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Synopsis 

The temperature dependence of the swelling and the creep compliance has been investigated for 
swollen isotropic cellulose hydrogels. The measurements were performed in a high precision type 
of dilatometer between 5 and 65OC. The thermal expansion of the gels in silicone oil (closed system) 
and the temperature dependence of the equilibrium swelling in water (open system) were studied. 
The influence of compressive stress in these experiments was also evaluated. The swelling level 
in equilibrium with water diminishes slightly with increasing temperature due to migration of water 
from the gel phase to the surrounding water phase. A secondary transition was found at  35OC where 
the temperature dependence of the swe!ling level is changed. When measured at  constant gel 
composition the creep compliance of a highly swollen gel decreases with increasing temperature. 
The decrease is not, however, large enough for entropy elasticity to dominate over energetic elasticity. 
The energetic contribution fu/f was determined to be 0.61 for a gel swollen to 3.9 g water/g dry gel 
(g/g) and 1.24 for a gel swollen to 1.05 g/g. The swelling and compliance data have also been analyzed 
in terms of a model where the gels are assumed to behave as a filler-reinforced rubbery network. The 
amorphous parts of the hydrogels are thus assumed to be described by the statistical theory for 
polymeric networks. In proton magnetic resonance studies of a gel swollen to 4.4 g/g the spin-lattice 
relaxation time 7'1 was determined to be considerably longer than the spin-spin relaxation time 2'2. 

7'2 has a maximum at  30°C. This maximum marks the onset (on the NMR time scale) of an exchange 
process between two types of proton species. These species are suggested to be specific hydration 
water and free gel water, respectively. 

INTRODUCTION 

In a previous communication,lb the applicability to cellulose hydrogels of the 
statistical theory for swollen rubbery networks was discussed. Support for such 
an approach was found in the magnitude of the creep compliance, in the observed 
relation between stress and strain, and finally in the relationship between the 
creep compliance and the degree of swelling. 

A model for the swollen gels was suggested in which crystallites and microvoids 
are distributed in an amorphous gel matrix. The properties of the matrix were 
assumed to be described by the theory for swollen polymeric g e h 2  The role of 
the crystalline regions in such a model will be to act both as filler particles and 
as crosslinks. 

The main object of the work described in this paper has been to investigate 
the thermoelastic relation between creep compliance and temperature. A high 
precision dilatometer was constructed in which the temperature dependence 
of both the degree of swelling and the creep compliance could be studied. 

A secondary transition in the temperature dependence of the swelling degree 
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is also discussed. Several other authors= have discussed a secondary transition 
in cellulose occurring at room temperature. The transition is generally thought 
to be associated with the cellulose-water in te ra~t ion .~ .~  To investigate this in- 
teraction further, proton relaxation times were measured by NMR spectroscopy 
over the same temperature interval as investigated in the dilatometer experi- 
ments (5-65OC). 

EXPERIMENTAL 

Dilatometry 

The dilatometer used in this investigation is shown in Figure 1. The principle 
is to use a rod to follow the dimensional change in one direction of the gel under 
study. The rod and a linear variable differential transformer (LVDT Model 100 
DCD; Schaewitz Engineering, Camden, N.J.) were thermostated at 24.7OC, while 
the temperature in the solution surrounding the gel could be varied stepwise both 
upward and downward. The thermocouple voltage and the signal output from 
the LVDT were followed continuously on a recorder. The load of the rod (21 
g; length 40 cm) was evenly distributed by a glass plate over the gel surface, which 
ensured good contact between the glass plateand the gel. The load could be 
increased by applying weights to the rod. The maximum load used was 220 
g. 

