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GENERAL INTRODUCTION

Interpretation of numerous X-ray studies has shown
that cellulose consists of crystalline regions embedded in a
matrix of more randomly distributed amorphous material., Since
both the proportions and the detailed structure of these regions
have great influence on physical properties, such as tenaclty
and flexibility, the adsorption of liqﬁids and gases and on
the ability of the fibers to swell in liquids, thelr measure-
ment is of considerable interest. A chemical analogy of the
strictly physical definition, divides the fiber into accessible
and inaccessible regions, the accessible portlon belng defined
a3 that into which the reagent can penetrate. Since the amount
of accessible material may be increased by swelling or decreased
by crystallization depending on the nature of the reaction, the
estimates from various reactions usually differ. Nor will the
amorphous reglon necessarily coincide with the‘accessible, the
one being arrived at by a truly physical measurement, the other
resulting from the Imposition of a chemical reaction upon an

already complex physical system.

This concept of accessibility, however, continues to
arouse wide interest since the processing of cellulosic mater-
lals, of major importance to most countries, necessarily depends
upon the chemical behavior of the fibers, rather than on their

ultimate X-ray pattern.,



II

The first part of the present research consists of

a study of the amount of various celluloses accessible to oxi-
dation by a non-swelling solution of chromium trioxide used
under strictly standardized conditions. The effects on accessi-
bility of solvent exchange from water to organic liquids like
benzene, of drying from benzene, and of s3light mechanical pres-
sure have been noted, and the accuracy of the method greatly
improved. A technique for determining the true dry welght of
a benzene~wet sample without prior drying has made it possible
to determine the accessibilities of three types of swollen
linters, These accessibilities have then been compared with
those found by another non-swelling method involving the methyl-
ation of samples previously lmpregnated with a solution of

thallous ethylate in benzene.

The second part of the work was devoted to a more
detailed study of the superficlal methylation produced by
thallous ethylate followed by dimethyl sulphate in benzene.

In spite of severe technical difficulties caused by degradation
during methylation and by occluded thalllum salts, some informa-
tion was obtalned concerning the distribution of methoxyl groups
within the glucose units, and along the lengths, of the macro-

molecules in the accessible portions of a highly swollen cellu-

lose sample.




HISTORICAL INTRODUCTION

In the present work no attempt will be made to cover
the vast historical background on which present day concepts
-of the physical and chemical nature of cellulose are based.
Well-known text books (1)(2) perform this function. Only the
more pertinent topics will be discussed in some detail, and even
in this narrower field, the following short sections on the
molecular and crystalline structure of cellulose depend extensive-

ly on the recent review by Hermans (3 ).

) By 1935, the chemical wnit of cellulose was well esta-
blished as a linear polymer of anhydroglucopyranose units in
which an oxygen bridge of the B-configuration jolned together the
1l and 4 carbon atoms of adjacent hexose units, Such a thread
molecule is reproduced in FPig. 1 using the type of plane projec-
tion introduced by Haworth (4). The pyranose residues on each
end of the formula each differ from the anhydroglucose repeating
unit in having 4 rather than 3 free hydroxyl groups, one of whilch
is aldehydic in character. It follows that as the length of the
chain increases, the determination of these and groups becomes
progressively more difficult (5)(6). Staudinger has defined
cellulose as embracing the higher members of a whole range of
polymeric homologues of which glucose represents the first and

cellobiose the second member. The degree of polymerization re-

presented by n in Fig. 1 thus varies over a wide range and 1is
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dependent on the history of the fiber and its source. Typical
chain length distribution step curves (Fig.2) for cellulose
from aspen wood (a) and cotton (b) are described by Heuser and

i
Jorgensen (7).

Fig. 1, however, tells little about the spatial econ-
figuration of the cellulose molecule., This aspect 1s reviewed
in considerable detail by Hermans (3) and is based primarily on
geometric considerations. The simllarity of the hexose repeat-
ing unit containing 5 earbon and 1 lactonic oxygen atom to cyclo-
hexane allows the unit to take two limiting structures, an "arm-
chair” form and a "bath" form, in both the g-configuration
(starch) and the p-configuration (cellulose)s The "arm chair®
form is rigid and best exemplifies the linear character of cel-
lulose for when each second unit is rotated through 180° on its
longitudinal axis, the glucosidic oxygen bridge being retained in
a relatively strain-free position, the polymer then extends uﬁi-

laterally. The consequences of these deductions are indicated
in Pig. 3 (3) which represents the celloblose unit. The nuclear
atoms of the ring are now distributed in two parallel planes and
make up a band approximately 9 A° in width and 4.5 A° in thick-
ness. A noteworthy feature, however, 1s that all the hydroxyl
groups project from the sides of the band and form two hydro-
philic faces, while the hydrogen atoms projecting above and
below the planes provide hydrophoblc regions. A second polymer
chain, on approach, will then have definite stimuli for parallel

orientation and on addition of other macromolecules build up a
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regular crystalline structure. Hermans states that these con-
trasting fields of force in the cellulose molecule may explain
in some degree its insolubility. On the other hand, starch in
the g-configuration can best be visualized using the "bath®
form. This conformation would allow the molecule to assume &

spiral form having five or six glucose units per coil.

Hermans states that "there can be no question of a
chain with all the ring planes parallel". The idealized ver-
sion in FPig. 3 must be refined further before spatial dimen-
sions in agreement with X-ray data (p. 8 ) are possible. To
provide a strain-free glucosidiec link and the proper unit
length, the chain must be buckled in its vertical aspect only
or have a moderate zlg-zag in both the vertical and horizontal
planes, In the latter case, the ring planes form an angle of
not more than 10°30' with the horizontal plane and give a fiber
period of the correct length. A top view of a Stuart model of
such a chain is reproduced in Fig. 4. Here the distances (2.5-
2.6 A°) between the hydroxyl groups and the lactonic and glu-
coslidic oxygen atoms are such that all the hydroxyl groups ex-
cept those in the 2-position are capable of hydrogen bond forma-
tion within the chain 1tself, thus adding to the rigidity and
insolubility of the chain,

The X-ray spectrography of cellulose from almost all
natural sources, whether cotton, wood pulp or the product of a
microorganism, reveals the same structure for the crystalline

portions and such samples are called native cellulose or cellu-



FIG, 3 Nuclear frame of a cellobiose unit.
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FIG, 4 Plan view of a Stuart!'s model
of the cellulose chain with
probable intramolecular hydrogen
bonds,
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lose I. The familiar monoclinic unit eell, a crystallographic
representation of the smallest unit which can produce the known
X-ray diffraction pattern, is illustrated in Fige 5. Its para=-
meters enclose four anhydroglucose units, mounted on digonal
screw axes of alternating polarity. This crystallographic b
axis defines the length of the unit cell, that of a cellobiose
unit, and practically colncides with the flber axis in well-
oriented celluloses such as ramle fiber. In this direction the
glucose units extend to the full polymer length and are held to-
gether with a covalent bonding energy.of approximately 50 Kcal.
per mole, giving to the cellulose its tenslile strength. In plan,
the top of this unit has a slope and is bounded by the a and b
axes meeting at an angle of 84° The a axis, the dimension of
breadth, 1s in fact the effective width of an anhydrogluecose
unite In this plane the oxygen atoms of adjacent»glucose units
are closer together (2.5 A°) than would be expected if Van der
Waalts forces alone were operating., Hydrogen bonds of 15 Kcal.
per glucose unit are therefore postulated. The c axis is the
depth of two anhydroglucose units., The distances separating

the atomic centres of adjacent chains in this plane are rela-
tively great (3.1 A°) and the binding forces are probably sole-
ly of the cohesive or Van der Wakl's type., Cellulose therefore
assumes the composite properties of a chain and & layer lattice.
The dimensions of this unit eell, derived by Meyer and coworkers
on the basis of Haworth's model of cellobiose, are: B = 84°;

a = 8,35 A% b = 10,3 A°; ¢ = 7.9 A®° More recent figures given

by Kiessig for the unit cell of ramie fiber were B = 84,5 °;




b=103 13

|

FIG. &
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Unit cell of cellulose,
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& = 8,17A°; b = 10,31 A®°; ¢c = 7.84 A°® (8), The results arrived
at by the X-ray diffraction technique (9)(10)(1l) are a com-
promise between physical difficulties, such as obtaining a cel=-
lulose target in which the crystallite orientation is consistent,
and present concepts 'of the chemical nature of the units in-
volved, and should not be considered final. Peirce (12) ob-
serves that the above unit cell of cellulose 13 essentially
orthorhombic, whereas the pattern reveals a monoclinic lattice.
To introduce a crystalline feature capable of maintaining the
distortion to the monoclinic habit, Pelrce postulates chelate
bonding between hydroxyl groups iIn one of the four glucose units
in each cell.

The Fine Structure of Cellulose

The polymer thread and the unit cell are the defined
individuals on which the macrostructure of cellulose, such as
constitutes at least 98% of the purified cotton fiber, is based.
This macrostructure is differentiated by measurements of a
physicél nature, suech as moisture absorption, heat of wetting,
density and X-ray diffraction, into crystalline and amorphous
regions. The proportion of each depends on the type of cellu~-
lose and the method by which 1t is determined, as can be seen

in Table I.

The crystalline region is frequently defined as that
fraction which gives rise to a coherent X-ray diffraction pat-

tern. Since a depth of 10 to 20 layers of oriented polymers
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TABLE I

PERCENTAGE OF CRYSTALLINE MATERTAL
IN VARIOUS CELLULoSES(13)

Type of Cellulose

Method of Determining Native
Crystallinity Cotton Pulps Regenerated
X-ray analysis 0 2 ves 39 13
Sorption isotherms 68 e 35
Density determination 60 50 25
Recrystallization of
amorphous cellulose e oo 35

must be present to give a well defined diffraction pattern, it
follows that in those reglons that produce the diffuse back-
ground on the film, the macromolecules are in greater disarray.
Mark (14) in his discussion of fiber structure, reviews the
different interpretations of these and other data with their
pictorial representations. The micelle theory (circa 1927) in
which cellulose was bullt up of brick-like crystallites, having
volds between, into which gases and liquids could penetrate,

soon gave way to the fringed micelle theory of Astbury (15).

In this theory the crystallites are no longer discreet indivi-
duals with definite bounds but become those ill=defined regions
in which sufficient long macromolecules are orientated to a maxi-
mum degree, These points are brought out in Fig. 6 which Campbell
(16) has used to show that the total area in cellulose available
for adsorption and wetting 1s very great when compared to the

extermal surface of the fiber. Here the macromolecules are 1n



FIG., 6

Concept of structure in fibril layers,
Unit parts of cellulose molecules reg-
ularly spaced. No definite positions
of ends of cellulose chains, Crystal
structures bonded to each other by
branching,.

10.
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considerable alignment, have no definite ends and may wander
through several crystalline regions. In the amorphous portion,
the state is not complete disorder but a lower order of orien-

tation in the lateral dimension of the chain bundles.

The following generalized definition of the micellar
structure of cellulose, provided by Keays (17), may be compared
with Flg. 7 by Frey-Wyssling (18).

Crystalline Regions
At intervals throughout the cellulose structure the

three-dimensional arrangement of the glucose anhydride unit

is repeated in such a manner as to build up localities suffici-
ently large to give coherent X-ray diffraction patterns, It 1s
assumed that the crystallites are not all of the same length or
of uniform cross-section, that the crystalline-amorphous inter-
face is not sharp, and that a fraction of the crystallites may

protrude in the form of fringes into the amorphous reglon.

Amorphous Regions

The amorphous regions extend between the crystallites
and act as a "grundmasse® for them, The cellulose chains are
more or less randomly kinked and in a state of more or less
random orientation. 1In short, the amorphous component may
comprise an infinite variety of structures ranging from a few
parallel long-chain bundles, or embryonic crystallites, to

very short chain segments, with completely random orientation.

It is interesting to note that Svedberg (19) has
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isolated erystalline particles of cellulose having the same
dimensions (500 A° in length by 50 to 100 A° in width) as the
minimum figures found by X-rays (20) for the crystallites in
situ. Svedberg belleves these units to be the micelles them-
selves, The cellulose samples were first nitrated without
degradation after which chain length distribution curves were ob-
tained by a combination of fractional precipitation, ultracen-
trifugal sedimentation and osmotic measurements, Native cotton
as well as processed cellulose gave a maximum at a degree of
polymerization of 70 to 100 and after acid hydrolysis most of
the cellulose was found in the range 100-200, It is evident

that a polymer chain having a degree of polymerization of 3000

or 15000 A° will in all probability pass through many crystallites.

The data on the diameter of the crystallites, obtained
by the usual wide angle X-ray diffraction, have been recently
augmented by Heyn (21) who has studied the diffraction and
scattering of X-rays within very small angles adjacent to a
primary beam passed through a carefully aligned fiber bundle
mounted at right angle. Since change in the intermicellar dis-
tances in the cellulose by swelling leads to a corresponding
decrease in the extent of scattering, Heyn concludes that the
average period might be a measure of the lateral centre to
centre distance of the crystallites. Selected values from this

work appear in Table II.

The Intermicellar spaces are accessible to swelling

media. In addition, native (but not artificial) fibers have
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TABLE ITI

SCATTERING AND APPROXIMATE IDENTITY
PERIOD FOR DIFFERENT FIBERS

Mercerized
Ramie Viscose Cotton Cotton
Maximum scattering angle 1°18! 1°91 511 361
Smallest period (in A°) 34 38 61.5 73
Average period (in A°) 68 73 95 14,6

a system of longlitudinal microscopic and submicroscopic faults
permeating the structures from primary wall to lumen, which
are accessible to colloidal dyestuffs. This aspect has been
studied in great detall by Frey-Wyssling who deposited gold
and silver metal in the interstices and then subjected the
fibers to X-ray measurements. He concludes that the larger
capillaries are about 2500 A° in length and have a maximm
diameter of 400 A® (22). The finer capillaries, having a
diameter of about 100 A°® (23), are assumed to be holospaces

between and parallel to the fibril bumdles,

The fuzz hairs, up to 10 mm., in length and averaging
0.2 mm, in diameter, remaining on the cotton seed after the
lint fibers have been removed by gimming, are termed cotton
linters, Their morphological structure, reviewed by Hock (24)
and Hermans (25) consists of a thin outer membrane, called the

primary wall, of secondary walls and the central chamnel or
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lumen. In the primary wall the cellulose macromolecules are
probably in crosswise arrangement and ocelude pectic materials
and waxes, This tough unreactive skin (26) 1s not able to
swell and when the secondary wall cellulose 1s mercerized
will strip back or burst the skin to give "balloons" and
"dumb bells", Schramek and Stenzel (27) who removed this cu-
ficle from spruce summerwood tradheids'by cautious treatment
with sodium hydroxide and carbon disulphide, have been able
to unroll spirally a portion of the secondary wall which had
longitudinal but no lateral fibrillar structures In cotton
the fiber windings are in the outside secondary wall and may
have a S or a Z configuration which can reverse its direction
several times along the fiber length. The malin portion of the
secondary wall consists of day and night growth rings in which
the cellulose macromolecules are oriented at approximately 45°
to the fiber axls., No decision has yet been reached as to
whether or not a definite supermolecular unit is responsible
for the microscopically observable fibrous structure of the
secondary wall cellulose. Morehead (28) has disintegrated
these filbrils, using ulﬁrasonic vibration, and by electron mi=-
croscopy demonstrated the existence of minute fibrillae but
gave no average dimensions. The results of Kinsinger and Hock
(29) are representative of a great volume of work on these fi-
brillae. Using the metallic shadow casting technique, they ob-
tained electron photomicrographs of beaten natural fibers, in
which the fibrils have dlameters ranging from 90 to 400 A° and

showed a periodic variation at intervals of about 150£° along

¢




15.

the fiber axis.

