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ABSTRACT: An attempt was made to establish the mechanism of the dynamic mechanical
absorption phenomena of regenerated cellulose solids observed in the temperature range between
280 and 600K at a frequency of 110 Hz. For the purpose, isochronal dynamic viscoelasticities of
regenerated cellulose fibers and membranes were measured by dynamic modulus, loss modulus, and
dynamic loss tangent in air at a heating rate of 12K min™! or in various kinds of liquid medium
at 3K min~!. Three absorption peaks, a,, o,, and ay,o, and one absorption shoulder, ay,, were
observed near 573, 513, 303, and 393 K, respectively. The content of water absorbed in the sample
was closely related to the appearance of the ay,o absorption which was due to the cooperative
motion of polymer segment and absorbed water molecules. The dependence of the viscoelasticity on
temperature and frequency revealed that the o, absorption consisted of two «, absorptions, «, ; and
o, ,, Whose apparent activation energies were 289 and 209 kimol ™', respectively. All of the «;, o, ;,
o, 5, and o, absorptions originated from the micro-Brownian motion of polymer segments in the
amorphous region. The temperatures of these four absorptions were dominated by the segmental

environment such as the density of intermolecular hydrogen bonding.
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The study of the complicated supermolec-
ular structure of the regenerated cellulose
solid still remains in a rather primitive state
despite of its necessity and importance in
modern cellulose industry. The structural com-
plexity undoubtedly originates from the exis-
tence of a wide variety of the intra- and
intermolecular hydrogen bondings in the cel-
lulose solid.! For example, the degree of crys-
tallinity obtained for a given regenerated cel-
lulose solid is not always the same, but depends
significantly on the method of measurements
employed.? This fact suggests that the so-call-
ed amorphous region is heterogeneous with re-
spect to the density or regularity of polymer
chains in the aggregated state. The dependence
of the reaction rate of chemical reagents on the

supermolecular structure of cellulose solid has
been widely recognized and has been utilized
as a method for evaluating the lateral order of
the regenerated cellulose fibers.> However, the
supermolecular structure other than the lateral
order has not been evaluated.

Recently, we established a method for es-
timating the distribution of the packing den-
sity of polymer chains belonging to an amor-
phous region in semi-crystalline solid by
analyzing the dynamic loss tangent (tan J) vs.
temperature curve.*”® In order to apply this
method successfully to a given polymer, the
mechanism of all the dynamic absorptions
should be clarified. Furthermore, the profile of
tan ¢ should be given in advance in the tem-
perature range where the micro-Brownian mo-
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tion of polymer chains are conspicuous.

The viscoelastic properties of natural and
regenerated cellulose solids have so far been
studied mostly at lower temperatures than
523K, for the chemical degradation takes
place at higher temperatures when the samples
are heated at a slow rate as 1 Kmin~!. The
dynamic mechanical absorptions originating
from the micro-Brownian motion of cellulose
chains in the amorphous region (hereafter
denoted as o, absorption) have not so far been
clearly identified experimentally. The glass
transition temperature, 7, or the second order
transition temperature has been determined
from the temperature dependence of the spe-
cific volume or specific heat and is expected
to be located near the peak temperature, T,,,,,
of the tan § curve for the o, absorption.

The glass transition temperature of cellulose
solids found in literature lies between 243K
(by dilatometry) and 423K (by differential
scanning calorimetry, DSC).°~!7 Kubat and
Pattyramie® observed a transition at 243K by
dilatometry and stress relaxation for regen-
erated cellulose fibers. Hatakeyama and
Kanetsuna'® determined 7, by DSC to be

358 K for linter cellulose and 328 K for so- .

called amorphous cellulose prepared by sapo-
nification of cellulose triacetate. Ramiah and
Goring'* observed by dilatometry three tran-
sitions at about 298 and 383K for Avory
cellulose, and at about 298 and 513K for
sulfite pulp cellulose. They concluded that the
transition near 298 K was due to the breakage
of weak hydrogen bondings and that the tran-
sition at 383K was attributable to motions of
a restricted segment of the chain. On the other
hand, the transition at 513K was assigned as
the softening temperature or the glass tran-
sition temperature in a narrow sense. From the
Nakamura’s data'*'¢ on T, for cellulose ace-
tate by dilatometry and viscoelastic measure-
ments, we can estimate the T, of cellulose solid
to be 507 K. Very recently Kamide and Saito!’
have found by DSC that the T, of cellulose
acetates can be represented as a function of the

2

total degree of substitution, {F, in the form,
T,=523-20.3F)» (K)

From this relation, T, for the unsubstituted
cellulose is estimated to be 523 K by the extra-
polation that {F»=0. If 503<7,<523K is
acceptable, it seems reasonable that the o,
absorption can not be experimentally observed
by the viscoelastic experiment below 523 K.