Fig. 1. The dilatometer shown here was made from Pyrex glass, except from the LVDT-holder 
(B), which was made from a nickel alloy of low thermal expansivity ( A  thermostated water, C: 
thermocouple, D: gel, and E: glass rod). 
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The error in the LVDT-output signal due to temperature effects on the dila- 
tometer setup was found to be very small, max f0.3 pm over the temperature 
interval 565°C. This value was determined by running the apparatus without 
any sample. The coefficient of linear thermal expansion, a, for a cylindrical piece 
(10 mm in length) of brass containing 65.2% Cu and 33.3% Zn was determined 
to be 1.84 X loe5 K-l, which can be compared with the literature value of 1.77 
X 

The gels were surrounded either by the swelling medium (open system) or by 
an inert, high viscosity, silicone oil (Dow Corning 200 Fluid; Dow Corning Ltd., 
Glamorgan, UK) (closed system). The length-temperature data were found 
to be linear and will be given as coefficients of linear thermal expansion (for both 
the open and the closed system) defined by a = U/(LAT) ,  where L denotes the 
gel length and T the temperature. a was generally determined as the average 
of results obtained for both increasing and decreasing temperature changes. The 
standard deviation of the mean values a was determined to be &lo%. The 
standard deviation for the mean transition temperature T k  (see "Results") was 
f4"C. 

The experiments performed in silicone oil were disturbed by a slow loss of 
water from the gels at  higher temperatures (>45"C). This effect was observable 
as a baseline drift, which was linear in time. In this case, a values were calcu- 
lated as averages of the results from increasing temperature changes exclusively 
and, through the use of baseline extrapolations, corrections were made for the 
small loss of water. 

The same batches of cellulose hydrogels were used as described earlier.la The 
same notation is also used for the gels, i.e., a figure denoting the amount of epi- 
chlorohydrin added in the preparation and a letter denoting the preparation 
batch. The degree of swelling is given as g water/g dry gel (g/g). 

The swelling level of the gels was varied by partial drying of the gels followed 
by reswelling in water.la The length of the gels was typically 10 mm and the 
diameter varied with the degree of swelling, being 10 mm at the highest swelling 
levels. Initial length and diameter was measured with a sliding caliper and the 
degree of swelling was determined by weighing the gels before and after oven 
drying (105°C). To remove skin, the surfaces of the gels were polished with a 
fine abrasive. 

The gels were heat treated under load at 80°C in the dilatometer for 4 h before 
the experiments were started. This heat treatment reduced the irreversible 
temperature effects described previouslyla and the mechanical creep during the 
measurements so that, for the open system, only reversible length changes were 
recorded in the temperature interval 5-65°C. The time between each temper- 
ature step was adjusted to allow for the development of a stable baseline, i.e., 
the length data were apparently determined at equilibrium. 

K-l at  35°C for brass containing 67% Cu and 33% Zn.8 

NMR 

Proton spin-lattice relaxation times, TI, and spin-spin relaxation times, Ta, 
were measured in a Bruker pulsed spectrometer CXP-100 at  90 MHz. One 
measurement was performed at  200 MHz using another Bruker spectrometer, 
WP-200. T1 was determined by the inversion recovery methodg (180"-~-90") 
and Tz by the Meiboom-Gilllo modification of the Carr-Purcellll pulse sequence, 
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which reduces the possible disturbances from sample heterogeneity and diffusion. 
The separation between the 180' pulses was 200 ps. The relaxation plots were 
single exponentials and no sign of two-phase behavior could be detected. T I  
and T2 were evaluated by nonlinear least-square fits of observed intensities to 
the integrated Bloch equations. From these fits, the standard deviations of the 
mean relaxation times were estimated to be f 6 %  in T1 and f 2 %  in T2. 

The temperature was varied by a flow of thermostated dry air. A thermo- 
couple near the sample was used for temperature control. The temperature 
difference between sample and thermocouple was compensated for by a cali- 
bration series. To investigate water loss or other hysteresis effects, the tem- 
perature was varied both upward and downward. 

A heat treated gel of type 0-B (pure regenerated cellulose) swollen to 4.4 g/g 
(determined after the experiment) was studied. The gel was first equilibrated 
in distilled and deionized water with a specific conductivity less than 2 X 
52-l m-l. Oxygen was removed from the water using nitrogen gas. The gel was 
then transferred into a probe tube containing deuterated cyclohexane (>99% 
D, Ciba-Geigy), which reduced the loss of water during the experiment to 
<lo%. 