The scientifically popular diagrammatic representa-
tion of Frey-Wyssling in Fig. 8 (30) approximates our present

knowledge of the structure of cellulose fibers,

The Effect of Alkall on Cellulose

0f the many double compounds known to be formed when
an alien molecule penetrates the crystal lattice of cellulose,
only those produced by sodium hydroxide and water are of imme-
diate interest, After studying the X-ray diffraction patterns
of cellulose specimens exposed to alkali over a wide range of
concentration (0 to 50%) and temperature (-20° to 100°) Sobue,
Kiessig and Hess (31) published a rather complex phase diagram
which contains native cellulose and four allotropes of sodlium
cellulose. The work of Sisson and Saner (32) carried out un-

der the same conditions, presents a simpler picture.

The changes taking place in the a ¢ plane of the lat-
tlce under the action of alkall and water in our range of inter-
est are represented diagrammatically in Fig. 9 which is taken
from Meyer, Misch and Badenhuizen (33), When cellulose I (native
cellulose) or cellulose II is completely mercerized at ordinary
temperature, sodium cellulose I is formed. When freed of alkalil
by washing with cold water, the undried fiber provided Sakurada
and Okamura (34) with a completely new X-ray pattern, This modi-
fication has been terﬁed "water cellulose" since each glucose

unit corresponds to 4 moles of water of which one 1s contained
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in the crystal lattice. Meyer, Misch and Badenhuizen (33)

have proved the identity of "water cellulose" with the cellu~
lose hydrate shown in Fig., 9d and showed furthermore that this
labile structure loses water readily on standing, Hermans and
Weidinger (35) later found that cellulose hydrate II (i.e. wa-
ter cellulose) having an approximate composition of one and
one~third moles of water per glucose unit, was slowly trans-
formed to cellulose hydrate I (with one-third mole of water
per glucose unit) slowly on standing in water at room tempera-
ture, and rapidly by boiling in water for a short period (36).
Careful drying of the hydrate ylelds cellulose II which on con-
tact with moist air rewerts to the hydrate I forms, The formation
of two hydrates can be visualized as involving a stretching of
the cell dimensions perpendicular to the 101 plane (top left to
lower right in any unit cell in Fig. @) with a separation of
the hydroxyl groups of adjacent chaina. The increases in the
unit cell volumes in passing from cellulose II to hydrate I and
to hydrate II are 5.7% and 22.6% respectively. On a macroscale
this increase 1s observed as a tendency for the fiber length

to decrease, with an increase in lateral dimensions, and an
overall increase in volume, By varying the sodium hydroxide
concentration and the reactioa temperature over a wide range,
Richter and Glidden (27) have shown conclusively that swelling
was greatest for any given temperature at 10 to 12% concentra=-
tion and increased with a decrease in temperature, The great-
est weight increase recorded for a moist cotton linters speci-

men was 1800%, at their lowest temperature (5°) and at 10%
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caustic concentration. Saito (38) states that the point of
maximum swelling, regardless of temperature or concentration,
corresponds to an adsorption of one mole of sodium hydroxide
per celloblose unit. The swelling and solubility of many
types of cellulose in 10% caustic soda was comprehensively
studied by Eisenhut (39). The selected values in Table III
show that swelling is considerable, that the solubility of
each specimen is highest at the lowest temperature gnd that

a quite different temperature-solubility increment exists for

the various types of cellulose,
TABLE IITI

SWELLING AND SOLUBILITY OF
DIFFERENT CELLULOSE FIBERS(2) (39)

Solubllity in
Swelling _ _10% caustie
(%) 30°_ _15° _5°

Cotton linters 45 0.7 l.5 3.1
Spruce sulphite pulp 45 13.6 19. 22,
Viscose staple from linters 80 0.9 7.5 586,

(a) degree of polymerization approximately 775

From such data and from the many studies of sorption
isotherms, differential heats of wetting and similar physical
phenomena, there is today general agreement that the swelling
of cellulose in alkali or water involves the following steps
(40) (cf 41).




20,

1) When cellulose I (native cellulose) is exposed to water,
an essentially topochemical reaction first occurs. The crys-
tal lattice remains intact while the hydrate I is formed
throughout the truly amorphous portion, and the hydrate II as
well, in those regions where the cellulose chains have consi-
derable freedom of movement. Heat 18 evolved during the ini-
tial stage but on further addition of water the fiber becomes

saturated and the evolution of heat diminishes towards zero.

2) When cellulose II (regenerated cellulose) takes up a
small amount of water, a competition of hydraté formation will
occur between the crystalline and amorphous regions. When suf-
ficient water has entered, the lattice form will be hydrate I,
the amorphous portion will be hydrate II. The free energy of
hydration is not sufficient to expand the lattice to the hy-
drate II dimensions.

3) When the crystallites have been expanded previously by
drastic treatment such as low temperature mercerization or xan-
thation, water can be substituted in the unstable lattice at
low temperature, The lattice will then be bydrate II while in
the amorphous regions the fully hydrated cellulose chains are
"3dissolved™ in the absorbed water.

The Density of Cellulose
in Various Modifications

Closely related to the topiec just discussed, is the
measurement of that volume in a visible fiber which i1s actually

occupied by cellulose, or in practice, the determination of the
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density. Accurate microscoplc measurements showed that the
density of the cell walls of cotton should be 1.15 (42),
whereas ln fact the densities obtained in benzene were approx-
Imately 1,5, It was thus evident that even non-polar liquids
like benzene were able to penetrate into ultramicroscopie

gspaces in the fiber structure,

The varilation in the density of cellulose as deter-
mined by different methods, which 1s illustrated in Table IV
(43), has caused much speculation (e.g. 44). To account for
the high density of 1.61 in water, as compared with the figure
of 1.59 calculated as the density of the unit cell, massive

compression of the water has been postulated (45).

TABLE IV

DENSITIES OF CELLULOSE FIBERS IN
VARIOUS BUOYANCY AGENTS

Medium Used
Material Helium Toluene Water Heptane
Cotton 1l.567 1.550 1.6095 1.540
Mercerlized cotton 1.550 1.536 1,6066 e
Viscose rayon 1.548 1,543 1.6084 1,516

Hermans, Hermans and Vermass (46) commented that the
macroscopic concepts of density cammot be applied in all cases

to systems such as cellulose, where the "pores" decrease in
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size from microscopically-observable holes to spaces of the same
order of magnitude as the molecules of the buoyancy medium. Of
the limiting case they state (41): "The problem may be compared
to that which would arise if one wished to estimate the density
of a plle of spheres by means of a medium consisting of smaller
spheres, knowing only the weight of the smaller spheres inclu-
ded in the unit of volume. The results depend upon the relative
dimensions of the two kinds of spheres and is governed by the
rules of spherical packing. If the spheres constituting the
medium are small enough to penetrate even into the volds between
the larger spheres, it will moreover be found that the density
of the pile of spheres is suddenly far greater® (as is the case
with water) "than when such penetration cannot take place" (as
in the case with polar liquids), In developing and supporting
their case with numerous other experimental data, they are able
to explain the variations in densities found in the different
buoyancy medlia and conclude that the most desirable information

is given by non-polar liguids such as benzene.

They also point out that when the percentage of
amorphous material in the cellulose has been increased as by
swelling, the apparent density will be higher than the true
density since the greater penetration of the medium into the
amorphous portions is concomitant with a decrease in the ap-
parent specific volume, cellulose hydrate II weighed in water
at 4-5° having a density of 1.642 (45).
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The Accessibility of Cellulose

At present the terms "accessible™ and "inaccessible®
are used in apposition to "erystalline™ and "amorphous" the
former terms deseribing the availability of the cellulose to
chemical reagents, while the latter are based on physical mea-
surements and mathematical analysis. The "accessible" fraection
is not necessarily identical with the "amorphous"™ fraction but
will be similar, since in the more loosely packed, randomly dis-
tributed amorphous regions, penetration and diffusion of rea-
gents will be faster than in crystalline localities. The cri-
tical regions, to which are due the discrepancies in these
values, are probably the micellar fringes where the crystallites
taper off 1into leaflets of lower order of erystallinity. The
leaflet macromolecules, held together by Van der Waal's forces
and hydrogen bonds, might then behave as inaccessible material
in the initial stages of echemical reactions, yet will not con-
tribute to the X-ray diffraction pattern because of their low
order of crystallinity. On the other hand, another large por=-
tion of the leaflets would occur on thelr extensive surfaces,

and therefore be accessible.

It is to be expected that celluloées of different
origin will vary In the degree and kind of order throughout
the fiber. Furthermore, the c¢ellulose fiber should be consi-
dered to be a system in a state of physico-chemiecal equilibrivm,
whose properties can be changed, possibly in ways not yet re-

duced to precise measurement, by the addition or subtraction of

any form of energy. The action of swelling agents such as wa-
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ter or sodium hydroxide in the preferred state of native cellu-
lose, cellulose I, has been discussed. The result of drastiec
mechanical action such as grinding or beating is well lnown.
Cellulose is defibrillated by ultrasonic vibration (49) and
destroyed after sufficient exposure in the electron microscope
(60). After probable degradation by sunlight in the mature boll
(61, 52), cotton is ginned, digested in mild alkali, bleached

and dried (53). Subsequent heat treatment, or drying at atmos-
pheric pressure or in vacuum from water, or after solvent exchange,

alse changes the properties of the fiber measurably (17).

It does not seem probable that accurate differentia-
tion of the segments of a single macromolecule into two distinet
states can be made, nor that the absolute structure in situ of
the cellulose specimen will be quantitatively reproduced by the
means at our disposal. However, portion of the cellulose access-
ible to a given reagent under the conditions of the experiment
will be a definite empirical quantity which will reflect the
physico-chemlcal conditions in the fiber. Many of the methods
used to determine the accessible portion depend on the interpre-
tation of reaction rate plots obtained by treatment of the cellu-
lose in a large excess of reagent. The generaliform of such a
rate curve, shown in Fig. 10 indicates the initial fast reac-
tion which is attributed to readily accessible material, and
the later more linear portion which results from a slower at-

tack on the non-accessible regions.
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Chemiecally, cellulose behaves like an alcohol and a
glycoslide. Attack on the glucosidic link, as by the hydroly-
tic oxidation method introduced by Rickerson (54) alters the
structure markedly, since the freed lengths of macromolecules
or leaflets align themselves to give regions of higher crys-
talline order, resulting in a lower accessibility value. It
would appear more desirable to measure the accessibility of
the hydroxyl groups as by deuterium exchange (55), thallation-
methylation (56) or by reaction with sodium (57) in which the
reactivities of the primary and secondary hydroxyl groups are
similar, or by the formic acid method (58) which 1s based on
the higher reactivity of the primary hydroxyl group. The éf-
fect of solvent should also be noted, since the molecular di-
mensions of the reactant or its solvent carrier may be a limit-

ing factor, while in aqueous or other swelling media, the ac-
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cessibility values tend to be high owing to the increase of the
accessible fraection during the reaction. The periodate oxidation
technigue (59) will also give a value for accessibility based on
cleavage of glycol groups in the desorgenized regions, while the
action of chromium trioxide (60) is probably more complex.

Although experimental detalls have not been disclesed,
the formic acid determination of accessiblility reported by Tarkow
and Stamm (61 cf. 58) is of much interest, This method is based
on the ability of formic acid, iIn excess and under rigid condil-
tions, to react only with the primary hydroxyl groups of poly-
anhydroglucoses. When the residusl mixture was heated under re-
flux with an excess of acetic anhydride, one mole of carbon mon-
oxide was evolved per mole of formic acid remaining after the es-
terification. When the initial formic acid content for a seriles
of glucose solution was plotted against the experimental value
for combined formic acid, a curve was 6btained that became hori-
zontal when the formation of glucose diformate was complete,
only the 4 and 6 hydroxyl groups having reacted., Similar curves
were plotted for various cellulosic materials, the horizontal por-
tion of the curve in each case giving a value for combined formie
acld that was lower than the figure of 28.7% found for starch
(calculated for starch monoformate as per cent by weight of
original material 28.4%). The accessibilities listed in Table V
column 2, which were calculated using the starch value of 28.7
as equivalent to 100% accessibility, are then the percentages
of primary hydroxyl groups and therefore the anhydroglucose units,
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wnits, available for reaction with the small highly reactive
molecule of formic acid. The author (58) states that this acid
does not hydrolyse alpha methyl glucoside (and by analogy will
not cleave the cellulose macromolecule and thus allow recrys-
tallization) but, however, swells cellulose appreciably more

than does water. Table V shows that the values obtained are in

TABLE V

ACCESSIBILITY OF VARIOUS CELLULOSES
IN SWELLING SYSTEMS .

Formie Acid Moisture Regain DgoO Exechange

Sample . (ref. 58) (ref., 62) (ref. 55)
Cotton 28 44 44
Wood pulp 36 - 47 53 65
Mercerized cotton 52
Mercerized wood pulp oo 69 74
Fiber G(2) 65 72 67

High tenaclty rayon 77 87 86

(a) A rayon of the high tenacity type.

good agreement with the data from moisture regain and deuterium
exchange during which the cellulose undergoes intermicellar
swelling to approximately the same degree. Fige. 11 taken from
Tarkow (58) shows that the accessibllity value was independent
of the moisture content of the same cellulose and that there
was a linear relationship between the formic acld accessibility

and per cent molsture absorption for a given series of celluloses,
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which passed through the origin of the plot.