The aim of the present article is to in-
vestigate the dynamic absorptions of regener-
ated cellulose solid locating in the tempera-
ture range from 280 to 600 K by using a high
rate of heating (i.e., 12K min~') or by using a
conventional rate of heating (i.e., 1 Kmin™?)
and also by adding the solvents which make
the dynamic absorptions shift to a lower
temperature.

EXPERIMENTAL

Polymers

Regenerated cellulose fibers and membranes
utilized are designated as follows. Four com-
mercially available cuprammonium cellulose
fibers, Bemberg®, were denoted by B1, B2, B3,
and B4 which -were manufactured by Asahi
Chemical Industry Co., Ltd., Japan, and speci-
fied as 75 denier/36 filament, ie., a fiber
consisted of 36 filaments and the linear density
of single fiber was 8.5x 107> gem ™!, The vis-
cose rayon fiber denoted by R1 was also a 75
denier/36 filament manufactured by Asahi
Chemical Industry Co., Ltd., Japan. A series
of Bemberg fibers, Hygg, Hyos, Hsy3, Hs35 and
H,,s, were obtained by heat-treatment of
B2 at indicated temperatures between 468 and
548K in nitrogen atmosphere under a fixed
length for 1h. The tublar cuprammonium
cellulose membrane, T1, was cast in our
laboratory according to the procedure de-
scribed in the patent literature.'® Four porous
plain cellulose membranes, T2, T3, T4, and
TS5, and six hollow fibers, BH1, BH2, BH3,
BH4, BH5, and BH6, were prepared in our
laboratory from cellulose cuprammonium
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solution by adding acetone or sodium hy-
droxide as coagulating reagents.!® Here, ace-
tone gave the regenerated cellulose with ex-
tremely low crystallinity, while sodium
hydroxide gave the cellulose with relatively
high crystallinity.

The relative humidity RH of the atmosphere
was controlled to 100, 80, 67, and 609, at
303K using various aqueous solutions satu-
rated with salts.

Solvents

Following solvents were used as immersing
media during measurements of the viscoelastic
properties: ethylene glycol, diethylene glycol,
triethylene glycol, poly(ethylene glycol) (mo-
lecular weight; 200, 400, 600, and 800) and
glycerine. All of these were of guaranteed
reagent grade manufactured by Kishida
Chemical Co., Ltd., Osaka.

Measurements

Temperature dependences of dynamic mod-
ulus E’, loss modulus E’’, and tan § were
measured by using a direct reading viscoelas-
tometer, Rheovibron DDV-IIc (manufactured
by Toyo-Boldwin Co., Ltd., Japan), under the
following conditions. Sample weight was ca.
0.5mg, frequency f was 110 Hz and average
heating rate was 12 K min, ~! if not specifically
indicated. The sample was stored in a desic-
cator with silica gel for more than 72h in ad-
vance of measurement.

The apparent activation energy for the a,
dynamic absorption, AH,, was determined
from the frequency dependence of the peak
temperature, T,,,, of tan  or E’’ using the
following equation

dInf
A= R ST .
where R is the gas constant. The frequencies
used in the determination of AH, were 110, 11,
and 3.5Hz. The relative humidity of atmo-
sphere in the vessel for sample storage was
controlled with great care by putting the sam-
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ples above saturated aqueous salts. In order
to measure E’, E’’, and tan 6 of cellulose solid
immersed in a liquid medium as functions of
temperature, the system of the test polymer
and liquid was placed in the inner hollow of a
cuprammonium hollow fiber as illustrated in
Figure 1. The hollow fiber was prepared in our
laboratory for this purpose. The detailed pro-
cedure has already been described before.?°

Both the apparent crystal size, [L,,,] and the
degree of crystal orientation, O,,, were mea-
sured by X-ray diffractometry, where the suffix
hkl means that L or O was determined along
the crystal direction with Miller indexes hkl.
The X-ray generator used was a rotor unit type
of target (manufactured by Rigaku Denki Co.,
Ltd., Japan, “RU-200P/L”’). The incident X-
ray beam was of monochloric Cu-K, line fil-
tered by a set of Ni filter, and a sintiration
counter was employed. The width of a diver-
gence slit and a horizontal slit was 1 degree.
After fixing the preselected diffraction angle
26, the X-ray diffraction intensity along with
azimuthal direction was recorded by rotating
the specimen holder in the plane of the sam-
ple. L,,, and O, were calculated by using eq 2
and 3, respectively;