RESULTS 

Dilatometry 

Results from dilatometry for gels 2-B are given in Table I. Data from both 
open and closed system runs are included as well as from studies of the stress 
dependence of the coefficients of linear thermal expansion, a. a is positive if 
the composition of the gel phase is kept constant while the temperature is 
changed. On the other hand, in swelling equilibrium with an excess of water, 
a is negative. This difference is shown in Figure 2, which also shows that the 
magnitude of the temperature effects is rather small. If the temperature is in- 
creased, the swelling level of a gel in equilibrium with water thus decreases 
slightly due to a lowering of the water content. 

An exchange of water between the gel phase and the adjacent water phase was 
also detected at  low swelling levels where the diffusion rate of water in the gels 
is low. For a short period of time after a temperature increase, the gel behaved 
as if it was a closed system, i.e., its length increased. Then the length slowly 
decreased due to a loss of water by diffusion from the gel phase. The opposite 
behavior was observed when the temperature was decreased. 

A decrease in the swelling level of cellulose as a result of a temperature increase 
has also been noted by other authors,12 although the magnitude of the effect 
reported here is much smaller. 

In a previous study of the irreversibilities observed in the drying of cellulose,la 
i t  was found that the dimensional changes were isotropic and isotropy is also 
expected from the method of gel preparation. Gravimetrically estimated a 
values also agreed reasonably well with the dilatometrically obtained values. 

Isotropy can only be expected to hold for values of a obtained by extrapolation 
to zero stress. As is shown in Table I, these extrapolated values do not deviate 
markedly from a values determined at  the lowest stress levels. 

The temperature dependence of the equilibrium swelling levels shows a dis- 
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10.06 -I 

10 20 30 10 50 60 
TEMPERATURE ("C) 

Fig. 2. Influence of temperature on the length of a gel 2-B swollen to 1.05 g/g (based on Table I; 
data extrapolated to zero stress). The length was arbitrarily taken to be equal to 10 mm at 5OC. The 
upper curve is obtained at constant gel composition, the curve below for measurements performed 
in equilibrium with water. 

continuity at a point (Tk) in the vicinity of 35OC (Table I and Fig. 2). a is de- 
noted al at  temperatures below Tk and a2 above. This point thus represents 
a secondary transition. No transition was, however, found in experiments 
performed in silicone oil. Hence, the transition is associated with the partitioning 
of water between the gel phase and the surrounding bulk phase, 

Further dilatometric experiments were performed in order to investigate the 
mechanism underlying the transition. The results are shown in Table 11. It 
is evident that neither a replacement of deionized water by aqueous solutions 
of 0.1M KBr or 6M LiCl nor a solvent exchange to deuterated water significantly 
changes the value of Tk. Also, the value is independent of the swelling level or 
the epichlorohydrin addition in the preparation of the gels. Since no transition 
was found for dry cellulose gels or for gels equilibrated in the aprotic solvent 
DMF, the transition can be ascribed to a change in the interaction between cel- 
lulose and water. 

The creep compliance, D(teq) = (A - l)/u, was determined from stress (a) and 
strain (X - 1) data calculated from Table I. X equals the ratio between deformed 
and initial length. X was calculated at  different temperatures from the known 
values of X at 65OC and a. The temperature dependence of the initial diameter 
and initial length were both taken from a values extrapolated to zero stress. The 
calculations of the stress were based on the swollen initial area. Note that it was 
the force, not the stress level, that was constant during the experiment. t,, marks 
that the measurements apparently were made at equilibrium. It was noted that 
the results obtained for a were independent of whether the gels were run at  a 
higher stress before a lower or vice versa. 

The thermoelastic relationship between the mechanical properties and tem- 
perature is more easily analyzed in thermodynamic terms if the composition of 
the gel phase is kept ~0nstant. l~ Thus the creep compliance data given in Figure 
3 refer to the closed system. For the more swollen gel, D(t,), in agreement with 
the kinetic theory of rubber elasticity2 decreases with temperature whereas D(t,) 
increases slightly for the less swollen gel. 