A simlilar linear relationship between the accessibili=-
tles of cellulose samples and their ability to abaorb water vapour
had been noted by Howsmon (62). This author standardized the
equilibrium moisture regain method as follows:

(1) Samples (1 g.) of cellulose were heated for § hours
at 105°C,, cooled and weighed in small weighing bottles,

(2) They were then conditioned at 58% relative humidity
and 75° F. for the time required to give congtant weight,

(3) The difference between this welght and the dry weight
was expressed as per cent moisture regain.

(4) This regain was corrected by a factor which was the
average regain for standard rayon in sixteen determinations di-
vided by the rayon regain as a control sample (Table VI, col. 2).

(5) The sorption ratio of each cellulose was the moisture
regain of the sample divided by the moisture regain of cotton
(Table VI, col. 3).

(6) The accessibility of each sample, given in Table VI
col. 4 was obtained when the sorption ratio was multiplied by
the accessibility of cotton found by Mark using deuterium ex-
change (55)(63).

(7) The density of each sample, in column & Table VI, was

determined by the procedure of Hermans (641.

The molsture regain was therefore related to accessibix
1lity in an empirical manner only. The results are in accord with

modern concepts of sorption, whereby the initial strong sorption
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of water by cellulose 1s caused by hydrogen bonding of the
water molecules to the accessible hydroxyl groups, which may

be situated in the "amorphous®™ region and on the surface of the
crystallites, That the density also is dependent on the crys-
talline-amorphous ratio is evident from the inverse relationship

between accessibility and density.
TABLE VI

MOISTURE REGAIN, ACCESSIBILITY AND
DENSITY OF CELLULOSE FIBERS(62)

Moisture
Regaln Sorption Accessi- Density
Sample (58% R.H.) Ratio bility  (20°C.)
Cotton 6.70 1.00 44 1.544
Wood pulp 8.06 1.20 53 1.541
Mercerized wood pulp 10.45 1,56 69 1,534
Fiber G 11.00 1.64 72 1.525
Textile rayon 12.00 1.79 79 1,522
High tenacity rayon 13.25 1.98 87 1.509

The deuterium exchange determinatlion of accessibility
is founded on the report by Champetier and Viallard (65) that
deuterium oxide would replace the hydrogen atoms of all hydroxyl
groups in cellulose with deuterium after a sufficlently leng
time., In the initial experiments of Badgley, Frilette and Mark
(55) 7 g of conditioned wood pulp was soaked in 30 ml. of 37%
deuterium oxide, thermostated at 25°C. After one hour, 10 ml,

was withdrawn from the glass stoppered test tube and the densi-
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ty of the liquid was determined by pycnometer. The liquid

was then returned to the test tube, This procedure was repeated
hourly and the results shown in Fig. 12 were obtained. The
initliel fast reaction took place in the first hour and de-
creased rapidly to zero order kinetics. Extrapolation of the
linear branch of the conversion curve to zero time, showed

34% of the hydrogens on hydroxyl groups to be exchanged. The
following possibilities were presented.

(1) All primary hydroxyl groups exchange much faster than
secondary hydroxyl groups and are therefore used up first. The
extrapolation should then intersect the ordinate at 33% exchange.

(2) All hydroxyl groups in the disordered localities are
exchanged faster than all hydroxyl groups inside the micelle.
The experimental value would then be a measure of the amount of
easlly accesslible material,

(3) It 1s possible that all hydroxyl groups in the dis-
ordered areas and on the surface of the crystallites exchange
rapidly.

(4) It is possible that only the primary hydroxyl groups
which are easily accessible exchange rapidly while all others

undergo a slower reaction,

In a later paper Frilette, Hanle and Mark (63) de-
scribe the precautions taken to eliminate exchange of deuterium
with the molisture of the air during experiments and the tech-
nique of stirring which eliminates the risk of too slow diffu-
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sion of the heavy water into the fiber mass. Using cotton lin-
ters as a standard, rate curves were plotted for pH 6 at 25°
and 70° and for pH 3.9 and 10.5 at 25°, The accessibility
values ranged from 52 to 63%. It should be noted that at 70°
and pH 6, and at 25° and pH 3.9, the linear portion of the
curves has a zero slope, indicating that 63% of the hydroxyl
groups are all that will react with deuterium. A simllar
horizontal plane was noted ln the curves for the formic acid
procedure (58). Under certain experimental conditions, appa-
rently, penetration or diffusion of deuterium and formic acid
definitely stops, and does give a sharp distinctlon between at
least two characteristics of cellulose., The authors (63),
working at 25° and pH 6, then obtained the values for a series
of celluloses whose accessible fraction had been measured by
the modified (66) Nickerson (54) method. From these accessibi-
1ity values, given in Table VII, only the suggestion "that all
hydroxyl groups in the disordered areas and on the surface of

the crystallites exchange rapidly" remains tenable.

The determination of the accessibility of cellulose by
the hydrolytic oxidation technique was developed by Nickerson
(54)(67)(68), together with Haberle (69)(70), and was modified
by Conrad and Scroggie (66) among others. The measurement was
based on the rate of evolution of carbon dioxide from a boiling
solution, 0.6 M in ferric chloride and 2.4 N in hydrochloric acid,
containing the cellulose sample, Since the rate of gas evolution

was dependent on temperature, pressure and concentration of the
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TABLE VII

ACCESSIBILITIES BY DEUTERIUM EXCHANGE
AND NICKERSON DEGRADATION(63)

Accessibility
(%)
Sample Da0 HCl-FeClyz

Cotton 41-46 e
Cotton linters 61 S
Wood pulp, beech 54 12
" " , pine 55 10

" " , hemlock 55 9
"Cordura®™ rayon - 86 30
Fiber G(2) 67 15
Textlle rayon 68 27

(a) A rayon of the high tenacity type

reactants, it was necessary to standardize the reaction condi-
tions rigidly. The cellulose specimens were sometimes wvacuum
dried over phosphorus pentoxide, but were usually air dried.

The plots of carbon dioxide evolved versus time are of the gen-
eral form given in Fig. 10 but show a gentle subsidence of

rate rather than a notliceable superimposition of two reactions,
one fast and one slow. They were consequently harder to inter-
pret and various methods were devised for overcoming this diffi-
culty, each being a comparison of some function of the cellulose
curve such as its slope, or area subtended at each time, with
that of a glucose control. Nickerson and Haberle interpreted

their curves as showing 3 rather distinet regions in the cotton
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linters: an amorphous fraction, made up 3.3% by weight of the
original cellulose and was converted to carbon dioxide in 4
minutes; a mesomorphic region, in which the material was semi-
erystalline, made up a further 3% and was hydrolysed in 30
minutes; the crystalline region comprising the rest of the cel-
lulose was attacked at a steady rate. The viscosity of the cel-
lulose dropped rapidly during the initial stages of hydrolysis
indicating cleavage of the linear macromolecules that passed
through the amorphous region, and after recovery the samples
showed & decrease 1n moisture regain, pointing to loss of the
avidly hygroscopic localities. 1In the later stages neither
viscosity nor moisture regain changed markedly. There was a fur-
ther similarity in the hydroecelluloses since the viscosities in-
dicated average crystallite lengths of 244 to 283 glucose units
for unmercerized cellulose and of 110-179 for mercerized cellu-
lose (71) values which were in.reasonable agreement with X-ray
data., Representative values of accessibllity found by this
method, given in Table VII, show the effect of recrystallization
on the availability of the anhydroglucose units as noted by
Howsmen (62) and others, Hermans (72) found that when viscose
rayon was boiled in 2,5 N sulphuric acld, the crystallinity as
measured by X~ray increased from an initial value of about 40%
to the final value of about 50% within 30 minutes, The same ef=-
fect was noted when rayon was mercerized but has not yet been
explained (73). Conrad and Scroggle (66) used a modifled ferrie

chloride - hydrochloric acld method, which gave a maximum error
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of 8 to 10% in precision, in evaluating the characteristies of
various celluloses which are used in the viscose industry. The
accessibility values for pulps of lower alpha-cellulose content
and containing non-cellulosic carbohydrates (Table ViII) are
high (cf. Nickerson, 67); mercerization and drying of linters
through solvent exchange increase accessibility, probably by
reducing the tendency for hydrogen bonding in the disordered

areas,
TABLE VIII
ACCESSIBILITY OF RAYON GRADE
WOOD PULPS AND LINTERS(66)
Alpha Cellulose  Accesslbility
Cellulose (%) (%)

Pulp from Beech wood 89 11,5
Pulp from Southern Pine 93 10.5
High alpha content pulp 95 7.5
Cotton linters 99 5.3
Cotton, mercerized .o 14,5
Cotton, solvent exchanged oo 745

The purely oxldative reagent, perlodic acid, the
chemistry of which was reviewed by Jackson (74), was used by
Goldfinger, Mark and Siggia (59) to estimate the accessible
fraction of several celluloses. The rate curves obtained by
oxidizing the sample in a solutlion of potassium metaperiodate
acldified with sulphuric acid to pH < 1, showed an initial fast

reaction and a subsequent zero order reaction, that could be
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readily extrapolated after 24 hours. The initial fast reaction
was attributed to the rapid conversion of the glyecol groups in
the accessible domain to aldehyde groups, but the resulting
dialdehyde cellulose underwent a slow further oxldation by the
excess periodic acide The requirement of more than one mole of
periodate per mole of glycol unit was supported by Hudson and
Jackson (75), who found that cellulose consumed 1.87 moles of
periodate after 37 days. Timell (76) in more recent work, used
a 0,05 M solution of trisodium paraperiodate buffered with
acetic acid to pH 4 and conflrmed the findings of Goldfinger

et al (59), that diffusion of the oxidizing solution into the
crystalline regions is the rate~controlling step in the slow
reaction., He also poilnted out that recrystallization had prob-
ably taken placs, since periodate accessibilities given in Table
IX were simllar to the Nickerson accessibilities in Table VII.
The high accessibilities of materlals dried from homopolar sol-
vents, in relation to direct drying from water, was also empha-

sized.

When native cellulose 1s immersed in aqueous solutions,
the amorphous portions are hydrated and intermicellar swelling
takes place. Liquid ammonia, on the other hand, like caustie
soda of mercerizing strength, causes Intramicellar swelling.

The ammonla cellulose formed can exchange each hydrogen atom
on the hydroxyl groups through the cellulose structure with
atons of metallic sodium, Timell (77) using a laborious and

rigidly controlled technique, found that the rate of exchange
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TABLE IX

ACGESSIBILITY OF VARIOUS CELLULOSES
ESTIMATED BY PERIODATE OXTDATION

Accessibility
(%)
, Goldfinger et al. Timell
Material (ref., 59) (ref. 76)
Cotton linters 6.0 6.2
Viscose rayon 18,0
Sulphite pulp:
a-content, 94% 7.0
a-content, 90% 8.6
a=content, 88% 9.5
Regenerated cellulose:
dried from water 7.0 8.0
dried from water -
acetone - benzene 19,5 14,2

showed the superimposition of a fast and a slow reaction. By
extrapolation of the linear segment he obtained accessibility
values of 39% for cotton linters, 43% for sulphite pulp and 58%
for viscose rayon, which were in accord with the figures de-

rived by deuterium exchange (55) given in Tables V and VII,.

It has been pointed out that during swelling in caus-
tic soda and during acid hydrolysis, the structure of cellulose
is altered in a remarkable fashion. Although the data derived
from such reactions cannot describe the original arrangement in
the cellulose, it will probably be true that such data are de-
pendent on the original fine structure, and reflect in some de-

tall the size of the crystallites, the degree of lateral order
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in the transition reglons, and to some extent, the magnitude
and reactivity of the original amorphous region. The infer-
ences about the original structure that can be drawn from such
data are discussed in an exeellent paper by Jgrgensen (78).
Series of samples of wood pulps, ranging in their average de-
gree of polymerization from 1950 to 500, and of cotton linters,
were swollen In water, and in 2, 4, 6, 8 and 10% sodium hydrox-
ide solutions at 3°C. for 2 hours, The samples were then washed
free of alkali, solvent exchanged and air-dried. Each sample
was then hydrolysed (cf. 69, 70) in 2.5 N sulphuric acid at 97°
in a special apparatus that provided & continuous flow of fresh
acid. The amount of reducing sugar in the effluent was deter-
mined as glucose at intervals and plotted as dissolved material
agalnst time., In other studies the hydrolysis was stopped after
increasing time intervals and the unhydrolysed material recov-
ered for molsture regain and viscosity determinations, giving
curves typified by Fig. 13. When the flbers were swollen in
water, only cotton linters hydrolysed to the limiting degree

of polymerization of 130 to 140 in 4 hours. For wood pulps
this point, given by the horizontal portion of curves in Fig.
13, was reached only after many hours and was dependent on the
process of manufacture, being 300 for the high D.P.pulp and

160 for the lowest D.P. pulp., The difficulty in reaching this
low D.P. for pulp, as contrasted with linters, shows that the
supermolecular arrangement between the crystallites cannot be
the same. The differences are summarized up pictorially in

Fig. 14 by modifying Hermens' concept (69). The intercrys-
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talline arrangement in the linters allows ready penetration and
rapid cleavage to fragments, the degree of polymerization of
which is not noticeably affected by prolonged treatment. It is
assumed that in the pulps the interconnecting transition cellu-
lose has considerable lateral order and is more slowly hydro=-
lyseds As the swelling prior to hydrolysis 1s increased until
10% caustic soda is used, the 1limit D.P. decreases to 45-60

for pulps and to 80 for cotton linters. The leaflet transition
areas in the linters were viewed by Jorgensen as relatively
short and tattered, while in the same regions of the pulps the
crystallites were more deeply fissuréd and the semi-crystallites
had fewer fringes. The other data fitted in with this representa-
tion and indicated that the dense crystalline regions in pulps

were of smaller dimensions than those in cotton.

The methods by which accessibility can be determined
without necessarily swelling the cellulose prior to or during
the reaction are few in number: methylation with thallous ethyl-
ate and methyl iodide or with diazomethane or oxidation with
chromium trioxide in anhydrous media. These methods, it would
seem, eliminate the swelling variable concealing the in situ
stricture of the cellulose. The thallation-methylation and
chromium trioxide techniques have been used in this research

end will be discussed in detail.