Ly, (in nm unit) =k2/fcos6 2
O (in %)=[(180— H)/180] x 100  (3)

where A was the wave length of X-ray
(=0.1541nm), k the apparatus constant
(=1.0), B the half value width in radian of the
X-ray diffraction intensity (/) vs. 20 curve and
H the half value width in degree of the curve of
I vs. azimuthal angle. It has been experiment-
tally confirmed for the regenerated celluloses
that both Oo1 and Oy, of fibers except for the
hollow fiber have approximately the linear
relation against the orientation function pa-
rameter, F,, of the b axis, which is defined by
F,=[3(cos’¢) —1]/2. Here ¢ represents the
angle between the fiber axis and b axis of the
cellulose II crystal, and the bar represents the
mean value.
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Figure 1. Schematic representation of the cross sectional view of the chamber for measuring the dynamic
viscoelasticities in the liquid: (a), longitudial cross sectional view; (b), side cross sectional view; 1, sample;
2, regenerated cellulose hollow fiber with inner diameter of 750 um and outer diameter of 800 um; 3, sample
holder; 4, strain inducer rod; 5, stress detection rod; 6, thermocouple; 7, inlet of liquid; 8, outlet of liquid; 9,

immersing liquid.

F,~227x10720,547—1.5
when 051> 609,

sz 1.30 x 10_20002—0.65
when 00()2> 60%

(4)21

(5)21

Therefore, F,, can be evaluated from Oy or
Oy, data, if necessary. Applicability of eq 4
and 5 can be confirmed by comparing O, and
0,01, which are expected to satisfy the relation:
Oon~1.75 O101—5.77.

The refractive indexes of the light whose
electric field vectors oscillate parallel and per-
pendicular to the fiber axis (or the drawing
direction for membrane), n; and n;, were
measured by an interference microscope
(manufactured by Karl Zweis Jena Co.,
“Interphako”) with the wave length of an
incident light A=546nm. Here, the regene-
rated cellulose fibers and membranes were
immersed in a binary liquid mixture of a-
bromonaphthalene and olive oil or in that of a-
bromonaphthalene and diiodomethane, in
which the refractive index was carefully ad-
justed to match with that of the cellulose
sample. From n and n, thus determined,

4

the mean refractive index n(=(n+2n,)/3)
and the birefringence An(=n,—n,) were es-
timated.

As well-known,?* n, is linearly propor-
tional to the density and the density shows a
linear dependence on the crystallinity y,. Then,
we obtain eq 62!

= [niso - niso(Xc = 00/0)]/
[niso(Xc = 1000/0) - niso(X = 00/0)] (6)

where n;(x.=0%) and n;(x.=100%) are the
values for ideal amorphous solid (y,=09%) and
crystalline states (y.=1009%), respectively.
These two quantities can not be directly eval-
uated by experiments because of the difficulty
of preparing the samples of y, =09 and 100%,.
Thus, these were only indirectly estimated in
such a manner that the y. calculated from
observed values of n,, for a widest variety of
test samples should lie between 0 and 100%.
The values of n;,(x.=0%) and n;(x.=100%)
thus obtained are 1.5077 and 1.5533, respec-
tively. Equation 6 can be rewritten for the
regenerated celluloses in the form.?!

2o = (1, — 1.5077)/0.0456

Xe

(7
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Table I.

Structural parameters of regenerated cellulose solids

Apparent crystal size

Crystal orientation

Birefringence, Crystallinity,

Sample code Lior/nm Log/nm function parameter, F, An Xel %6
Bl 4.00 4.81 0.49 0.0338 54.4
B2 2.73 3.55 0.47 0.0375 48.2
B3 341 4.18 0.53 0.0368 55.5
B4 3.44 3.79 0.45 0.0346 54.4
Hyes 2.73 3.54 0.47 0.0376 48.9
Haos 2.75 3.55 0.47 0.0374 49.3
Hsys 2.78 3.57 0.47 0.0379 50.0
Hss 2.78 3.58 0.48 0.0381 50.9
Hiqs 2.80 3.65 0.48 0.0386 52.2
Rl 2.71 3.35 0.44 0.0380 57.7
T1 2.69 3.06 0.05 0.00 47.4
T2 <2.0 <20 0.03* 0.00 0.7
T3 2.10 2.90 0.04* 0.00 10.1
T4 <2.0 <2.0 0.01* 0.00 0.4
T5 <2.0 <2.0 0.02* 0.00 0.9
BH1 2.68 3.10 0.25 0.0170 48.2
BH2 2.60 3.24 0.31 0.0342 50.0
BH3 2.50 3.12 0.26 0.0180 48.9
BH4 <2.0 2.70 0.08* 0.0100 11.1
BHS <2.0 <20 0.01° 0.0090 1.3
BH6 <20 <2.0 0.02* 0.0020 1.0