It is believed that the strain levels used in this investigation are sufficiently 
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Fig. 3. Relation between temperature and compliance level at constant gel composition for gels 
swollen to 3.9 (upper curve) and 1.05 g/g (lower curve), respectively (based on Table I; gels 2-B). 

small to avoid interference from strain-induced bond breakage at  high temper- 
atures as discussed for these gels in a previous communication.lb Disturbances 
of this type are a common feature of many other hydrogel systems, as has been 
pointed out by Mit~he1l.l~ 

NMR 

The relaxation times obtained, T1 and Ts ,  are shown in Figure 4 in an Arrhe- 
nius type of diagram. TI is considerably longer than T2. T1 increases with 
temperature, while T2 has a maximum at 30°C. No hysteresis was found in the 
results. 

5000 1 ...p.\ 1000 

3.0 33 3.2 3.3 3.1 3.5 3.6 
+ l o 3  1 K-1)  

Fig. 4. Relaxation times determined at 90 MHz for a gel 0-B containing 4.4-g/g water are here 
shown in an Arrhenius-type diagram. 0 denote rising temperature, 0 descending temperature. 
The triangle shows the average of two measurements of 7'1 a t  200 MHz for the same gel. 
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DISCUSSION 

Dilatometry 

The relation between compliance level, D(t,,), and temperature, T ,  can be 
analyzed in terms of thermoelasticity. From classical therrnodynami~sl~ it is 
found that the strain-dependent elastic force, f ,  is given by 

f=(s) - T ( @ )  bL V,T,n 
dL V,T,n 

which is to be identified with f = fu + fs ,  where fu  and fs are, respectively, the 
energy and entropy contributions to the force. All the symbols used here have 
their customary meaning, n implying that the composition is constant. The ratio 
between fu and f can be found from13 

b l n f  
f 

which suggests that the main problem in the theoretical analysis is to convert 
data obtained at  constant pressure to isochoric data. Shen15 has shown that the 
ratio fulf can be obtained from the temperature dependence of the shear modulus 
G since 

where the derivative is not subject to the constraints of constant V and L. an 
is the coefficient of linear thermal expansion (closed system) of an unstrained 
sample. G is a material property and thus independent of the length L. From 
the statistical theory of rubber elasticity it follows that G depends only on the 
initial volume and not on the volume when strained. 

G will be approximately equal to [3D(te,)]-' since Poisson's ratio for gels 
swollen to between 1 and 4 glg is close to 0.5.1b From the data in Table I and 
Figure 3, fulf = 1.24 at 1.05 glg and fulf = 0.61 at 3.9 glg are obtained as mean 
values over the temperature and strain intervals studied. Hence, the elasticity 
is dominated by the energetic contribution fu. However, for the more swollen 
sample, the elasticity is at  least partly entropic in origin. 

The ratio fulf has also been determined for swollen filaments of regenerated 
cellulose by Gabrail and Prins.lG fulf was found to equal 4.0 at 30°C and -4.5 
at 90°C. They noted that the filaments behaved anisotropically, a factor known 
to influence the thermoelastic behavior. I t  should also be noted that the prep- 
aration procedure of the gels used in this investigationla is quite different from 
that used by Gabrail and Prins. StOckmannl7 reported the derivative ( b  In f l b  
In T ) v L , ~  to be negative for water-swollen ramie fibers. Both of these investi- 
gations were performed in open systems which lead to the introduction of large 
correction terms. The possible influence of water structure rearrangements on 
the results was also discussed. 