The thallatlion-methylation of Purves and coworkers
(56)(79)(80) is based on the fact that thallous ethylate, a

strong base like sodium ethylate, is soluble in organic liquids
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FIG, 13

Drop in degree of polymerization
during heterogeneous hydrolysis
of a pulp in a: water, b: 2% NaCH,
c: 4% NaCH, d: 6% NaOH, e: 8% NaOH,
f: 10% NaOH.

FIG, 14

Proposed arrangements for the
intercrystalline structure in
cotton linters (top) and wood
pulp fiber (bottom)
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and the solution reacts quantitatively or nearly so with some
fructosides in alcoholic solution (8l)s Cellulose in an or-
ganic solution containing excess thallous ethylate forms the

thallous cellulosate
Cell-CH + T10CgHs —> (Cell-0T1 + CgHs50H

which, when heated with an excess of methyl iodide or sulphate

is converted to a partially methylated cellulose, having a
Cell-OT1 + (CHzI — (Cell-O0CHz + TII

methoxyl group in each hydroxyl group that was originally in
contact with the ether, benzene or other non-swelling liquid
used as carrier for the thallous ethylate. Harris and Purves
(79) showed that no penetration of thallous ethylate into the
crystallites occurred because the X-ray diffraction pattemns
obtained from a mercerized ramie fiber before and after thalla-
tion were almost identieal, and because thallation of finely
powdered sucrose was small, The thallous cellulosate obtained
after reacting mercerized ramie fiber in ether, 0.1 N in
thallous ethylate, decomposed catalytlcally and the thallium
content was variable. After methylation, however, average
methoxyl values of 1.70% were obtained which, when corrected
for ether occluded even after 19 hours drying at 98° in vacuo,
were reduced to 1.45%. This value corresponds to methylation
of 2.5% of all the hydroxyl groups in cellulose., Harris and
Purves also noted that approximately half the methoxyl con-

taining material was removed when the superficially methylated
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fibers were extracted with water.

This method was then applied by Assaf, Haas and
Purves (56) for the measurement of the accessible material
(or internal surface) in a number of mercerized samples., The
cotton linters were swollen in 10% caustic at 5°C. (37) and,
after washing with water and de-ashing with 1% acetic acid,
were solvent-exchanged through methanol into anhydrous benzene,
Although great care was taken during the slow removal of ben-
zene under vacuum, the samples differed considerably in their
accessibilities (Table X)e To avoid changes in the specimen
over a period of time, triplicate samples were treated with
Os1l N thallous ethylate in a variety of solvents and methylated
simultaneously in the apparatus illustrated in Fig. 15 to give
methoxyl contents that agree to within & 10% of the mean.
The points shown in Pig. 16 result from plotting the molecular
volume of the solvent against the respective methoxyl percent-
age, which is the left-hand ordinate., The right-hand ordinate
expresses this methoxyl scale in terms of hydroxyl groups sub-
stituted. Since the percentage of methoxyl , X, in the p#r-
tially methylated cellulose was calculated from the weight of
cellulose before methylation, on which basis trimethyl cellu-
lose has a methoxyl content of 57.4%, the percentage of hy-
droxyl groups substituted in the cellulose was given by
100X/57.4 and was termed the per cent accessibility.

It is apparent that the methoxyl value serves to

delineate the penetration of the solvent into the fiber, and
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that in the case of the normal ethers the relationshlp is linear.

It was suggested that the absolute "amount of amorphous cellu-
lose be defined as the percentage accessible to a liquid of zero

molecular volume and with no tendency to swell the cellulose or

penetrate its crystallites"™. The accessibility values given in

Table X were obtained by extrapolating the methoxyl values,found
for several swollen cellulose preparations examined by thallous
ethylate dissolved in various ethers, to zero molecular volume,
and show that this method was very sensitive to minor change in
the fiber structure. The same authors (56) expressed these
changes as a change in colloidal surface (see Table X) by
assuming on the basis of X-ray data, that a single glucose unit
had an area of 52 x 10-16 cm? (82). One gram of cellulose as

a continuous unimolecular film would then have an area of

52 x 10716 x 6.02 x 10°3/162 or 1.87 x 107 em?,

The second non-swelling reaction system was also formu-~
lated and adapted to the measurement of accessibllity by Purves
and co-workers. In 1943, Gladding and Purves (83) found that a
solution of chromium trloxide in acetic acid and acetic anhy-
dride (4 vols. to 1 vol.) did not oxidize powdered starch at 20°C
hardly oxlidlzed dry unswollen cotton linters but rapidly oxi-
dized dry swollen linters. The oxycellulose from previously
swollen samples when recovered had a blue tinge indicating the
presence of trivalent chromium., When less than 0,3 atom of oxy-
gen had been consumed per glucose unit by the cellulose, & quan-

titative yield of fibrous product was usual. At higher levels
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TABLE X

THALLOUS ETHYLATE ACCESSIBILITIES FOR
VARIOUS CELLULOSES(83)

Accessibility Colloidal surface

Cellulose (%) (em® x 10%4/g.)
Unswollen 11ntefs O.4 8
Unswollen ramie(2) 0.25 5
Linters(P) 22, 420
Linters(b) 17. 330
Linters(b) 9. 170
Linters(b) 27, 520
Linters, regenerated(a,b) 33. 60
Ramie (2,b) 18. 360

(a) Values taken from (76).
(b) Swollen in caustic soda and dried through
solvent exchange

of oxfdation however, this product was & powder and the yileld
was slightly low, indicating considerable degradation., Approx~
imately twiee as many carbonyl as carboxylic acld groups were
formed and the rate of oxidation plot showed an initial fast
and later slow reaction, indicating that the oxidation was 1li-

mited essentially to the amorphous region.

This oxidation was adopted by Glegg (80), working in
this laboratory, to the measurement of accessibility. When

small samples of cellulose were examined at 20°C., the rate
curve could be readily extrapolated to zero time to give the

accessibility as moles of chromium trioxide per anhydroglucose

unit. The values obtained are given in Table XI together with



46,

the thallous ethylate accessibilities of the same samples,

TABLE XTI

COMPARATIVE ACCESSIBILITIES OF VARIOUS CELLULOSES (60)

Accesslbility
(%)
Moles CrOg Praction
Consumed per Accessible
Cotton Linters Glucose Unit to T1OEt
7{a) 0.31 0,34
r1{a) 0.58 0.38
111¢{2) 0,53 0.40
IV(a), 3.80% water removed 0.20 0,35
v{a)’ 11.60% water removead 0.05 0.05
v1{8)) "7.78% water removed from II 0,31 0.33
VII unswollen 0. 003 0.005

(a2) Swollen in caustlc, neutralized with acetic
acid, solvent-exchanged, vacuum dried.

The chromium trioxide accessibility was found to be 1ndependent
of the concentration of the oxidlzing reagent but highly depend-
ent on the pre-history of the cellulose, Batches having the
same accesslbillty were not prepared and samples which when
dried, were exposed to molsture prior to redrying decreased in
accessibility. Since the initial fast reaction was essentially
complete in the first 5 minutes, and since the linear portion
of the curve was usually attalned in 30 minutes, Jorgensen (84)
also in this laboratory, used the oxidation values at this time

as representing the accessibilities of the cellulose sample,
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The Jgrgensen Accessibility used in the present research, is
defined ™as the atoms of oxygen consumed per anhydroglucose
unit when small (0.5 - 1 g.) samples of cellulose are oxidized
in acetic acid - acetic anhydride solution (4:1) containing ap-
proximately 1.5 g. of chromium trioxide in 200 ml., for 30 min-
utes at 20°C.", Using this measurement, Jgrgensen found ths.
following accessibilities: cellulose hydrate II, 1.65; cellu-
lose hydrate I, 1l.21; cellulose II, 0.61; native cotton lin-
ters, 0,24,

The Distribution of Substituents

in a partially Methylated Cel-
lulose

In the later stages of the present research, the problem
of the distriﬁution of methoxyl groups in a superficially methyl-
ated ecellulose, prepared by thallation and methylation of cellu-
lose hydrate II, was touched upon, Of the several aspects of
this problem, attention will be directed to the question of dis-
tribution of methoxyl groups along the cellulose macromolecule
and within the anhydroglucose residues, recently reviewed in
great detall by Timell (54)., Timell also combined the techni-
Ques of Purves and collaborators for the estimation of substitu-
ents in the second, third and sixth positions of the glucose resi-
dues with the methods of Traube and co-workers (85) for deter-
mining the amounts of mono-, di-, tri- and unsubstituted resi-
dues., He thus obtained the complete distributions for a num-
ber of c¢ellulose ethers. A mathematlical analysis of the kine-

tics of such reactions had already been made by Spurlin (86)
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and the experimental was compared wlth the mathematical distri-
bution to give further information on reaction rates and the re-
activities of the three kinds of hydroxyl groups. Ultimately,
the confirmation of these findings probably rests on the quanti-
tative separation, isolatlon and identification of each glucose
and substituted glucose component of the cellulose structufe.
Since there are eight possibilities, one trisubstituted, three
disubstituted, three monosubstituted and one unsubstituted glu-
cose residue, each of which may have an alpha or beta configu-
ration after hydrolysis or methanolysis, the problem is extreme-
ly difficult. In this connection, it would seem that the comple-
mentary techniques of flowing and paper chromatography, particu-
larly those developed by the English group of Flood, Hirst,

Jones and Wadman hold especial promise (98)(99).

In spite of the complexity of the substituted cellu-
lose system, several papers have been published recently in which
the average distribution of methyl (87)(88), ethyl (89) and xan-
thate (90) groups between the second, third and sixth positions of
the glucose units and along the cellulose chain, has been deter-
mined within experimental error. Each is based on the methods
introduced by Cramer aﬁd Purves (91) for cellulose acetate and
Mahoney and Purves (92)(93) for methyl and ethyl ethers of cel-
lulose, A portion of the summary from the work of Mahoney and
Purves (92) is reproduced to show the utility of these methods,
the details of which will be discussed immediately.




49,

. A technical ethyl cellulose, averaging 2.48
ethoxyl and 0.52 hydroxyl groups per glucose residue,
was found by oxidation with lead tetraacetate to have
0.01 glycol unit in the second and third positions.
The corresponding mixture of ethyl glucopyranosides
was oxildized with periodate and had 0.25 to 0.29 gly-
col unit distributed between the 2,3 and 3,4 positions.
Oxidation of the corresponding mixture of reducing
sugars with lead tetraacetate revealed the presence

of 0.13 to 0,15 mole of glycol in the 1,2 position.
The combined results showed that 0.13 to 0.15 hydroxyl
was unsubstituted in the second position of the ethyl

cellulose and 0,24 to 0.28 mole in the third."

n2, The rate at which the ethyl cellulbse was es-
terified in a homogeneous pyridine solution at 20°

by a twelve-fold excess of p-toluenesulphonyl chlor-
ide (tosyl chloride) was followed by sulphur and al-
koxyl analyses for four months, or untll the esteri-
fication was complete, Samples, removed gt intervals,
were converted to the 6-iodo derivative by heating
with sodium iodide in acetonyl-acetone. The analyses
showed that 0.124 mole of hydroxyl group was present
in the sixth or primary position of the original ethyl

cellulose,”
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Interpretation of the tosylation rate curve showed
a fairly raplid reaction with the 0.151 mole of hydroxyl group
in the second position, with a very slow tosylation of 0,245
mole in the third pdsition while the first order rate constants
for this reaction were in the ratio of 2.3 for the second,

0.07 for the third and 15 for the sixth position.

In their second paper (93) Mahoney and Purves showed
that certain conclusion could be drawn on the type of reaction
involved in esterification by determining free primary hydroxs
¥l groups and also the amount of free glycol units. EKnowing the
total alkoxyl substitution by standard determinations and the
primary hydroxyl substitution, the sum (H) of the free hydroxyl
groups in the second and third positions was known., It was fur-
ther shown that 1f the cellulose had been homogeneously dis-
persed, so that each hydroxyl unit had the same chance of ether-
ification, the probability of a 2,3-glycol unit was H2/4; under
the same circumstances, if substitution at one of the two second-
ary positions in a particular glucose unit eliminated the chance
of the hydroxyl group in the other position reacting, the prob-
ebility was H-1. In the case where portions of the chain were
exposed to reaction, while others were not, i.e. a heterogeneous
reaction, the expression became H/2. Substitution of the ex-
perimental value of H in these expressions gave calculated values
for 2,3-glycol wnits which were checked against those found by

periodate oxidation. (Table XII),



51.

TABLE XTI

COMPOSITION OF SOME CELLULOSE ETHERS(93)(94)

Substitution Unsubstituted
(moles) 2,3 Glycol
Sam- Substi- Pri- Second-
ple tuent Total mary ary Found HS/4 H-1 H/2
A Ethyl 2.48 0.88 1.60 0.0l 0.04 O 0.20
B Methyl 1.85 0.51 1.34 0.32 0,11 O 0,33
C Methyl 0.59 0.26 0,33 0.83 0.70 0.67 0.84
D Ethyl 0.58 0.29 0.29 0.75 0.73 0.71 0.86
B Ethyl 1,20 0.36 0.84 0.52 0.34 0.16 0.58
F Ethyl 0.71 0.30 0.41 0.74 0,63 0,59 0.80

Comparison of column 6 with columns 7, 8 and 9 shows
that, for ethers B, C, E and F the experimental value agreed
best with H/2, indlcating a heterogeneous substitution, while
for ether D, which had been alkylated while homogeneously dis-
persed in a quarternary ammonium base, the distribution of sub-
stituents along the chain agreed with H2/4, or was very uni-
form. Although sample A, like B, C, E and F had been prepared
heterogeneously by heating alkali cellulose 1n an excess of
alkyl chloride, the agreement with H2/4 (or H-1) showed that in
its later stages at least the alkylation was in a substantially
homogeneous system., It was assumed that the substitution be-
came high enough for the partly alkylated product to be effect=-

ively dispersed in the excess alkyl halide.,
The enthusiasm for these methods of Purves and co-

Workers is tempered only slightly by the fact that the tosyla-
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tion and iodination reactions must be used under quite rigid-
ly eontrolled conditions. Oldham and Rutherford (95) had
found that when the tosyl esters of simple glycosides were
heated with sodium iodide in acetone, the ester of the pri-
mary hydroxyl groups was quantitatively replaced with lodine
while the esters of the secondary hydroxyls remained unaf-
fecteds This fact was used by Cramer and Purves (91) with cel-
lulose acetates and Mahoney and Purves (92)(93) with cellulose
ethers, as an ald in estimating the distribution of substitu-
tion on the different hydroxyl groups. In their earlier work,
these investigators esterified ether A iIn Table XII with 12.5
molar equlivalents of tosyl chloride dissolved in pyridine over
a period of 4 months at room temperature., At intervals, por-
tions of the gel were cut away and the ethoxyl and sulphur con-
tents of the dry, purified solid were determined. After the
partly tosylated samples had been heated in acetonyl acetone
containing sodium iodide for 2 hours at 115°, the mixture was
poured into aqueous acetone. The iodinated material was re-
covered by filtration and analysed for sulphur, ethoxyl and
iodine, The results showed that while esterification was com-
pleted only after 147 days, the tosyl groups replaceable by
iodine reached a constant maximum of 0.124 mole per glucose
unit 2 hours after the beginning of the esterification. In
their later paper (93) which dealt with the less highly sub-
stituted ethers B to F in Table XII the tosylation and iodina-
tion conditions were essentially unaltered, In these cases,

however, Mahoney and Purves analysed at 100 and 200 hours of
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esterification and found a systematic decrease of approximately

0.01 to 0.03 mole of iodine per glucose unit in that interval.