2 Apparent value evaluated from the half value width of X-ray intensity vs. azimuthal angle curve.

This equation allows us to evaluate y, from
n

iso*

RESULTS AND DISCUSSION

Table I summarizes Lor, Lo, Fy, An, and yx,
of all regenerated cellulose solids. The samples
of the series B and H have relatively high y,
values, and most samples of the T and BH
series show low crystal orientation.

Figure 2 shows the temperature dependence
of isochronal dynamic viscoelasticity (E’ and
tan 9) for sample B1. Three peaks are observed
in the tan J vs. temperature curves at about
570, 510, and 300K. These are named ten-
tatively as the oy, a,, and a3 absorptions from
higher temperature side. In addition to these
absorptions a small shoulder can be detected
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Figure 2. Temperature dependence of tan 6 and E’ for
sample code B1 (110 Hz).

near 460K and is denoted as a,. All the four
absorptions are observed for the samples of the
series of B, H, R, and the samples of T1, BHI,
BH2, and BH3. These samples have relatively
high y. more than 479 without exception. It
may be reasonable to assume that the differ-
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ence between moduli at 510K and 580K,
E’(510)— E’(580), represents the relaxation in-
tensity of the a; absorption at 570K. The
relaxation intensity thus obtained is of order of
10 GPa, though the tan é peak relating the
absorption at 570 K is of order of only 0.08 or
less. This small peak value suggests that there
must be some amount of the polymer segment
being immobile at the «; absorption such as
ones in crystalline region. The existence of
such segment will be ascertained in the later
section by measuring E’ of the sample im-
mersed in water at 323 K (see Figure 12a).

The change in E” and the tan ¢ peak relating
to the o, absorption are estimated to be ca. 20
GPa (=E’';s50—E’5;0) and 0.1 for sample Bl,
and both are larger than those of the o
absorption. Therefore, for sample Bl, the «,
absorption can be regarded as the main absorp-
tion. The half value width AT, , of the tan J vs.
T curve for this absorption is larger than 100K
and is about 3 times Jarger than those of
typical semi-crystalline polymers: e.g.,
AT,,,=20—70 degree for poly(ethylene tere-
phthalate).* In a later section, we will show
that the o, absorption is not single, but can be
separated into two absorptions denoted by a, ,
and o, , from higher temperature side.

The value of E’ for sample B1 increases with
increasing temperature in the temperature
range of the a; absorption. The peak value of
tan 6 of this absorption is very small and in
the order of 0.05 or less. This increment in E’
can not be explained by phenomenological
equation of rheology because this increment
results in negative relaxation intensity.

Mechanism of oy Absorption

The temperature range covering the o;
absorption overlaps completely with that
of the mechanical absorption reported by
Hatakeyama and Kanetsuna!® for a regene-
rated cellulose solid prepared by saponifi-
cation of cellulose triacetate. They claimed
that the sample was absolutely amorphous and
considered that the absorption originated from

log E/GPa

log tand

7290 310 330 350 370
Temperature /K

Figure 3. Temperature dependence of tan 6 and E’
under the condition of various humidity for sample B2,
stored in air with various humidity: Broken line, sample
stored in air of RH=09; at 303K and measured under
air of RH=09%, (303 K); chain line, sample stored in air
of RH=67% at 303K and measured under air of
RH=67% (303K); filled circle, sample stored in air of
RH =609 at 303K and measured under air of RH=09,
(303 K); open circle, sample stored in air of RH =809, at
303K and measured under air of RH =09 (303 K); filled
triangle, sample stored in air of RH=09; at 303K and
measured under air of RH=67% (303K).

the micro-Brownian motion of cellulose seg-
ment existing in the amorphous region (i.e., a,
absorption or « dispersion). However, the o
absorption can not be interpreted by this
mechanism: The moduli E’ of the cellulose
samples exhibiting a distinct « absorption, say
Bl1, B2, - - -, increase with incresing tempera-
ture in contrast to the general trend of £’ in
the o dispersion as was observed by
Hatakeyama and Kanetsuna. On the other
hand, as for the samples which do not exhibit
the o, absorption, E” decreases with increasing
temperature.

