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Synopsis

The water-adsorbing properties of cellulose samples which had been graft copolymer-
ized with hydrophilic vinyl monomers using ceric salt as an initiator were investigated
by means of the width of the high-resolution NMR absorption spectrum, water reten-
tion, and moisture regain of the samples. In the change of the width at half-value of
the spectrum with per cent grafting, a maximum value followed by a minimum value
was observed on samples both grafted with acrylic acid and methacrylic acid. Thus, the
effect of grafting on the water-adsorbing properties appeared not to be simple. Though
no special change in the water retention by grafting was observed, the per cent grafting
dependence on the moisture regain in high relative humidity showed a peculiar and defi-
nite relation. The per cent grafting giving maximum moisture regain was about 8%,
and 189, for acrylic acid and methacrylic acid, respectively, and this agreed very well
with the minimum widths at half-value. The change in the glass transition temperature
of the sample-water system caused by grafting is also described.

INTRODUCTION

As for graft copolymers in which hydrophobie vinyl monomers are grafted
on inherently hydrophilic cellulose, interesting relations! have been found
between structure and water-adsorbing properties. On the other hand,
it is expected that the water-adsorbing property of cellulose is greatly af-
fected by grafting hydrophilic vinyl monomers onto cellulose. Graft co-
polymerization?~7 of such monomers onto cellulose in various initiation
systems have been carried out. - The structures of nylon 66 film grafted
with acrylic acid and acrylamide and cellulose grafted with acrylamide
were examined by Jeffries et al.® and by Simionescu and Oprea,® respec-
tively. Leeder and Pratt? investigated the effect of hydrophilic vinyl
polymers on the water absorption in wool-polymer systems. In our pre-
vious study,!* it has been found that among scveral initiators, ceric salt
was most effective in the graft copolymerization of this type of vinyl mono-
mers. It is not difficult to attain several decades on per cent grafting,
but a relatively long reaction time is needed because of the extremely slow
initiation reaction. It seems that the structure of the graft copolymer
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of this type has not been thoroughly clarified yet and that many unsolved
problems might exist in the interaction of the polymers with water.

In the present study, in order to determine the nature of bonding be-
tween these graft copolymers and water, cellulose samples were prepared
by grafting with acrylic acid and methacrylic acid up to about 509, graft-
ing using cerie salt as an initiator; and the width at half-value of the high-
resolution NMR absorption speetrum of adsorbed water and its relation
with the water retention and moisture regain were investigated.

EXPERIMENTAL

Preparation of Grafted Samples

Commercial dissolving sulfite pulp was used as ccllulosc sample, and
acrylic acid (AA) and methacrylic acid (MA) as vinyl monomers. Graft
copolymerization was carried out in a system initiated by cerie salt under
nitrogen. Copolymerization conditions were fixed "almost identical to
those of the previous study.!' Namcly, a known concentration of ceric
ammonium nitrate was added to the system containing 5.0 g ccllulose,
25 ml monomer, 300 ml distilled water, and 100 ml 0.1N nitric acid to make
the salt concentration equal 10 mmole/l. in the system. Polymerization
times ranged from 10 min to 8 hr. Polymerization temperatures were
20°C and 45°C for AA and MA, respeetively. Polymerized products
were extracted with hot water for 10-15 hr to remove homopolymers.
The weight inerement by grafting based on cellulose was indicated as per
cent grafting.

Width at Half-Value of NMR Absorption Spectrum

Samples containing 59, to 309, water were prepared for cach graft co-
polymer and packed closely in sample tubes.  The high-resolution NMR
absorption spectrum was measured by using a JEOL NMR spectrometer
Model TNM-C-60HI with its accessorics for varying temperature under
the following conditions: resonance frequency, 60 Mc; sweep rate, 90
ppm/2.5 min; RIF level, 40 db; sample temperature, —60°C to 90°C.  The
width at half-valuc of the speetrum was indicated as vy /o.

Water Retention Value (WRV)!?

After immersing the sample in water for 24 hr, it was filtered to form a
mat, which was dchydrated with a centrifugal foree of 3000 G for 15 min.
The moisture remaining in the samples was expressed as percentage of
the oven-dried weight.

Moisture Regain

The values of cach sample at relative humidities of 669, and 939, were
obtained by placing dried samples over saturated aqucous solutions of
sodium nitritc and ammonium phosphate, respectively, at 20°C for onc
week.
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RESULTS AND DISCUSSION

Hydrophilic Nature of Grafted Cellulose

Iigure 1 shows the change in WRV. It was obscrved that the WRV
of the graft copolymers increased with the introduction of AA and MA.
Inasmuch as the grafted chains themselves have a good solubility in water
if split off from the trunk cellulose, the watcer-retaining property of sam-
ples is expeeted to inercase with increase in per cent grafting.  As a result,
a remarkable cffect was observed for AA, whereas the effeet was very small
for MA. Considering such a large difference between monomers, it is
assumed that fairly complicated factors arc at play in the phenomenon
of water adsorption in polymers.

Tigure 2 gives the relation between the width at half-value and the water
content of AA-grafted cellulose.  As scen in the figure, two straight lines
arc drawn for cach grafted samples, and the slope, the position, and the
inflection point of these straight lines are peculiar to cach sample.  Similar
relations were obtained for MA-grafted cellulose, and the width at half-
value was possible to be estimated for samples with various per cent graft-
ing at any given water content.