Malm, Tanghe and Laird (96) studied rather thoroughly
the effect of various factors particularly time, on the progress
of tosylation and iodination, when the general procedure of
Mahoney and Purves was folloﬁed. The specimens used were cellu-
lose acetates having from 0.38 to 1.27 unsubstituted hydroxyl
groups per anhydroglucose residue, The tosylation-time curves s
showed & rapid reaction which was complete after 3 to 4 hours,
followed by a slow reaction which became linear after 8 to 24
hours. While normally, this linear portion of the curve had
a slight positive slope, in a single case the slope was negative.
This effect was traced to a displacement of tosyl by chlorine,
due to the influence of pyridine hydrochloride, during tosyla-
tion. The chlorine introduced was replaced with iodine during
iodination to give, in this case, a molecular amount of iodine
introduced which exceeded the amount of tosyl present. 1In all
other cases, as the time of tosylation was increased, increasing
amounts of iodine were introduced when the mixed esters were
iodinated. This increase in lodine content could not be ex~
rlained by the replacement of chlorine alone and was due to
replacement of tosyl groups in the secondary hydroxyl positions.
Furthermore, the authors found that although esters with a low
tosyl content gave a slight and regular increase in iodine con~
tent as conditions were made more drastic, substances having

high tosyl contents were even more readily substituted to an
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excessive degree by iodine, They also found that although
traces of free lodine were occluded in the samples isolated af-
ter iodination, the amount (0.6-0.8%) whieh was removed by
soaking this specimen in sodium thiosulphate was not sufficient
to materially affect the results, They coneluded that the
method of tosylation and lodination did not give exact results
in the determination of primary hydroxyl groups in these cases
and recommended that the estimation be carried out under strict-
ly controlled conditions. Their results however confirmed the

general findings of Purves and collaborators.

Timell (97) carried out similar investigations on
cellulose ethers, particularly on a propyl cellulose having
1.87 propyl and 0.30 primary hydroxyl groups per glucose unit,
When the propyl cellulose was tosylated at O, 15 and 25°C.,
the rate plots rose sharply during the first day and fell off
to a slight linear increase after that time., Extrapolation to
zero time gave three different values, the first being lower,
the second and the third increasingly higher than the known
primary hydroxyl content. The curves could be correlated with
the amounts of specific hydroxyl groups only by mathematical
analysis, similar to that of Mahoney and Purves (922)., To de-
termine the effect of degree of tosylation on the values of pri-
mary hydroxyl groups estimated by iodination, Timell prepared
two tosylated propyl celluloses: one esterified for 24 hours
at 25°C,, contained 0.46 tosyl group per glucose unit, the

second, after 8 days at the same temperature, contained 0.75
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tosyl group. When the first tosyl ester was 1odinated in
acetone containing sodium iodide at 120°, the ilodine was con-
sistently 0.29 atom (known 0.30) for from 1 to 10 hours of
heating but decreased thereafter. The 2-hour lodination of
Purves and co-workers therefore appeared sultable for ethers
having low tosyl contents. In contrast, the highly tosylated
material gave a value of 0,33 atom introduced after 15 minutes!
condensation and increased thereafter. This author (97) also
showed that under ordinary circumstances, the replacement of
tosyl groups by chlorine atoms during tosylation could be ne-
glected, since it .primarily occurred on the primary hydroxyl
group and was substituted with iodine on iodination., The
amounts of chlorine introduced, were in any case, not suffi-
clent to explain the more than theoretical iodine values and
Timell supported Malm, Tanghe and Laird in the susceptibility
of highly tosylated secondary hydroxyl groups to iodination.

He concluded that in a determlnation of the primary hydroxyl
constituent of a cellulose ether, short esterification periods,
consistent with quantitative tosylation of the primary hydroxyl
group, were desirable and should be followed by an iodination

limited to 2 hours at 120°,
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EXPERIMENTAL

Preparation of Sclvents

Absolute Methanol

Commercial methanol was drled by the method of Lund
and Bjlerrum (100) using magnesium turnings in excess. The
methanol was distilled from the soclld residue of magnesium

hydroxide and magnesium methylate.

4bsolute Ethsanol
Absolute industrial ethyl alechol (95%) was dehydrated

by the sabove prosedure (100).

Chloroform
Technical grade chloroform was distilled and the

fraction distilling at 81-62° was stored for short pericds on-

ly in brown bottles.

Anhydrous Agetl d
Glaclal acetic acid was dried according to Hutchinson
and Chandler (101) using chromium trioxide. The mixture was
heated under reflux for 4 hours and the frastion distilling at
118% gollected.

Agetic Anhydride
Commercisl grade acetie anhydride wasz distilled and

the fraction coming over at 138.5-140? was accepted and stored.
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Anhvdrous Benzene

Reagent grade, thiophene-free benzene was dried over
sodium wire. The large quantities of benzene used in solvent-
exchange, thallation and methylation were recovered, After a
short storage period the thallous ethylate decomposed and
formed a black sludge. The supernatant liquid was neutralized
with sodium bicarbonate, washed wlth water and shaken several
times with concentrated sulphuric acid untll the acid layer
was almost colorless, After neutralizing with saturated sodium
bicarbonate solution and washing with water, the benzene was
left in contact with calecium chloride for 24 hours. After dis-
tillation and storage over sodium wire, each batch had the same
refractive index (1.4971) as dry, thiophene-free, reagent grade

benzene.

Analytical Methods

Methoxyl Determination

Both the Pregl and the Viebgck and Schwappack appara-
tus were used in determining the methoxyl content by a somewhat
modified Clark procedure (102). An aged stock solution of bro-
mine, potassium acetate and acetic acid, prepared according to
the instructions of Hoffman and Wolfrom (103) was used in the
receivers in preference to & freshly prepared solution. Samples
were added to the distilling flask only after the mixture of
10 ml. of "Merck Reagent Hydriodic Acid for Methoxyl Determina-
tion" and 0.2 g. of purified red phosphorus or 2.5 ml. of re-
distilled phenol had been heated by themselves at reflux tem-
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perature for 20 min. Under these conditions, no blank was ob-
tained when phenol was used. While red phosphorus gave a
blank of 0.l1l2 ml. of 0.04 N thilosulphate, it was quite satis-
factory under optimum conditions. Six determinations were then

possible when 10 mg. samples weighed to 0.0l mg. were used.

Test for Thallium

The presence or absence of thallium was determined
by the following semi-micro test (104). To 4 drops of the solu=-
tion, acidified with 2 drops ofllo% sulphuric acid, was added
an excess of fresh 10% potassium iodide., The formation of a
yellow precipitate insoluble in 0.1 N thiosulphate indicated
the presence of thallium., The limlit of sensitivity for the

test was given as 1 mge. per 100 ml., of solution.

The micro determination of thallium present in var-
ious cellulosic fractions by the combustion method (105) was
not possible. No constant weight could be obtained since the

thallium vaporized at the required temperaturse.

Determination of Iodine

The procedure described by Mahoney and Purves was
used (92), Samples (0.05 ge.) contained in 100 ml, distilling
flasks were soaked in 25 ml. of warm ethanol for 10 minutes
before 1 g. of reagent grade potassium hydroxide pellets was
addeds During the subsequent one hour reflux period, the
solution was swirled occasionally to wash the sides of the

flask. The brown solution was then diluted to 100 ml., poured



59.

into a 8500 ml, Erlenmeyer flask, and made acid to litmus by the
dropwise addition of 10% sulphuric acid. Twenty ml. of 1 N
calcium hypochlorite solution was added and the solution boiled
for 10 minutes after which 2 ml. of 20% sodium formate was
added and the solution reboiled briefly (106). After cooling,
the solution was acidified with 5 ml., of 10% sulphuric acid.
Excess potassium iodlde was added and the liberated iodine ti-
trated with 0.04 N thiosulphate,

V x N x 126.9 x 100
1000 x 6 x sample wt,

Per cent lodine

where V was the volume in ml.

and N the normality of the thiosulphate.

Estimation of Reducing Power
The procedure of Shaffer and Somogyl (107) was used

in this determination., On each day, duplicate estimations

were made with distilled water for the blanks, with a standard
glucose solution containing approximately 1.0 mg. per 5 ml. and
with the unknown. The reducing power of the unknown was estima-
ted as glucose, using the volumes of 0,06 N thiosulphate re-

quired in the final lodometric titration.

Reducing power of unlknown (mg. glucose) =

(Vol, for blank - Vol., for unknown)
(Vol. for blank - Vol. for glucose)

x mg. glucose in 5 ml,

Use of Jon Exchange Resins
Amberlite Ion exchange resins IR-120-AG (a sulphonic
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acid type) and IRA-410 (a strong base type) were gifts of

Rohm and Haas Co., Philadelphia. These resins did not absorb
methylated sugars (108) and were used to remove inorganic salts,
principally of thallium, from the soluble methylated cellulose
ffaction and the methyl glucoside derived therefrom. Columns
(18" x 2" diameter) containing three-~quarters of a pound of
these resins were regenerated and exhausted 5 times with al-
ternate use of 10% hydrochloric acid and 10% sodium hydroxide.
The regenerated column was then washed with distilled water un-
til the effluent was neutral to litmus, before the contaminated
fraction in aqueous solution was paased at a rate of 50 drops
per minute first through one column and then the other. The
columns were then washed with distilled water, the effluent
being added to the concentrate before the columns were regenerated
and rewashed to neutrality. The fraction was then repassed un-
til the final effluent was neutral (thallium~free). In this
mamer the largest fraction (27.5 g.) was freed of thallium
methyl sulphate in four passes through each column, 2.3 g.

of methyl cellulose being recovered. Since the regeneration

of the sulphonlc acid type column with hydrochloric acid 1i-
berated the very slightly soluble thallous chloride, the columm
was never freed compietely of thallium salts which moved fur-

ther down the column on each successive run.
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Preparation of Cellulose Samples

Extraction of Cotton Linters

High-grade cotton linters, a gift of the Hercules
Powder Co., through the courtesy of Dr. Spurlin, were supplied
with these specifications: cook number 05708, March 4, 1948;
viscosity: 440 sec. in 2.5 g. conc.; soda soluble content:
less than 2%; ash content: 0.3; color: 0.2, These linters,
used by other investigators (17)(109)(110) in this laboratory,
were freed from fats and other soluble impurities by extract-
ing 40 g lots in a 2 liter Soxhlet apparatus with constant
boliling 2:1 benzene-ethanol for 48 hours. After drying in
air for several days under protection from dust, the linters

were stored in alr-tight contailners,

Moisture Content of Dewaxed Llinters

The procedure for obtaining the preclse bone dry
welight of cellulose for the determination of moisture content
and densities was as follows. Quadruplicate samples of approx-
imately 0.8 g. were placed in previously tared, oven dried
weighing vials (8.5 em. x 1.5 em.) having female covers. Af=-
ter the vials were welghed to the fourth decimal place, short
lengths of fine Nichrome wire were inserted between the vial
and the cover and the drying was carried out in a cenco vacuum
oven at 105° under 2 mm, pressure. After 12 hours the vials
were removed from the oven and placed in a desiccator over
phosphorus pentoxide to eool. When ecool the lids were lifted
slightly, allowing the wire segments to drop out, and the lids
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were then seated firmly in place, this operation taking approx-
Imately 5 seconds. The vials were then reweighed, the wires
re-inserted and the vials replaced in the oven. When the
weights in two consecutive weighlings did not vary by more than
0.00029, the samples were considered bone-dry., A total drying
time of 30 hours fulfilled this condition. The moisture con-
tents of the different lots varied between 2,7 and 6.0%.

Preparation of Alkali
for Mercerization

A 35% solution was made up by dissolving 483 g. of
Nichols reagent-grade sodium hydroxide in 700 ml., of previous-
1y boiled distilled water. After cooling the solution was made
up to one liter and allowed to stand for 48 hours to precipi-
tate sodium carbonate, The supernatant liquid was then de-
canted, filtered through glass wool and stored at room tempera-
'ture in a brown soft-glass bottle that had been carefully lined
with paraffin. As required, 250 ml. was removed and diluted
to one liter with boiled distilled water. When necessary the
caustic strength was adjusted so that the final solution al=-
ways contained 116-123 g. of sodium hydroxide per liter. This
10-11% solution was stored in & paraffin lined bottle at -7°C,

Alkali Soluble Content
of Cotton Linters

The cells illustrated in Fig. 17 were used to find
the percentage of cotton linters soluble in 10-11% alkali at
0-3°C. One gram samples were weighed into four tared cells

with glass wool plugs and sintered glass disks protecting the
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outlet B The cells were then placed in an ice water bath,

35 ml. of 10-11% alkali was added and the contents stirred oc-
casionally during the 2.5 hour mercerization period at 0-3°C.
The alkall was then withdrawn by the application of suction

to B, replaced with ice water and the contents stirred. The
washing was repeated at 15-minute Intervals until the effluent
was neutral, Ice cold 10% acetic acid was then added and the
cellulose rewashed to neutrality after 15 minutes, The vessels
were then dried in vacuo at 1056° to constant weight (48 hours).