Figure 3 shows E’ vs. T and tan 6 vs. T
curves for sample B2 which was stored in air
with various RH of 0, 60, 67, and 809 until the
measurement. Note that humidity of the en-
vironmental air during the measurement is
different with that of the storage. In this case,
the a5 absorption peak is observed only when
RH of the sample chamber at 303K is less

Polymer J., Vol. 18, No. 1, 1986
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Figure 4. Changesintan o vs. Tand E’ vs. T curves for
sample B2 by heat-treatment: ——, original; ————,
heat-treatment at 383K for 30s (H,g;); —-—, heat-
treatment at 418K for 30s (H,;s); —--—, heat-
treatment at 438 K for 30s (H,sq); - , heat-treatment

at 458 K for 30s (Hysg).

than that in the storage before the measure-
ment. With an increase in RH in the storage
(i.e., as an increase in water content in the
cellulose sample), tan 6 at 313K increases and
E’ at 313K decreases. This indicates that water
molecules contained in the cellulose solid are
closely related to the appearance of the o,
absorption (hereafter referred to as oy,0
absorption).

Figure 4 shows the temperature dependence
of tan 6 and E’ for sample B2 which were
annealed at various temperatures (7,) for 30s,
followed by quenching at 293K with dry air
under the fixed length (newly, referred to as
Hsg5, Hyyg, Hyss, and Hysg). The water regain
of these samples, evaluated from the change in
weight of the samples before and after the
heat-treatment at 403 K, was always less than
19%. For samples H,,5, H,35, and H,sq, the
oy,0—tan 0 peak disappears, and tan J at 313K
decreases with an increase in 7,. This does
not mean that the oy, absorption disappears
due to some probable change in supermolec-
ular structure brought about by annealing.
We confirmed in other experiments not
shown here that for regenerated cellullose
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samples, absolutely dried in vacuum with-
out annealing, the oy,, absorption was not
also observed.

The experimental facts shown in Figures 3
and 4 suggest strongly that the absorption of
water molecule into sample is the main factor
contributing to the appearance of the oy,q
absorption. That is, the oy, absorption may
not be due to the inherent molecular motion of
the segments in the regenerated cellulose solid,
but due to the cooperative motion of cellulose
chain segments and water molecules absorbed.
It may be reasonable to assume that water
molecules penetrate preferentially into a part
of an amorphous region consisting of loosely
packed chain molecules as in the case of Nylon
66.2> Water molecules absorbed in the cel-
lulose solid make the local viscosity around the
chain segment small, giving rise to shortening
the relaxation time of the segmental motion.
Consequently, the cooperative motion of the
polymer segments and water molecule displays
an absorption in the lower temperature side
than does the micro-Brownian motion of the
water-free cellulose chain.

When a part of water molecules absorbed in
the sample evaporates during the measure-
ment, the relaxation time increases, resulting in
an increase in £’ as is shown in Figure 3. Then,
the mechanical absorption, determined by
Hatakeyama and Kanetsuna,'*> due to the
micro-Brownian movement of cellulose chain
segment in amorphous region may not cor-
respond to oy,o although the peak tempera-
ture locates near to that of ay,o, but cor-
responds to «, as will be discussed below.

Mechanisms of a, and o, Absorption

Figure 5 shows the tan 6 vs. Tand E”" vs. T
curves in the temperature range from 350 to
550K for sample T1 measured at the frequen-
cies of 110, 11, and 3.5Hz. When the fre-
quency of 11 or 3.5Hz is used, the peak of the
o, absorption observed in both of tan é vs. T
and E’" vs. T curves at 110 Hz splits into two
peaks. This means that the o, absorption
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Figure 5. Tan d vs. T and E”’ vs. T curves for sample
T1 at the frequencies of 110, 11, and 3.5 Hz: (a), tan & vs.
T curve; (b), E”" vs. T curve,

consists of two different absorptions: «, ; and
o, 5. The peak temperatures of tan 6 and £’
were evaluated by separating the absorption
into a, , and a, , absorptions. The relationship
between the peak temperature of £’ for these
two absorptions and the frequency f'is given in
Figure 6. AH, can be evaluated from the slope
of the plot of log f'vs. 1/T in the figure (see eq
1) to be 289 and 209 kI mol ! for the a, ; and
the a, , absorptions, respectively. These values
lie in the range from 146 to 669 kJmol ™!, in
which all AH, values experimentally deter-
mined for the micro-Brownian motion of
polymer segments in an amorphous region.*
In other words, both the a,, and the a,, ab-
sorptions are caused by the micro-Brownian
motion of the polymer chain segments in
the amorphous region. Both of the AH, values
for the a,, and a,, absorptions are smaller