In order further to analyze the compliance and swelling data, the structural 
model for the gels suggested earlierlb was used. This model is based on an 
amorphous matrix described by the creep compliance D,(t,,) and the swelling 
level qi = @;:, where 42, is the volume fraction of polymer in the amorphous 
regions. D, ( teq) can be calculated from the experimental D ( teq) values if they 
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are corrected for contributions from non-load-bearing microvoids and the 
presence of crystallites according to the following formulalb 

(4) 

where @ p  is the volume fraction of microvoids and & is the volume fraction of 
crystallites. Swelling water in excess of = 0.12 was earlier found to be present 
in microvoids.lb From the temperature dependence of D,(teq) and the 
degree of polymerization of the network chains, DP, (the number of anhydro- 
glucopyranose units), and the Flory-Huggins interaction parameter x can be 
calculated at  various temperatures according to the following equationslb 

Da(teq) = D(teq)[1 + 1.254c/(l - 1.2W~c)I~(1 - $ p )  

p a q q  ,mq ;1/3 + In (1 - q;l) + q;l+ xqr2 = o 
162DP, 

where qo is the reference swelling level which has been set equal to unity, pa = 
1.455 g/cm3 is the density of amorphous cellulose,18 162 is the molecular weight 
of an anhydroglucopyranose unit, R is the gas constant, V1 the molar volume of 
water, and T the absolute temperature. A more detailed discussion of the ap- 
plication of these network formulae to cellulose gels is given in the preceding 
paper.lb 

The temperature dependence of &, was calculated using the a values given 
in Table I for the open system extrapolated to zero stress and the a value for dry 
cellulose (gel 2-B in Table 11). These calculations were based on the following 
simplifying assumptions: (i) volume additivity, (ii) the value of &, is indepen- 
dent of temperature, and (iii) a has the same value for both amorphous and 
crystalline cellulose. 

Along these lines, the data given in Table I11 were calculated. The total cor- 
rection factor in eq. (4) was taken to be independent of temperature and was 
calculated to be 0.96 for the gel swollen to 3.9 g/g and 1.51 for the gel swollen to 

TABLE 111 
Parameters Describing the Properties of the Amorphous Networks of the Gels 2-B Swollen to 3.9 

and 1.05 g/g Water, Respectively* 

T (K) $ZLl DPn X -XH xs 

278 0.1181 15.0 0.164 0.312 0.476 
288 0.1185 15.3 0.173 0.303 0.476 
298 0.1188 15.7 0.184 0.292 0.476 
308 0.1192 16.0 0.194 0.282 0.476 
318 0.1195 16.4 0.203 0.273 0.476 
328 0.1197 16.7 0.211 0.265 0.476 
338 0.1200 17.1 0.219 0.257 0.476 
278 0.2728 4.6 0.311 0.438 0.749 
288 0.2738 4.9 0.327 0.422 0.749 
298 0.2748 5.1 0.341 0.408 0.749 
308 0.2758 5.3 0.355 0.394 0.749 
318 0.2765 5.5 0.367 0.382 0.749 
328 0.2773 5.7 0.378 0.371 0.749 
338 0.2780 6.0 0.388 0.361 0.749 

a The calculations were based on the structural model suggested earlier (ref. lb). 
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1.05 g/g. From these calculations, both the DP, values and the Flory-Huggins 
interaction parameter x were found to increase with temperature. 

Thus according to the network model discussed here, energy elasticity is due 
to a decreasing degree of crosslinking (increased DP,) with increasing temper- 
ature, which may be interpreted in terms of a decreased hydrogen bonding be- 
tween the network chains at  higher temperatures. 

In these calculations, the reference degree of swelling, qo, has been assumed 
to equal unity and to be independent of the temperature. qo is defined2 from 
qz'3= (r2>o,,l(r2>d, where (r2)o,, is the mean square end-to-end distance the 
network chains would attain in the absence of constraints imposed by network 
junctions (reference dimensions) and ( r 2 ) d  is the corresponding actual distance 
in the dry network. 