Table XIII gives the detalls and the reproducibility of the

estimation.
TABLE XIII
ALKALI SOLUBILITY OF COTTON LINTERS
Cellulose Content
Sample Before After
Sample Weight(e) Swelling(b) swelling(c) Soluble

No.  _(ge) (£ ) (g.) (%)
1l 1,0431 0.9905 0.9727 1.80
2 1.0178 0. 9665 0.9485 1.86
3 1,0686 1.0082 0.9865 l.86
4 0.9959 0. 9457 0, 9292 1.74
Average 1.82

(&) Air-dry weight of linters
(b) Column 2 minus moisture content of 5.04%
(¢) Dried in vacuo at 106°C. to constant weight,
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Preparation of the
Cellulose Modificatlons

The swelling of the dewaxed, air-dried cotton linters
in alkall was accomplished by the procedure of Richter and
Glidden (37). The swollen fibers were then washed free of al-
kalli with ice water (111l). The simple, convenient apparatus
used consisted of a vertical Pyrex tube of 10 cm. diameter and
50 em. length tapering at the base to & large bore stop-cock.

A Buchner filter plate seated on a bed of fine Pyrex glass wool
served as a screen to prevent loss of fine particles, this fil-
tering system being tared before insertion. To facilitate the
withdrawal of 1liquid a length of gum rubber tubing passed from
the stop-cock to a large suction flask. The stop-cock being
open, the column was placed in an ice-water bath., Thirty grems
of the dewaxed air dired cotton linters of known moisture ocon-
tent was placed on the filter plate and one llter of ice c¢old
10-11% (always over 10% when the moisture content of the fi-
bers was taken into account) caustic solution added. By occa-
sional stirring of both the ice bath and the gel-~like mixturs,
the system was kept at 0-3° for 2 1/2 hours. A water pump
vacuum was then applied to the suctlon flask and about 500 ml,
of caustic withdrawn and one liter of ice-cold distilled water
added to the column, To prevent the formation of many dense
pellets in the final product, it was essential that the removal
of caustic be gradual and that the mass be kept in suspension
by stirring on each addition of ice water. During the next
three washings with liter portions of ice water, approximately
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one liter of solution was removed after a 15 minute soaking
period, leaving adequate liquid in contact with the whitening
fibers, The cellulose was freed of alkall in this manner, the
seventh effluent usually being neutral to litmus. .The material
was then de-ashed by soaking in 10% ice cold acetic acid for

20 minutes and again washed with ice water t1ll neutral. The
product obtained was termed Cellulose Hydrate II 1n accordance

with Hermans! nomenclature (35).

Cellulose Hydrate I was prepared by bolling the Hy-
drate TI for 30 minutes in the final neutral water,

The preparation of water-swollen linters consisted
of soaking the dewaxed, air-dried linters in ice water (0-3°9)
for 2 1/2 hours. The fibers were then de-ashed and washed
till free of acetic acid at this temperature.

Solvent-Exchange Process

The process of solvent-exchange, essentially that used
by Gladding and Purves (83) followed immediately after the
swelling of the linters, and was carried out in the mercerization
spparatus. The ice water was drawn off (without however prolong-
ing the suction so that the fiber surfaces became dry), one liter
of ice cold 50% acetic acid was added and the mixture stirred.
After 20 minutes the liquid was withdrawn, a fresh liter of cold
anhydrous acetic acid was added and the cooling bath removed.

The exchange was continued until the effluent acetic acid,

after a one hour contact period,had the same refractive index
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as anhydrous acetic aclid. The same procedure was followed in
the second stage, using cold anhydrous, thiophene-free benzene,

' Usually 8 liters of acetic acid and a similar quantity of ben-
zene was used. To cut down the preparation of large quantities
of anhydrous solvents a counter-current principle was adopted.
The second and subsequent portions of solvent on each stage

were labelled and stored for another run, in which only a single
fresh portion of each solvent at the end of each stage was re-

quired,

When carefully treated the cellulose in benzene was
almost transparent, the appearance of white clumps indicating
Incomplete solvent-exchange at the first stage. Methanol could
be substituted for acetie acid but was not used when the prod-

uct was to be analysed for methoxyl content.

The unmatted benzene-wet material above the porous
plate in the apparatus was then quickly transferred to glass
containers with ground glass stoppers and the vessels filled
with anhydrous benzene., The weight of cellulose in storage
was then found by air drying the previously tared filter disk
and glass wool screen, deducting the welght of trapped cellu-
lose from the weight of linters used, and subtracting the in-
dependently known moisture content and the caustic soda sol-

ubles (1.82%).

The rather complete removal of unbound water and
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acetic acid by the above procedure is indicated by the fact that
aliquots of the supernatant benzene from 5 batches of cellulose

hydrate II, one of hydrate I and one of water-swollen cellulose,
all had the same refractive index as anhydrous benzene after

storage of one year.
The Oxldation of Cellulose

Oxidation of the Solvent
by Chromium Trioxide

Gladding and Purves (83) used chromium trioxide dis=-
solved in a mixture consisting of 4 vols. of anhydrous acetie
acid to 1 vole of redistilled acetic anhydride, To study the
stabllity of this system, a 200 ml., glass stoppered volumetriec
flask, containing a kmown weight of chromium trioxide and ther-
mostated at 20 ¢+ 0.1°, was filled to the mark with the solvent.
After all solid had dissolved, 5 ml. aliquots of the somewhat
red solution were removed and titrated iodometrically with
0.1069 N sodium thiosulphate solution, and the amount of chrom-
ium trioxide reduced then calculated. The details of two runs

are given in Tables XIV and XV.
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TABLE XIV
RATE OF REDUCTION OF CHROMIUM TRIOXIDE BY SOLVENT
CrOz Reduced
Thiosulphato
Time Consumed(®) Difference m. moles
(hours) (ml,) (ml,) m. moles per hour
0 7.11(b) ese o XXX ceese
1 7.10 0.01 0.014 0.014
22,5 6.86 0,25 0.36 0.016
28.5 6.78 0.33 0.47 0.016
48 6.58 0,53 0.76 0.016
(a) Normality = 0.1069
(b) Initial concentration of Crog
was 1,01 g« per 200 ml.
TABLE XV
RATE OF REDUCTION OF CHROMIUM TRIOXIDE BY SOLVENT
Cr0z reduced
Thiosulpha?o
Time Consumed(®) Difference m. moles
(hours) (ml.) (ml,) m. moles per hour
0 13.76(b) cooe cose cocee
S 13.71 0.05 0.076 0.014
6 13.60 0.16 0.23 0.038
23 13.36 0.40 0. 57 0,028
48 12.94 0.82 1.17 0.024
187 11.08 2.68 3.82 0.023
191 10.65 3.11 4,43 0.023

(a) Normality = 0.1069
(b) 1Initial concentration of CroO3z
was 1.96 g per 200 ml,
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Effect of Benzene on the 0xidizing Medium

To elucidate the effect of benzene remaining in the
cellulose specimen, upon the oxidizing medium, 5 ml. of anhy-
drous, reagent grade, thiophene-free benzene was added to 195
ml. of the chromium trioxide mixture at 20 t 0.1°, Aliquots
of 5 ml, were removed from the solution at 20° at intervals

and titrated lodometrically with 0.1 N thiosulphate.

TABLE XVI

REDUCING EFFECT OF BENZENE ON CHROMIUM TRIOXIDE

Cr0z reduced

Thiosulphate

Time Consumed(®)  Difference m, moles
(hours) (ml. ) (ml,.) m. moles per hour
o 7.11(b) L 2K N I J L I BN ) o 000
1.5 6,97 0.14 0.20 0.13
3 6.88 0.23 0.30 0.11

4,5 6.85 0.26 0,37 0.082
22.5 6.41 0.70 1.00 0.045
28,5 6.34 0.77 1.10 0.039
48 6.00 1l.11 1.53 0,033

(a) Normality = 0.1069
(b) Initial concentration of CrOz was
1001 8. per 200 ml.
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Chromium Trioxide
O0xldation of Cellulose

Preliminary studies on the oxidation of cellulose for
extended periods by the chromium trioxide reagent were carried
out in the manner of Glegg (80). The unswollen, dewaxed, air-
dried samples I, II and III (I and II - cotton linters; III =
Novocell pulp) were prepared for oxidation by soaking for 12
hours in distilled water in a 3" x 1 1/2" diameter weighing
bottle. The water was then removed by applying suction to a
1 1/4" diameter filter stick and replaced with 4:1 acetic acid -
acetic anhydride after 3 hours., Sample IV (collapsed cellu-~
lose hydrate II) had been dried 1lm vacuo over paraffin and
phosphorus pentoxide after mercerization and solvent-exchange
in the prescribed manner. In this case the preparation for
oxidation consisted of soaking the sample overnight in anhydrous
acetic acid followed by solvent-o%change with 4:1 acetic acid -
acetlic anhydride. The final solvent was then removed by fil-
tration and the sample transferred to 200 ml., of the oxidizing
medium of known strength at zero time, Aliquots of 5 ml, were
withdrawn at intervals and titrated iodometrically with 0.1 N
thiosulphate,

The results are presented in Tables XVII, XVIII, XIX,
XX. Columns 1 and 2 are self explanatory. The figures in col-
umn 3 were obtalned by multiplying the corresponding figure in
column 2 by the number of aliquots remaining in the flask at
that time. Column 4 (the total amount of chromium trioxide re-

duced) resulted from the summation of the corresponding flgure
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in 3 and the moles of chromium trioxide reduced to that time
in all preceeding aliquots., Column 5, Table XVII, was de-
rived from column 4 by deducting the moles of chromium trioxide
reduced by the acetic acld - acetic anhydride solvent at any
time "t" by use of Fig. 19 and gives the moles of oxidant re-
duced by the cellulose. Columns 6 and 7 were the result of
converting moles of chromium trioxide reduced in 4 and 5§ into

atoms of oxygen absorbed per anhydroglucose unit.

If 1.87 x 10'5 mole of chromium trioxide were re-
duced by 0.4000 g. of cellulose, the accessibility in atoms
of oxygen absorbed per glucose unit was _0.00187 x 162 x R

0. 4000 2
the factor 3/2 being determined by the equation

y
20r0g + 6CHz= 0  —= 20r(OAc)z + 3Hz0 + 1.5 0p

In Tables XVIII, XIX and XX no correction has been made for

the effect of solvent on the oxldant.
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TABLE XVII

CHROMIUM TRIOXIDE OXIDATION OF
UNSWOLLEN COTTON LINTERS (I)

Chromium Trioxide Reduced Access%-
By bility(d)
Moles p?r Moles at Total Cellu~-

Time Aliguot'®) time "t® Moles  lose(2) Un-
(hours) x 10-9 x 0= - x10~% x 10-% corr., Corr.
o(b) L 2K I N ] L3 I ] L 3 I * e e 0 L IR 2N ) oo oo
0.25 0.99 0.396 0.396 0.396 0.20 0.20
0.50 1.94 0.758 0.768 0.767 0.39 0.39
0.75 2.17 0.825 0.854 0.854 0.43 0. 43
1.00 2,33 0.861 0.9212 0.896 0.46 0.45
1.25 2.54 0.906 0.980 0.968 050 0.49
1.50 2.48 0.868 0.967 0,954 0,49 0.48
1.75 2,63 0.895 1.02 1.00 0. 52 0.51
2.00 2,67 0.881 1.03 1.02 0.52 0.52
2.25 2,71 0. 866 1.04 1.03 0.53 0.52
2,75 2.90 0.849 1.10 1.08 0.56 0.55
3.25 2.97 0.392 1l.13 1.10 0.57 0. 56
3475 3,01 0.873 l.14 1.12 0. 58 0.57
4.25 3,05 0.854 1.15 l1.14 0.59 0.58
48 11.86 3.20 3.53 2,68 1.79 1.39
72 17,47 4,54 5.04 3.74 2.56 1.90
96 22,08 5.51 6.18 4.48 3.14 2.28
120 25.20 6.08 6.94 4,87 3453 2.47

(a) Solution contained 0.5036 g. of dewaxed, air-dried
cotton linters (0.4790 g. cellulose).

(b) Initial Cr0z concentration was 1.25 g. per 205 ml,
or 2.61 g. %roz per gram of cellulose,

(¢) Aliquots of 5§ ml., titrated with 0.1144 N thiosul-
phate.

(d) Atoms of oxygen per glucose unit
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TABLE XVIII

CHROMIUM TRIOXIDE OXIDATION OF
UNSWOLLEN COTTON LINTERS (II)

Chromium Trioxide Reduced

Accessi-
Moles per  Moles at Total bility(e)
Time Aliquotgb) Time "t" Moles
(hours) x 107 x 10 x 1079 Uncorrected
O(a) [N N 3 L3R BN BN ] [ 3 N N ) [ B 2N )
0.25 2.44 0.976 0,976 0.39
0. 60 2.78 1.08 1.10 0. 43
0.7 3,66 1.39 1.44 0. 57
1,00 3.17 1.17 1,26 0. 50
1l.25 3.55 l.28 1.40 0,55
1,580 3.89 1l.36 1.52 0. 60
1.75 4,08 1.39 1.58 0,63
2,0 4,38 1.45 1,68 0.67
2.5 4,50 l.44 1.72 0.68
3,0 4,69 1.45 1,78 0.70
3.5 4,69 1l.42 1.79 0.71
4,0 4,84 1.40 1.82 0.72
4.5 4,99 1.40 1.87 0.74
) 5,53 1.49 2,01 0.80
6 5,41 1.41 1.98 0.78
7 5.99 1.50 2.12 0.84
24 12.44 2.99 3.68 1.46
72 30,99 7.10 7.91 3.14
96 36.29 7.96 9,08 3.60
120 45,53 9.56 11.04 4,38

(a) Solution contained 2.34 g Cr0z and 0.6482 g.
of alr dry cotton linters (0.6149 g. cellulose
per 205 ml. or 3.8l g OrOz per gram of cellu-
lose.

(b) Aliquots of 5 ml, titrated with 0,144 N thio=-
sulphate.

(c) Atoms of oxygen per glucose unit,
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TABLE XIX

CHROMIUM TRIOXIDE OXIDATION
OF NOVOCELL PULP (III)

Chromium Trieoxide Reduced

Access%-
Moles per  Moles at Total pilitylc)
aliquot(P)  time "t" moles

Time x 10-9 x 10-8 x 10-3 Uncorrected
O(a) [ X I 3 ] o000 o000 060 o e o0
10 mins, 1.39 0.556 0. 556 0e33
20 " 2.17 0. 847 0,862 0.50
30 " 2.82 1.07 1l.11 0.65
45 " 3.85 l.42 1.48 0,86
60 " 3.78 1,36 1.46 0.85
o0 " 4,38 1.53 1,67 0.98
17.5 hrs, 14,0 4,76 4,94 2.89
19 n 14,4 4,74 5,06 2.96
20,6 " 15,0 4,79 5.26 3.08
42 " 24,0 7.43 8.05 4,71
43 " 24,68 7.39 8.25 4,82
45 " 25.1 7.28 8,38 4,90
69 " 28.1 8,44 9.80 5.74
121 " 33,8 9.12 10,99 6.42

(a) Solution contained 1.425 g. of Cr0z and 0.4408 g.
of air dried Novocell pulp (0.4152 g. of cellulose)
per 200 ml., of solution i.e. 3.43 g, of CrOz per
gram of cellulose,

(b) Aliquots of 5 ml, titrated with 0.1069 N thiosul-
phate.