2.
N
z
- i K92
>
st az.‘

c A A A

210 215 220 215
1T x103/K™

Figure 6. Plots of frequency and the reciprocal peak
temperature of «, , and a, , absorptions: Filled circle,
peak temperature of £’ of the a,, absorption; open
circle, peak temperature of E’’ of the «,, absorption;
open triangle, peak temperature of tan & of the a,,
absorption.

than that of the o, absorption given in the
later section.

The magnitude of the relaxation time and
the apparent activation energy of the «, ab-
sorption change depending on the segmental
environment such as packing regularity and
packing density of chain segments. The split-
ting of the «, absorption into the two ab-
sorptions (a,; and o,,) may be caused by
the existence of two distinguished segmental
environments in the amorphous region.

Figure 7 shows the effect of annealing tem-
perature on tan ¢ vs. T curve for cellulose. By
annealing at temperature above 483K, the o, ,
absorption disappears and the a, ; absorption
shifts significantly to higher temperature side
in tan 6 vs. T curve accompanying with a new
shoulder at the temperature range between
413K and 473K.

The peak temperature of tand of the
oy, absorption, T,..,;, the peak value
(tan 6),,.¢2.; and the shoulder temperature T,
for sample H1, H2, H3, H4, and H5 are
plotted against the annealing temperature 7T,
in Figure 8. In the range of T,>498K, de-
pendence of T,,.,; and T, on annealing
temperature 7, can be empirically expressed
as; Tpaxa.1 =Ta+ 15 (K) and T, =T,—80 (K).

Polymer J., Vol. 18, No. 1, 1986
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Figure 7. Temperature dependence of tan ¢ for sam-
ples of H series: ——, B2; ————, Hygg; —-—, Hyos;
—--—, Hyy3; —---—, Hsz5} - s Hsss.
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Figure 8. Changes in T, Te, and (tan 6)p.,o,
with annealing temperature 7, for samples of H series:
Chain line indicates the relation of 7,,, =7, and (Or)
indicates sample B2.

The shoulder of tan J§ located near 423K
moves toward high temperatire side with
elevating T, in the manner similar to the o, ,
absorption. This means that the shoulder is
attributable to the same kind of molecular
motion of the o, ; absorption: that is, segmen-
tal micro-Brownian motion. On the other
hand, the characteristic values relating to the
crystalline region such as Lo, Lop, and .
cited in Table I change only slightly with
elevating 7,. We can conclude that the re-
arrangement of molecular packing in the
amorphous region occurs without a growth of
crystalline region.

Figure 9 shows plots of T,,.;, Trmax2.2, and
T, against T,,,,, for all the samples em-
ployed. All the samples do not always show all
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Figure 10. Temperature dependence of £’ and tan ¢
for the regenerated cellulose fibers and membranes:
—, BHI: ———— B3; ——, T2; —--—, T3; - . B4.

four absorptions ay, o, ,, oy, and a,; simul-
taneously. There is a linear relationship be-
tween T,,,,,, or Ty and T,,,,, but T, is
independent of T, ;.

The temperature dependence of E’ and tan §
for the regenerated cellulose fibers (sample B3,
B4, and BH1) and membranes (sample T2 and
T3) are shown in Figure 10. All mechanical
absorptions cited in this figure are named
tentatively on the basis of the following pro-
cedure. When AH, for the absorption in ques-
tion is larger than 627kJmol ™!, the absorp-
tion is named as «; absorption, and when
AH, is smaller than 418kJmol™! and larger
than 125kJ mol ™!, the absorption is named as
the «, absorption. T,,, of the o, absorption
scatters over the wide temperature range be-
tween 453K and 543K. It can be concluded
from Figure 10 that when the cellulose solids
are solidified from the cellulose solution with
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Figure 11. Dependence of peak value of tan 4, (tan

0)max Of ¢, and a, absorptions on y, and Fy: Filled circle,

a, absorption; open circle, a, absorption. (a), x. de-

pendence; (b), F, dependence.

some organic solvent such as acetone (for
example, sample T2 and T3), the tan é vs. T
curve of the solid varies drastically its shape
and the peak temperature.