For ideal rubbers, the energetic contribution to the force is of intramolecular 
originlg and given by fulf = d In (r2>o,,/d In T .  For a number of cellulose de- 
rivatives, the temperature coefficient of the intrinsic viscosity d In [q]/dT is 
known to be large and negative.20 Thus, with increasing temperature, a more 
flexible conformation is possible and (r2)0,, is diminished. The backbone chain 
stiffness of cellulose is probably the reason for this result. This situation was 
also believed to hold for unsubstituted cellulose in strongly solvating media such 
as water.20 There is thus evidence that the quantity d In (r2>o,,/dT is negative 
for cellulose and does not show any temperature anomaly. A negative contri- 
bution to fulf is then expected from the derivative d In (r2)o,/d In T .  Therefore, 
it is likely that the positive contribution to fulf originates from the intermolecular 
hydrogen bonding as suggested above. 

x is usually interpreted as representing a reduced residual free energy of mixing 
and can be further divided into an enthalpic and an entropic component, x = 
X H  + xs, from which it follows that21 

and 

xs = (y)p,, 
In Table 111, it is shown that X H  is slightly negative, while xs is positive, tem- 
perature independent, and the dominant contributor to x .  The combination 
of a slightly negative X H ,  a positive X S ,  and an increasing x with polymer con- 
centrationlb is common in many polymer-solvent systems.21 xs will include 
effects from a nonideal combinatorial entropy of mixing between solvent and 
polymer which probably originates from a nonideal volume change on mixing.22 
The positive values of xs can then be explained since volume contraction was 
earlier found on mixing in the cellulose-water system.la The residual partial 
molar entropy of water as1 = - x ~ R & ~  is thus negative and structuring of the 
water near the cellulose chains may also contribute to this result. 

X H  gives the partial molar enthalpy of the solvent from - = xHRT6ga. 
Since X H  is negative, the mixing process is exothermic. AH1 is ___ more negative 
for the less swollen gel, in agreement with calorimetric data.23 AZ-Il is approxi- 
mately constant over the temperature interval. It is interesting to note here 
certain similarities in the interaction parameter x between polyvinyl alcohol 



2556 WESTMAN AND LINDSTROM 

(PVA) and cellulose hydrogels. For PVA gels, X H  is negative, xs positive, and 
x increases with t e m p e r a t ~ r e . ~ ~ , ~ ~  A transition in the swelling level of PVA gels 
around 35°C has also been recorded by Ogasawara et a1.26 Whether or not these 
similarities reflect common fundamental features on a molecular level for these 
systems is a t  the present time difficult to assess. In other types of hydrogels, 
both increases and decreases in the swelling level - with increasing temperature 
have been reported,27 depending on the sign of AH1. 

NMR 

The NMR study was undertaken as a supplement to the dilatometric study 
to investigate further the temperature effects on the interaction between cellulose 
and water. The data obtained are discussed in relation to similar studies of water 
in gels or of water adsorbed on surfaces. 

TI is considerably longer than T2. Since the spin-lattice relaxation time T1 
is less sensitive than T2 to low-frequency thermal motion, the difference between 
T1 and T2 is an indication either of the presence of a less mobile proton species 
or that the distribution in molecular mobilities is broad. 

The observed relation between T1 and T2, and especially the maximum in T2 

at  3OoC, cannot be described by the classical BPP theory28 of magnetic relaxation 
and a single correlation time. Child29 has also found an indication of a broad 
maximum in T2 at about 20°C in cellulose containing 0.073 g water/g dry cellu- 
lose. 

The existence of a maximum in T2 can be explained if two types of proton 
species are present: a more mobile water phase that is here denoted A and a less 
mobile phase denoted B. The corresponding weight fractions, average lifetimes 
in the states, relaxation and correlation times are here denotedp~,  p ~ ,  CAI, C j l ,  
TA, TB, and T A ,  T B .  

Zimmerman and Brittin30 have derived expressions for relaxation times in 
such a two-phase system. A maximum in T2 can be found in the temperature 
interval where a very slow change between the phases (T2i << C;', i = A or B )  
is gradually succeeded by a slow exchange condition ( T ~ B  << (2s'). 31 The ex- 
perimentally determined T2 value, TbA, is then given by32 

1 1 --- - +c, 
T b A  T 2 A  

A t  the maximum point, T2.4 = CA1. At higher temperatures, the observed TiA 
will be shorter than T ~ A  and approximately equal to Ci l  (exchange broadening). 
However, the exchange rate will not affect T ~ B  until it is rapid (T2i >> C;'). The 
transfer from slow to rapid exchange will give a minimum in the observed T2 
values. 