(c) Atoms of oxygen per glucose unit,
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CHROMIUM TRIOXIDE OXIDATION OF
- SWOLLEN, DRIED COTTON LINTERS (III)

75,

Chromiwm Trioxide Reduced

Access%-
bility(c)

Moles per Moles at Total
Aliquot{P)  Pime "t* Moles
Time x 10-° x 10=3 x 10~3
O(a) * 000 *2 00 o0 00
S mins. 1.32 0.888 0.528
15 " 3.04 1.18 1.19
30 ¥ 4,23 1.62 1.67
45 " 5,65 2,09 2.18
60 " 5,84 2,11 2,26
90 " 7.06 2,47 2.67
2 hrs. 7.88 2,68 2,95
3 " 10.10 3.33 3,78
4 " 10,51 3.36 3.82
20 " 18.78 5.82 6.38
4 " 26, 58 7.97 8.72
116 " 35,94 10,42 11.43

Uncorrected

0.28
0.62
0.87

l.14
1.18
1.39

1l.54
1,97
1.99

3.33
4.55
5.96

(a) Initial solution contained 1.610 g. of CrO
- and 0,4659 g. of swollen, solvent-exchangeg
vacuum dried cotton linters, i.e., 3.45 g.

of Cr0z per gram of cellulose,

(b) Aliquots of 5 ml. titrated with 0.1069 N

thiosulphate,

(c) Atoms of oxygen per glucose unit,




766

Jgrgensen Accessibility
Measurement

The Jgrgensen modification (84) of Glegg's accessi-
bility measurement (80) consisted of finding, in terms of
atoms of oxygen required per anhydroglucose unit, the amount
of oxidant consumed by the cellulose in 30 minutes at 20°C.
In the present procedure, 7.5 g. of the slowly soluble
chromium trioxide was dissolved overnight in one liter of a
mixture of anhydrous acetic acid and redistilled acetic an-
hydride (4 vols. to 1 vol.)s A 200 ml. volumetric flask was
then filled to the mark with solution at 20 ¥ 0.1° and three
5 ml., aliquots were removed and titrated lodometrically with
O¢1l N thiosulphate, just before the introduction of the sam-

ple.

Prior preparation of the cellulose (approximately
0.5 g.) consisted of solvent-exchanging dry unswollen fibers
through water (12 hours) then anhydrous acetic acid to acetic
acid - acetic anhydride, while swollen fibers dried from ben-
zene, or swollen fibers lmmersed in benzene, were solvent-
exchanged through anhydrous acetic acid (2 hours) to the final
solvent., The filter stick and weighing bottle already de-

scribed for these manipulations and for removing the excess

liguld were used.

Using tweezers, the moist sample was placed on a
small glass wool plug at the base of the neck of the flask,
and at zero time was pushed into the slightly red oxidizing
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solution. Small particles in the weighing bottle were washed
into the oxidizing medium with 4:1 acetic acid - acetic anhy-
dride sufficlent to make the total volume up to 200 ml. The
flask contents were shaken vigorously at short intervals and
after 30 minutes at 20 t 0.1°, three 5 ml. aliquots of the

now dark colored solution were withdrawn and titrated.

When it became obvious that pushing the swollen fi-
bers and the glass wool plug down the narrow neck of the
volumetric flask exerted sufficient compression to lower the
accessibility of the sample, the procedure was somewhat modi-
fied. After three 5 ml. aliquots had been withdrawn to give
the initial oxidizing strength, the remaining liquid was
poured into a 250 ml, wide mouthed glass-stoppered flask.

The moist sample, displacing from 2-4 ml. of solution, was
then dropped into the oxidizing solution and the residual fi-
bers in the weighing bottle washed into the flask with 12 ml,
of the 4:1 acetic acid - acetic anhydride. The accessibility
values in Tables XXI and XXII were estimated in this manner.

In a typical experiment 0,5952 g. of cellulose was
oxidized. Triplicate 5 ml. aliquots of the original oxidlzing
solution consumed 12.63, 12.67, 12.70 or an average of 12.67 ml,
of 0,09 N thiosulphate., Its strength, when cellulose and wash-
ings were added was 12,67 x 37/40 or 11,72 ml. After the oxi-
dation the final three aliquots were equivalent to 11.15, 11.06
11.14 or an average of 1l.12 ml., Hence the reduction in oxi-

dant per 5 ml, aliquot--11.72 - 11,12--0,60 ml., thiosulphate;
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the moles of oxidant consumed = -0:60 X 0,0900 x 40 - 0.0072;
1000 x 3
the atoms of oxygen required per anhydroglucose unit =

162 3

0.0072 x b
0., 5952 2

= 0,30,

In a general formula the accessibility was given by

VXN X 3.24
W
aliquot in terms of thiosulphate, the normality of which was N

where V was the reduction in oxidant per 5 ml.

corresponding to a sample weight of W grams, The factor 3.24

is equivalent to _40 x 162 x 3 , The accessibility values,
' 1000 x 3 x 2
presented in Tables XXI and XXII, show that the method has con-

siderable precision.
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TABLE XXI

CHROMIUM TRIOXIDE ACCESSIBILITIES
OF VARIOUS CELLULOSE MODIFICATIONS

Wt. in Benzene Galfd
ben- Wt. (P) Thiosu}-
Sample zene(&) Densi- in Air phate'®) Accessi-
Noe (8 ) ty _ °c. (8s) (ml. ) bility(d)

Water-swelled cellulose (Expt. 400)

1 0.,1317 0.8872 21.5 0.3004 0.16 0.18
2 0.1207 0.8872 21,5 0.2774 0.11 0.13
3 0.1166 0.8871 21.6 0.2660 0.08 0.10

ave = 0.14 0,04

Cellulose Hydrate I (Expt. 368)

0.2163 0.8767 22,0 0.,4712 1.41 0.983
0.2427 0.8767 22,0 0.5285 1. 58 0.976
0,2036 0.8767 22,0 0.4436 1.29 0.967
0.2564 0.8763 22.3 0.5552 1.66 0.991

W 0

ave = 0,979 t 0.012

Cellulose Hydrate IT (Expt., 354)

0.2673 0.8765 22,2 0.5816 2.89 1.68
0.2613 0.8765 22.2 0.5685 2.88 1.71
0.1963 0.8765 22,2 0.4271 2,09 1.65
0.2069 0.8765 22.2 0.4502 2,19 l.64
0.1729 0.8765 22.2 0.3762 1.86 1.66

o 01 0

av. = 1.67 ¥ 0,04

(a) Weight of vial and sample in benzene (about 8 g.,) minus
weight of vial in benzene,

(b) Assuming the density: Expt., 400 - 1.562; Expt. 368 - 1,621;
Expt. 354 - 1.623,

(¢) Normality: Expt. 400 - 0.1025; Expt. 368 - 0.1025; Expt.
364 - 0.1045,

(d) Atoms of oxygen per glucose unit after oxidation at 20°
for 30 minutes.
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CHROMIUM TRIOXIDE ACCESSIBILITIES
OF VARIOUS CELLULOSE MODIFICATIONS

wWt. in Benzene Calecd
Ben- Wt.(b3 Thiosul=
Sample zena(2) Densi- in Air phate(¢) Accessi-
Nos (8e) ty  _°C. _(g.) (m1.) _bility(d)
Cellulose Hydrate II (Expt., 380)
1 0.1294 0.8755 23,1 0.2812 1.47 1.73
2 0.1374 0.8755 22,9 0.,298%7 1.556 1.71
3 0.1601 0.8755 22.9 00,3480 1,86 1.76
av. = 1,73 £ 0,03
Cellulose Hydrate II (Expt. 410)
1 0.2042 0,8767 22,0 0.4516 1.39 1,04
2 0.1999 0.8767 22,0 0.4422 1l.28 0.98
3 0.1962 0.,8773 21l.4 0,4345 1.25 0,97
ave = 1,00 £ 0,04
Cellulose Hydrate II te 430
1 0.1004 00,8765 22.2 0.2133 0.20 0,32
2 0.1140 0.8771 21.6 0.2424 0.28 0. 40
3 0.1474 0.8771 21.6 0.3134 0.30 0,33
ave = 0,35 £ 0,05
Cellulose Hydrate II (Expt. 450)
1 0.1266 0.8775 2l1.2 0.2766 0.6%7 0.82
2 0.1389 0.8775 21,2 0.3035 0.7%7 0.85
3 0.1308 0.8775 21l.2 0.28858 0.73 0.86
4 0.1167 0.8775 21.2 0.2550  0.30 0,40(4d)
av. = 0,84 £ 0,01
Cellulose szrato 1T sEEEt. 4602
0.1308 0.8782. 20,5 0,28851 l.65 1.95

80.
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TABLE XXII (Cont'd)

CHROMIUM TRIOXIDE ACCESSIBILITIES
OF VARTOUS CELLULOSE MODIFICATIONS

wWt. in Benzene Gal?d
Ben- wt, (b) Thios?l-
Sample zene(8) Densi- in Air» phate c) Accessi-

Noe

(ge) ty _°C. _{(g.) (ml,) bility(d)

Cellulose Hydrate IT (Expt. 470)

0.1179 0.8729 25,5 0.,2551 1.37 1.81

(a) Weight of vial and sample in benzene (about 8 g.)
minus weight of vial in benzene,

(b) Assuming the density: Expt. 380 - 1.622; Expt. 410 -
1.600; Expt. 430 - 1.656; Expt. 450 - 1.6183 Expt.
460 - 1.623; Expt. 470 - 1.623.

(¢) Normality: Expt. 380 - 0.1020; Expt. 410 - 0.1040;
Expt. 430 - 0.1060; Expt. 450 - 0.1040; Expt. 460 =
0.1040; Expt. 470 - 0.1040.

(d) This value excluded in averaging.

The Launer Determination
of Total Cellulose

The procedure of Launer (112) was assessed using unmer=-

cerized linters and the oxycellulose recovered after oxidation

with

chromium trioxide. The ssmple (0.3 g.) was dlssolved in

75 ml. of 12 molar sulphurie acld and 25 ml. of potassium di-

chromate solution (1.835 N) was added to the clear solution.

The beaker was then covered with a watch glass and the solution

heated at 140-150°C. for 10 minutes, cooled and made up to 500 ml.

Aliquots of 25 ml., were then tifrated lodometrically with O.1 N
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thiosulphate. The equlvalent weight of the anhydroglucose unit
was taken as _lg%;l_ sinee CgHig0s + 6 0Og —= 6 COg + 5 Hg0,
gso that one ml. of dichromate oxidized 0.0124 g, of cellulose.
If 21.96 ml., were consumed in the oxidation of 0.3 g of cellu-

lose then the sample contained _21.96 x 0.0124 _ ,,, - 90.8%

0.3
cellulose,

Representative results from the oxidation of cotton

linters are reproduced in Table XXIII,

TABLE XXIII

LAUNER OXIDATION OF DEWAXED,
ATR-DRIED COTTON LINTERS

Launer

Sample Moisture Cellulose Recovery
Weight (Z) (£) (%)

0.2981 4,88 94,056 98,93
0.2920 4,88 95,06 99,94
0.2834 4,88 95.51 100.39
0.2830 4.88 94.89 99,77
0.3594 4,41 95,20 99.61
0.3054 4.88 93.65 98,53

The possibllity of obtaining the original cellulose
content of samples that had been oxidized for 30 minutes in
chromium trioxide, by a Launer oxidation of the residual
isolable material was investligated. After the accessibllity

estimation the heterogeneous mixture was immediately drowned




in 400 ml., of distilled water, recovered on a filter and washed
to neutrality in weighed sintered glass filters., The green-
tinged, degraded fibers were then dried and subjected to the
potassium dichromate oxidation, using appropriate amounts of
reagents, The results given in Table XXIV include the amount
of cellulose oxidized by chromium trioxide .

TABLE XXIV

ESTIMATION OF CELLULOSE BY CHROMIUM TRIOXIDE
AND LAUNER OXIDATIONS

TSt el pw Wi
Weight Accessi- oy o oxidized(c) Accounted
Sample (a) bility L2 L Cellulose for
No.  _(g) (b) ~ Or0z(d) EoOrgOy  "(g,) (%)
1 0,5172  1.01  0.0436 0,4197  0,4633 8945
2 0.3671  1.16  0.0356 0.2902  0.3258 88,7
3 0.5670  1.10  0,0520 0.4471  0,4991 88,2
4 0.4174  1.19  0.0413 0,3187  0,3600 86, 4
5 0.4704 1.28  0.0502 0.3881  0,4383 92,2
6 0.4753  1.44  0,0573 0.3731  0.4304 90, 6

(a) Corrected for moisture content and alkali
solubles after swelllng,

(b) Atoms of oxygen per glucose unit after 30
minutes of chromium trioxide oxidation at 20°C.

(¢) Total of columms 4 and 5.

(d) calec. on basis of 12 atoms of oxygen required to
oxidize one glucose unit,
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Determination of the Densities of
Various Cellulose Modifications in
Benzene

By Pycnometer

The use of pycnometers for the determination of the
density of a solid as described by Russel (113) proved unsatis-
factory since it was impossible to add the sample without oc=-
cluding bubbles of alr which were difficult to displace. Later
it was knmown that procedure of pushing the fibers through the
pycnometer orifice would have collapsed the structure. When
applied to samples of a single cellulose hydrate II (Expt. 354)
denslities ranging from 1.38 to l.71 were obtained.