Figure 11 shows the plots of (tan §),,,, of the
o, and the o, absorptions against y, for the
sample with various F,, and against F, for the
sample with y. of 0.475 and 0.522. The data
points in Figure 11 are selected only for the
sample that shows distinctly the peak of the o,
or a, absorption.

The value of (tand),,,, of the «; and the a,
absorption decreases with an increase of .
indicating that both absorptions are originated
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by the thermal motion of the segments in non-
crystalline region. When F, increases,
(tan 9),,,, tends to decrease in the case of the o,
absorption.

Mechanism of o, Absorption

Usually, T, is too high to measure the
whole absorption profile in air without any
kinds of chemical degradation. It is, therefore,
necessary to ascertain in advance whether or
not the tand peak phenomenologically ob-
served near 573K is due to any chemical de-
gradation and is erroneously assigned to the o,
absorption. If it is so, AH,, defined by eq 1, is
theoretically predicted to be infinitely large,
because the initiation temperature and the rate
of the chemical degradation reaction should be
independent of measuring frequency f. AH,,
experimentally estimated for the a; absorption
of cellulose solids, scattered widely in the range
1050—1470kJ mol !, but did never exceed
1670kJmol ™! and an average value was
1210kJ mol ~!* Thus, we concluded that the so-
called a, absorption observed in this article did
not originate from chemical degradation. In
other words, the possibility of an erroneous
assignment against the o, absorption is de-
finitely denied. AH, for the o, absorption is
significantly outside of the range 147—
670kJmol ™!, being characteristic to the a,
absorption. Even in the amorphous region, a
portion of cellulose chains builds up to large
extent intra- and intermolecular hydrogen
bonds, which may make the occurrence of
the micro-Brownian motion difficult at lower
temperature and in consequence makes AH,
large. Then, the value of AH, does not al-
ways deny that the o, absorption belong to
the «, absorption. T,,,, is expected to be
lowered by adding solvents such as water,
acting as a plasticizer to cellulose solid, if
the «, absorption can be assigned to another
o, absorption.

In Figure 12 is shown the plots of log E and
tan ¢ against 7 for sample B2 dipped in water
or placed under air with various RH. With an

Polymer J., Vol. 18, No. 1, 1986
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increase in RH, E’ decreases monotonically in
the range 278 and 343 K. This indicates a
plasticizing effect of water molecule on the
cellulose solid. At RH=100%, the dynamic
dispersion of E’ is observed at about 313K
and E’ decreases from 8 GPa at 293K to 2
GPa at 343K with increasing temperature.
The former value is equivalent with E’ at
523K measured in dry air and the latter value
is the same as that at 573K in dry air.
Therefore, we can conclude that the dynamic
dispersion near 313K in the atmosphere of
RH =100% is attributed to the «, absorption,
usually observable near 573K in dry air.
Corresponding to this dispersion of E’ at
RH=100Y%, tan ¢ attains maximum, showing
a peak, at the sample temperature near 313K
as shown in Figure 12b. Of course, this tan o
peak is due to the a, absorption. When the
cellulose solid is immersed in water, the o,
absorption shifts to lower temperature than
303K.

Figure 13 shows the plots of tan § at 573K,
tan ds,5, against the degree of crystal orien-
tation F, for samples of B, T, and BH series.
Here, tands,, reflecting the absorption in-
tensity of the o, absorption decreases mono-
tonously with F,. This means that the value of
E’ after the o, absorption is governed by the
orientation of crystalline. By taking into ac-
count the experimental results of y. depen-
dence of (tand),,, (Figure 11) and of the
change of T,,, with water absorption content
(Figure 12), and of F, dependence of tan ds;
(Figure 13), we can conclude that the molec-
ular chain in the crystalline region does not
contribute to the «; absorption.

Water molecules can not penetrate into the
crystalline region under the normal pressure at
temperature below 373 K and may not go into
the non-crystalline region composing of the
extended chain molecules such as those in
microfibrils proposed by Prevorsek?* for
poly(ethylene terephthalate) fiber. £’ of the
regenerated cellulose fiber at 303K in water
(ca. 2 GPa) is much larger than £’ at tempera-
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ture higher than the a, absorption of synthetic
fibers.
The curves of tan 6 vs. T and E’ vs. T are
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Figure 14. Temperature dependence of tan § and E’ in
the environments with various solvents for sample B2: 0,
dry air; 1, H,0; 2, air with 1009, RH; 3, ethylene glycol;
4, diethylene glycol; 5, triethylene glycol; 6, poly-
(ethylene glycol) (MW =200); 7, poly(ethylene glycol)
(MW =400); 8, poly(ethylene glycol) (MW =600), 9,
glycerin.