The relation between the width at half-value and the per cent grafting
of AA-grafted cellulose is shown in Figure 3 for water contents of 109,
and 15%. It is remarkable that for any water content of the samples,
the maximum and the minimum of the width at half-value were observed
at about 5%, and 89, grafting, respectively.  This phenomenon supposedly
indicates a speeial interaction between grafted ecllulose and water which
appeared as the per cent grafting approached those values.  As scen in
Figure 4, the same tendency was also obscerved for MA-grafted cellulose;
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Fig. 1. Water retention value of grafted copolymer.
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Fig. 2. Relation between width at half-value and water content in AA-grafted samples.

Per cent grafting: (O) 0%; (©)4.9%; ()11.4%,; (®)28.0%. Sample temperature;
24°C.

12001

ACRYLIC ACID

Viz (c/s)

400r
WATER CONTENT
200 010 %
®;l5%
1 o — —. ' i
0 5 10 15 20 25 30

PER CENT GRAFTING (%)

Fig. 3. Relation between width at half-value and per cent grafting in AA-grafted samples
compared at certain water contents,

and, in this casc, the maximum of the width at half-valuc was observed
at about 89, grafting and the minimum at about 18%.

As the water-adsorbing property of polymers is also characterized by
the moisture regain of samples, relations between the value and the per
cent grafting were obtained and arc shown in Iigurc 5. At a relative
humidity of 669, the moisture regain of grafted samples was observed to
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Fig. 4. Relation between width at half-value and per cent grafting in MA-grafted samples
compared at certain water contents.
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Fig. 5. Moisture regain of grafted copolymer.

be independent of the per cent grafting, and the difference between mono-
mers was very small. However, at a relative humidity of 939, a peculiar
and definite relation was obtained in that the maximum moisture regain
was attained at a certain per cent grafting. The values were 89, and
189% for AA- and MA-grafted cellulose, respectively. These values hap-
pened to agree well with the per eent grafting at which the width at half-
value became minimum for both grafted celluloses deseribed above.  This
agreement is very definite and interesting,.
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Although any per cent grafting characterizing the inercase in WRYV of
samples by grafting was not found, a per eent grafting specifying the width
of the NMIR absorption spectrum as well as the moisture regain at a high
humidity were found to exist. The reasons for these could be interpreted
as follows. WRYV reflects a rather macroscopic change in the structure
of fibers, whereas width at half-valuc or moisture regain is thought to de-
teet microscopic changes in structure more sensitively.  In the process
of graft copolymerization, the surface, the microvoids, and the amorphous
regions of the eellulose fibers are gradually filled with hydrophilic polymer,
and the maximum hydrophilic property of the whole system is determined
by the constitution of trunk and grafted polymers. Naturally, the per
cent grafting corresponding to this point depends on the polymer to be
introduced. Water in this system is also thought to behave in a particular
manner.  As the width at half-valuc can be considered as an index of dif-
ferential energy of binding, i.c., force of binding between water and cellu-
losc in the system,® it is thought to be possible to indicate the state of
protons in bound water by the width of the NMR absorption spectrum.
The experimental results indicated that the adsorption energy of water
became minimum in a sample with the per cent grafting at which the maxi-
mum moisture regain was obtained. It seems that such information on
the water-binding property of the samples has an important significance
in the examination of the hydrophilic polymer-grafted cellulose.

Glass Transition Temperature of Grafted Cellulose

According to the previous paper,' the temperature dependence of the
width at half-value was examined for the samples with various water con-
tents.  Iigure 6 shows the results for ungrafted cellulose samples.  The
relations of width at half-value temperature are represented by two straight
lines for cach water-containing sumple, and the temperature at the inter-
scetion of these lines, namely, the eritical temperature of the water-containing
polmer system (7', designated as glass transition temperature according to
the previous paper'), can be read from the figure. It is possible to obtain
the relation between these temperatures and the water content of the
samples.  Similar relations were obtained for AA-grafted samples with a
per cent 6.99, grafting and are shown in Figure 7. In these samples, a
remarkable difference was observed in their properties toward water as
compared with those of ungrafted samples; namely, the foree of water
binding in a lower range of water content was maintained high, even at
higher temperature.  However, the dependence of 7', on the water content
hardly differed between the grafted and ungrafted samples.

The above results are summarized in Figure 8. 1t was observed that
the water content dependence of the glass transition temperature of the
grafted cellulose-water system was hardly affected by grafting up to about
7%. However, as for the samples with 289 grafting, the moisture re-
gain was almost the same as that of ungrafted sample, but a definite in-
crease in the glass transition temperature was observed if the comparison
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Fig. 8. Relation between 7'. and water content. Per cent grafting of AA-grafted
sample: (O) 0%,; (3) 6.9%,; (@) 28.0%,; Per cent grafting of MA-grafted sample:
(A) 17.9%,; (A)25.9%,; (&) H4.8%,.

was carried out at the same water content.  In Iigure 8, the results for
MA-grafted ccllulose are also shown. For the samples with grafting of
below 309, no difference from ungrafted cellulose was observed in these
relations.  The increase in glass transition temperature was {irst observed
at 509, grafting. The different effect of these monomers on the shift in
glass transition temperature can be casily assumed by  examining
the changes in moisture regain and the foree of water-binding of cellulose
samples by graft copolymerization.

Thus, the grafting of relatively small amounts of hydrophilic monomer
sensitively increases the foree of water binding of cellulose samples at a
water content lower than 159;. However, the grafting has a small effect
on the glass transition temperature of the cellulose-water system, and the
effect of increasing the temperature first appears at a per cent grafting
morc than several deeades, depending on the monomer.,

The authors wish 1o express their gratitude to Miss 1Tarue Tonooka for her participa-
tion in the experimental work.
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