Thus, the observed T2 is TiA given by eq. (9). The relaxation rate T2;3' is 
probably too large and its intensity too low for T ~ B  to be detected. The value 
of T ~ B  is determined by TB,  which reflects the motion of the macromolecule. 

A similar maximum in T2 and/or a subsequent minimum at  a higher temper- 
ature has been observed for a number of water-containing systems. In agarose 
gels a T2 maximum is found at about 0°C and a minimum at 30°C,33 for keratin 
there is a maximum at 40°C,34 for kappa-carrageenan hydrogels a minimum is 
found at  50°C as well as for iota-carrageenan gels a t  20"C.35 
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In a review of NMR in the most extensively studied hydrogel, agarose, Ablett 
et al.33 found the proton exchange to take place within that part of the water that 
does not freeze at  0°C. To explain all the NMR data available they had to in- 
clude four kinds of protons: free water, nonfreezing (bound) water, a very tightly 
bound species, and nonexchangeable agarose protons. They were unable to 
decide whether the tightly bound species was a water fraction (about 0.1 glg in 
that case) or exchangeable agarose protons. 

A value of 0.1 glg corresponds well to the figure of 0.13 glg obtained at  23OC 
for the water of specific hydration in the cellulose hydrogels.la The tightly bound 
species B will thus be identified with the specific hydration water. Support for 
this identification can be found from an investigation of oriented rayon samples.36 
A singlet, due to a mobile species, appears in a region around 40°C. At tem- 
peratures above 40"C, a doublet due to bound water molecules slowly disappears 
and the intensity of the singlet peak increases. The intensity of another singlet 
assigned to the cellulose hydroxyls remains constant over the temperature in- 
terval. Thus it appears as though water is the tightly bound species. The 
presence of tightly bound water in cellulose has also been reported by F ~ r s l i n d ~ ~  
as well as by Froix and Nelson.38 

From eq. (9) and the T2 data in Figure 4, the lifetime C i l  can be determined 
to be 180 ms at 30°C. The ratio PB/PA can be estimated from the values for the 
amount of specific hydration water and the total amount of water to be 0.03. 
From the mass balance 

PACA = PBCB (10) 
the average lifetime for water species in the tighly bound phase is found to be 
5.4 ms. In agarose gels, this lifetime has been estimated to a few hundred mi- 
croseconds at 30"C.33 Also the T1 data can be analyzed in terms of a two-phase 
model for the gel water. The observed TI increases with temperature and is 
considerably longer than any of the calculated lifetimes. 7 B  is probably long 
enough for T ~ B  to have passed its minimum since T B  in agarose gels is about 4 
X s a t  25"C.39 T ~ B  will then be frequency dependent. An indication of 
a small frequency dependence can be found from the TI value determined at 200 
MHz. The exchange is then rapid (Tli >> C;') and the equation 

holds where the first term probably dominates since PA >> p ~ .  Thus TI ap- 
proximately equals T I A I p A ,  will then according to the TI data have a 
temperature dependence near that of T1 in bulk water.40 

This reasoning becomes more complicated if distributions in correlation times 
are assumed. 

FINAL COMMENT 

The molecular mechanism underlying the 35°C transition observed in the 
dilatometer data has so far not been discussed. According to the dilatometer 
data, the interaction between cellulose and water is changed at  the transition 
temperature. The maximum in T2 from NMR data is found near this temper- 
ature but it should be noted that the presence of such a maximum is not neces- 
sarily coupled to any secondary transition. 
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p ~ ,  and thus also P A ,  probably vary with temperature since the amount of 
specific hydration water is known to decrease with increasing temperature in 
glucose s o l ~ t i o n s . ~ ~ ~ ~ ~ ~ ~  Thus it is suggested that the secondary transition is 
associated with a change in the temperature dependence of the amount of specific 
hydration water. 

Even in pure water, however, structural changes occur in the vicinity of 35°C. 
From Raman spectra, F ~ r s l i n d ~ ~  could compute the temperature dependence 
of various coordination species in water and found break points around 38°C. 
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