generally expected to shift to lower tempera-
ture side when the sample is measured in
liquids having thermodynamic affinity with
cellulose. Figure 14 shows the experimental
results measured for sample B2 in various
solvents. With increasing the ratio of the
sum of the molecular weight of all hydroxyl
groups in a solvent molecule to the total mo-
lecular weight of the solvent molecule (ie.,
the hydroxyl group density), £’ at T,,, de-
creases and T,,, shifts to lower temperature
side. This strongly suggests that solvent mol-
ecules having higher hydroxyl group density
can penetrate more easily into the amorphous
region of cellulose. It was experimentally con-
firmed that the amount of shifting of T,,,, by
plasticizer effect increases with the solvent
content in the sample solid. Therefore, from
the amount of shifting determined for each
absorption oy, , 1, &, ,, and oy from Figure
14, we can estimate roughly the content of
the solvent absorbed in the region relating
to each absorption. The results show that
the solvent molecule can penetrate more easi-
ly into the amorphous region composed of
loosely-packed molecular chains than into
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the closely packed region.

In summary, regenerated cellulose solids
reveal the five kinds of mechanical absorptions
originated from micro-Brownian movement of
molecular chains in amorphous phase: ay,o,
Ogp, Oy 25 05 1, and a;. From the view point that
micro-Brownian movement gives one glass
transition, the regenerated cellulose solid has
five glass transition temperatures. From this,
we may conclude that there are five kinds of
amorphous phases having size at least larger
than 10 x 10 x 10 (nm?) of moving chain seg-
ment.?’> The above complexity of the amor-
phous phase is intimately correlated with
intra- and intermolecular hydrogen bondings
as revealed from the behaviors of the viscoelas-
ticity in the solvent with hydroxyl groups
shown in Figure 14.

It might be oversimplified to consider that
the viscoelastic absorptions have one-to-one
correspondence to the intra- and intermolec-
ular hydrogen bondings existing in the amor-
phous phase. These can be regarded as fun-
damental structural elements, because the
body responsible for the viscoelastic absorp-
tion is a mixture of fundamental structural
elements. The five amorphous phases may
differ in the mixing compositions of the ele-
ments. For simplicity, We can speculate as
follows: The ay,o absorption corresponds to
the cooperative motion of cellulose chains and
water molecules in the amorphous region, in
which intra- and intermolecular hydrogen
bondings are almost completely destroyed.
The o, absorption is due to the micro-
Brownian movement of cellulose chains in the
amorphous region, in which intra- and in-
termolecular hydrogen bondings are com-
pletely (o, and o,,) or partially (a,,) de-
stroyed. Careful examination of the detailed
structure of *C NMR spectra of C, carbon
peak region (see Figure 7 of ref 1a) shows that
the strength of intramolecular hydrogen bond-
ing, as evaluated by CP/MASS 3C NMR
spectra, varies usually to a large extent within
a given regenerated cellulose solid, if the solid

Polymer J., Vol. 18, No. 1, 1986
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Table II. Dynamic mechanical absorptions observed for regenerated cellulose solids
in the range from 280 to 600 K
Temperature AH. Assi £ th .
Absorption range of o/ 1 Mechanism smgﬂment of the region
kJ mol responsible for the absorption
Toax/ K
oy 558—578 1210 Micro-Brownian motion ~ Amorphous region with strong
of segments in intra- and intermolecular
amorphous region hydrogen bonds
%1 488—563 289 Ditto Amorphous region separated
o, depending on packing density
2 413—513 209 Ditto of polymer segments with mode-
rately developed intra- and
O 388—473 @ intermolecular hydrogen bonds
0,0 303—323 @ Cooperative motion Amorphous region without intra-

of sorbed H,O and

segments in

amorphous region

intermolecular hydrogen bonds,
and partially plasticized with
water

2 Not evaluated because of difficulty to determine 7,

is not treated under specific conditions. The
distribution of the intramolecular hydrogen
bond strength may bring about the o, absorp-
tion with multiple peaks. The o, absorption
corresponds to the molecular motion of cel-
lulose chains belonging to the amorphous re-
gion, in which intra- and intermolecular hy-
drogen bondings are strongly and densely
formed, and this can explain an extraordi-
nary large AH, for the «, absorption. The as-
signment of these absorptions is summariz-
ed in Table II.

The more quantitative evaluation, by using
Manabe-Kamide method,® of the supermo-
lecular structure of the amorphous region,
corresponding to the o, absorption, will be
presented in a forthcoming paper.
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