243 
K, which is below freezing temperature, 3 relaxation 
processes were found. 

The obtained parameters were shown as the plot of the 

relaxation time, rh and 1;,, , against the reciprocal of the 
absolute temperature for 20wt% HPMC/1,4-dioxane gel 
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Fig.4 Arrehnius plot for the h-relaxation and m-relaxation processes. 

!§ 20wt%HPMC/1.4-Dioxane gel ~ 20wt%HPMC/1.4-Dioxane sol 

30wt%PVME aqueous solution @ 10wt%HPMC/water gel 

(> 20wt%PVAc-Benzene 0 !Owt%HPMC/watergel(cooling) 

and 20wt"/o HPMC/1,4-dioxane sol in Fig. 4. For 
comparison, the parameters of IOwt% HPMC aqueous gel 

irradiated at 1 OkGy [9], 30wt%PVME aqueous solution 
[10], and PVAc/Benzene mixture [11] were also shown. 
10wt% HPMC aqueous gel froze at around 273K. 20wt"/o 
HPMC/1,4-dioxane gel and sol indicate abrupt changes in 
the relaxation time because of melting between 278K and 
283K. froze between 278K and 283K. Two dotted 
lines in Fig. 4. show this temperature region of melting 
temperature, Tme1t> between 278K and 283K for 20wt"/o 

HPMC/1,4-dioxane obtained from the dielectric 
measurements. In the case of20wt% HPMC/1,4-dioxane 

gel and sol 11 was also shown as process. DSC 
measurements suggested that the freezing point for 20wt% 
HPMC/1,4-dioxane gel was 278K. The freezing point of 
pure 1,4-dioxane is 285K, and a depression of freezing point 
was observed for the gel. Freezing temperature for 
20wt% HPMC/1,4-dioxane gel obtained from dielectric 
measurements is corresponding to the value obtained from 

DSC measurements. The relaxation time of the h-process 
for 20wt% HPMC/1,4-dioxane gel agrees with that for 
1 Owt% HPMC aqueous gel. 

From the DSC measurements for 1,4-dioxane and 
20wt% HPMC/1,4-dioxane gel, the amount of unfreezable 
solvent was calculated from the transition enthalpy. As the 
results, 9% of solvent molecules in the HPMC/1,4-dioxane 
gel are unfrozen at the freezing point of 278K. It is 
reported for 10wt"/o HPMC aqueous gel that the h-process 
relates to the unfreezable water in the frozen matrix [9]. 
Therefore it is reasonable to consider that the 20wt% 

HPMC/1,4-dioxane gel and sol also contain a small amount 
of remnant water, and h-process observed for 

20wt"/oHPMC/1,4-dioxane gel should be also due to the 
unfreezable water. 

Polymer chain motion in non-polar solvent around the 
freezing temperature was examined for PVAc/Benzene 
mixture [11]. A large temperature dependence of the 
relaxation time was reported below the freezing temperature. 
The similar behavior is also observed for 20wt% 
HPMC/1,4-dioxane gel. Then the m-process observed 
around 1OkHz is considered to reflect the chain motion. 
Figure 4 also shows a similar behavior of solution ofPVME 
[10]. Comparing these behaviors for PVAc/Benzene and 
PVME aqueous solution, the m-process obtained in this 
study is in similar frequency region. However m-process 
for the present HPMC/1,4-dioxane sol and gel were 
observed at slightly lower frequencies. This difference is 
considered that the polymer chain of HPMC is more rigid 
than other polymers [12]. HPMC molecules require a 
large excluded volume. Therefore, the chain motion of 
HPMC is restricted comparing with the other polymers 
especially below the freezing point. This leads to a large 
relaxation time. The similar tendency was also observed 
for PVP chain motions in PVP/PEG mixture [11]; that is, 
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the steric hindrance for PVP chain motion is quite large in 
the polymer mixture. 

The polymer chain motion is affected by hydration of 
HPMC and interacting ions. Relaxation parameters for 
chain motions usually depend on their circumstances. 
Then it is considered that the relaxation time of the 

m-process is associated with interacting polymer chain 

motions, but the relaxation strength is easily affected by 

remnant water and ions. For more detailed discussion about 

polymer chain motions, we need to prepare dehydrated 

samples in order to eliminate the contributions of water and 
ions. 

4. CONCLUSION 

We observed two relaxation processes around 1 OGHz 
(h-process) and 100MHz (m-process) at high frequency 

region and the other two relaxation processes, 11 and 12 were 

found below lMHz. Comparing with the relaxation time 
reported for other polymer solutions, the present h-process 

and m-process are considered to reflect water and polymer 
chain motions, respectively. 
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