By Hydrostatic Balance

The densitlies were finally determined in benzene by
the procedure used by Hermans for the determination of the den-
8ity of cellulose in water (114). A Voland chemical balance
reading to 0.1 mg. was converted to a hydrostatic balance by re-
placing the left-hand pan and stirrup with a lead counterbalance
having two hooks, one for attachment to the lknife edge stirrup,
the other to provide a means of suspension of the object to be.
weighed. A 100 ml, beaker, insulated with asbestos to minimize
temperature fluctuation in the weighing medium, was kept filled
at constant level with anhydrous benzene in the 7-inch space
beneath the counterbalance. The baskets in which the fibrous
samples were weighed were tared 90 x 15 mm, glass vials having
ground-glass female covers. These vlials were suspended from

the counterbalance by a single strand of Nichrome wire, the
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lower section of which formed a tight circle to hold the vial.
The vial, without cover, was then immersed in benzene, welghed
and the temperature of the benzene read to the nearest 0.1°C.
The vial and wire were then unhooked and suspended in other
benzene containing the bulk cellulose to be examined and samples
of 0.2 to 0.6 g. were transferred. This transfer to the vial
was made beneath the benzene surface to prevent the occlusion
of air bubbles and exposure to moisture. The vial and the
eellulose sample were then weighed and the temperature of the
benzene in the beaker recorded, Owing to the free evaporation
of benzene in the beaker, the temperature of the bath was al=-
ways somewhat lower than that of the cellulose. A period of
30 minutes was essential before equilibrium was established,
Since the temperature in the benzene bath sometimes shifted

by 1.5° during these two weighings, the vial weight then be-
came lnaccurate and the sample had to be discarded. In ordexr
to overcome the lack of a constant temperature room, in later
experiments, one vial was calibrated and used in all weighings.
However this procedure also led to noticeable error since
small particles of cellulose adhered in subsequent transfer to

the second vial in whilch the sample was dried.

The vial was then capped with a short length of Ni-
chrome wire inserted to allow the passage of benzene vapour,
and placed 1n a vacuum desiccator over phosphorus pentoxide,
After slow removal of observable benzene by application of a

water pump vacuum, the samples were prepared for drying in a




86

Cenco Constant Temperature Oven fitted with a chamber having a

rubber gasketed vacuum closure.

In order to screen the fibers from contamination in
the oven, a 250 ml. beaker was inverted over a 100 ml, beaker
holding 4 vials. The annular gap was then packed gquite tightly
with surgical cotton batting. These beakers were then placed
in a 600 ml. beaker and the space between the 250 ml, and 600
ml. beakers packed with absorbent cottons The protected sam-
ples were then heated in the oven at 105° at 1 mm. for 30 hours.
After cooling in a desiccator over phosphorus pentoxide, the
beakers and batting were removed, The vial covers were then
lifted slightly, allowing the wire to drop out, and then
pressed firmly into place. The vials and the uncolored and

presumably uncontaminated fibers were then weighed.

The density of the cellulose was then calculated from

the equation

4 = 319
c
G - Gg
where d, = denslity of the cellulose,
dy, = density of the benzene,
Gy = Dbone dry weight of the sample

and Go weight of the sample in benzene,
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Detailled examples of the method are in Table XXV,
XXVI and XXVII,

Conversely, since (7 = s, 1f the density

of the cellulose was known, the cellulose content of samples
wet with benzene could be determined without subjecting the
fiber to drying processes, by weighing the sample in benzene.
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TABLE XXV

DENSITIES OF VARIOUS CELLULOSE MODIFICATIONS IN BENZENE

Benzene
Weight Dry
Sample Benzene%g) Den- Weight(b) Density
No. (ge) °C, _sity (&) (calecd. )

Water-swelled €Cellulose (Expt. 400

(ONGF AR VY o

0.2697 24,3 0.8742 0.6135 1,560
0.28500 24,0 0.8745 0.5671 1.564
0.1468 20.5 0.,8785 0.,3363 1.5569
0.1297 20,5 0.8785 0.2962 1,563
0.1542 20.5 0.8785 0.3621 1.563

ave = 1,562 + 0.003(0)

Cellulose Hydrate I (Expt., 368)

(o R F RV o

0.3242 23.3 0.8753 0.7066 1.618
0.2670 21.7 0.8770 0.5991 1.619
0.1888 20,0 0.8788 0.4113 1.626
0.2168 21.8 0.8769 0, 4727 1.620
0.2053 21.9 0.8768 0.4463 l.622
0.2704 20,0 0.8788 0. 5899 1.623

av. = 1,621 % 0.004(d)

Cellulose Hydrate IT (Expt., 354)

Ok IPH

(a)

® o T

P L Yoo T ]
Nt St Qs Nas®

0.1918 22.8 0,8758 0.4163 l.824
0.1808 22.8 0,8768 0.3900 1l.632
0.2121 22.8 0.8768 0.4605 l.624
0.1514 22,2 0.8766 0.3295 1.622
0.1697 20,0 0.8788 0.3702 1.623
0.1399 22.6 0.8760 0.3062 1.613

ave. = 1,623 £ 0,010(8)

Weight of vial and sample in benzene (about 8 g.) minus
welght of vial in benzene,

Dried for 30 hours at 105° and 1 mm., of pressure.

Other determinations: 1.574; 1.578; 1.595 (all disecarded).
Other determinations: 1.613; 1.630; 1.620; 1,627

Other determinations: 1.623; 1.623; 1.653. (last discarded).




TABLE XXVI
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DENSITIES OF VARIQUS CELLULOSE MODIFICATIONS IN BENZENE

Benzene
Welght in Dry
Sample Benzene(2) Den- Weight(P) Density
No. (g.) °C. _sity (8e) (ealecd,)
Cellulose Hydrate II (Expt, 380)
1 0.1246 19.8 0.,8791 0.2725 1.620
2 0.1639 19.8 0.,8791 0.3594 1.616
3 0.1507 19.8 0,8791 0.3273 1.629
4 0.1463 20,0 0.,8788 0.3188 1.624
av. = 1,622 ¥ 0,007
Cellulose Hydrate IT (Expt. 410
1 0.1894 20,4 0.8784 0.4216 1.595
2 0.2944 20,7 0.8780 0.6829 1.599
3 0.1878 2l.1 0,8776 0.4179 1.594
4 0.1843 2l.5 0.8772 0.4071 1.603
av. = 1.600 % 0,007(¢)
Cellulose Hydrate II (Expt. 430)
1 0.1753 21,5 0.8772 0.3769 1.646
2 0.1414 21.6 0.8771 0.30056 1.656
3 0.1509 21,68 0.8771 0.3198 l.662
4 0.1580 21.7 0.8770 00,3346 1.662
av. = 1,656 £ 0,010
Cellulose Hydrate II (Expt. 450)
1l 0.1833 21.8 0.8769 0.3987 1.623
2 0.2036 21.6 0,8771 0.4437 1.621
3 0.2360 21.8 0.,8772 0.5171 l1.614
4 0.1988 2l.6 0.,8771 0.,4351 1.618
av. = 1,618 ¥ 0,004

(a)

(b)
(c)

Weight of vial and sample in benzene (about 8 g.)
minus weight of vial in benzene,
Dried for 30 hours at 105° and 1 mm., pressure.
Other determinations: 1.,607; 1.598; 1.6005,
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TABLE XXVII

DENSITIES OF VARIOUS CELLULOSE MODIFICATIONS IN BENZENE

Benzene
Weight in Dry .
Sample Benzene(2) Den-~ Weight. Density
Noe !go ) °Ce. BitL (go ) (calcdo )

Cellulose Hydrate II (Expt., 380)

1 0.1251 22,7 0.8759 0.2820(8) 1,570
2 0.1629 22,7 0.8759 0.3667(8) 1,576
3 0.2123 22,7 0.8759 0.4782(ag 1.575
4 0.1484 22,7 0.8759 0.3354(8 1.571

ave = 1.573 ¥ 0.003
Cellulose Hydrate II (Expt. 410)

1 0.1966 22,7 0.8759 0.4458(a) 1,567
2 0.1884 22,2 0.8764 0.4246(a8) 1.576
3 0.2127 22,6 0.8761 o.4795§a§ 1.575
4 0.2003 22,7 0.,8759 0.4504(a 1.577

1.574 ® 0,007

Cellulose Hydrate II (Expt. 410) Unprotected

1 0.1884 22,5 0.8761 0.4166(P) 1,599
2 0.2026 22,7 0.8759 0.4527 b; 1.585
3 0.1966 22,7 0.8759 0.4458(b 1,567
4 0.1884 22,2 0.8764 0.4246(b) 1,576

av. = 1,582 ¥ 0.017
(a) Samples dried to constant weight at 65° and 1 mm,
pressure under protection from contamination.

(b) Samples dried to constant weight at 105° and 1 mm,
pressure without protection from contamination.
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Methylation of Cellulose

Preparation of Thallous
Ethylate Solution

The method of Assaf, Haas and Purves (56) was modified
slightly. The 500 ml. Erlenmeyer flask used in this procedure
had a side arm with stop-cock and was completely covered with
black electriclan's tape to prevent access of light, The
24/40 top opening was stoppered with a ground glass joint hav-
ing a bubbling tube which extended to the bottom of the flask,
The joints were lubricated with Dow Corning silicone grease to
prevent "freezing" under the action of the strong alkali. To

the flask was added a considerable quantity (5-15 g.) of pure

sliced thallium metal from which most of the oxide layer had
been removed by scraplng., After adding 250 ml., of absolute
ethanol, the bubbler was tied firmly in position and a rubber
balloon, filled with oxygen, fitted tightly over the orifice

of the bubbler, The flask was then placed on a shaker and
agitated in a horizontal plane, the balloon being refilled when
necessary. After 12 hours the apparatus was removed, the stop~-
cock opened and the thallous ethylate solution expelled into a
500 ml. brown bottle covered with black tape. The last few ml,
sometimes contained a brown sludge and were discarded. The

thallous ethylate - ethanol solution was then chilled overnight
at -5°. during which time large colorless plates of thallous
ethylate were deposited. The supernatant mother liquor was
drained into a second taped brown bottle., The mother liquor

from a previous run had been added to the Erlenmeyer flask & .
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containing thallium metal and in this 12 hour interval a fresh
thallous ethylate solution had been prepared. This solution
was now added to the thallous ethylate crystals, chilled and
the eycle continued until a considerable quantity of crystal-
line thallous ethylate was on hand., After the crystals had
been drained from ethanol as well as possible they were dise
solved in anhydrous benzene and the strength of the solution
found by titration with st&ﬁd&rd acide. The concentration was
then adjusted to about 0.5 N by dilution with anhydrous benzene.
After approximately 15 cycles the accumulated contamination in
the mother liquors decomposed the thallous ethylate as it was
formed., For this reason the liquors were discarded after 10

cycles and replaced with fresh anhydrous ethanol.

Accessibility by Thallation -
Methylation Procedure

Triplicate small samples (0.05 - 0.2 g.) of the
swollen cellulose stabilized in benzene were welghed on the
hydrostatie bélance and quantitatively transferred to the small
porous cups used by Assaf, Haas and Purves (56) in simllar ex-
periments, The cells, taped to prevent access of light and each
containing three cups (see Fig. 15) were then filled with 0,5N
thallous ethylate in benzene, After standing in the dark for
24 hours at room temperature the depleted solution was sucked
off through the stopcock (3) and replaced with fresh 0.5 N
thallous ethylate., When a further 48 hours had elapsed the
solution was withdrawn as before and the thallated cellulose

washed with & volumes of anhydrous benzene at one hour intervals
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with a minimum exposure to light and with a sparing use of the
water pump., The samples were then prepared for methylation by
adding to each cell 15 ml. of benzene containing a large excess
(3 ml.) of freshly distilled methyl iodide. The large ground
glass stopper of each cell was then replaced with a standard
taper reflux condenser fitted with a calcium chloride drying
tube., After elosing the stopcocks, the cells were immersed in
a water bath maintained at 70°, the highest temperature possi-
ble without the formation of bubbles which dislodged small
particles of cellulose from the cups. After 3 hours the cells
were cooled, the condenser replaced with the stopper and the
methyl lodide solution removed. After 4 washings with benzene
at one hour intervals the e¢ells,filled with benzene, were
heated at 70° for one hour to leach out the last traces of
methyl lodide, were cooled and the benzene drawn off., The cups
with the orange tinted methylated cellulose, were then placed
in order in a vacuum oven and dried at 80° and 2 mm. pressure
to constant weights The contents of each cup were then trans-
ferred to stoppered vials, the enerusted cups weighed and the
welght of methylated cellulose and the thallous iodide conta-
minant obtained. Duplicate samples from each vial were then
removed and the methole content determined using the factor

Initial weight of eellulese
Total welght of methylated material

x Weight of methoxyl sample

to give the cellulosic content of each sample for the methoxyl
analysis. Results showed a high degree of reproducibility, all

being in the range ﬁ 24 of average values; and it was not neces=-
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sary to perform all six analyses in most cases, The results

of these determinations are given in Tables XXVII and XXIX,

Evaluation of Methyl Chloride
a8 a Methylating Agent

(a) At Room Temperature. Fifty ml. of 0.587 N (0.0294 mole)

thallous ethylate in benzene was added to é clean large thick
walled Pyrex bomb of the Carius typé, taped to exclude light.
After ecooling the tube in a dry 1ce chloroform bath, approxi-
mately 5 ml. of liquid methyl chloride (0.0059 mole) was added
from chilled graduated cylinder. The bomb was sealed while in
the cooling bath and allowed to stand at room temperature for
15 days. After being cooled again, the bomb was opened and

the methyl chloride allowed to evaporate at room temperature,
Titration of the residue showed that 25 ml. of 0.475 N thallous
ethylate (0.,0119 mole) remained, The reaction was therefore

not quantitative under these conditions.

(b) At 70°cC. This experiment was carried out in a 6" x 3"
stainless steel bomb which was kept vertical., The top of the
cylinder was grooved to seat the lead gasketed inner 1id of

the same diameter which had similar grooves. The extermal ver-
tical face of the cylinder was provided with threading onto
which the outer U-shaped cover was screwed to its limit., The
dome of this outer cover was plerced with a heavy threaded
bolt, which, when tightened, exerted considerable pressure on
the immer 1id and thus made the grooved seal gas-tight. To

the glass liner, of 80 ml. eapacity, was added 64 ml, of 0,590 N
thallous ethylate (0.0378 mole), The cylinder and contents




TABLE XXVIII

THALLATION~-METHYLATION OF VARIOUS CELLULOSE MODIFICATIONS

Sample Sample for OCHg
in Bengene Calcd.
dry After Cellu=~ (¢)
Weight Weight(2a) T10Et-MeI  Weight 1lose(b) OCH3z
__Cup (8) °C. (&) (8.) () (mg.) (%)
Water-Swelled Cellulose (Expt. 400)
Bottom 0.0752 22,2 0.1714 0.4843 0.0162 5.74 8.98
0.0149 5.27 soece
Middle 0.0493 22.2 0.1123 0.3262 0,024l 8.31 9.10
0.0187 6.48 seee
Top 0.0412 22,2 0.,0939 0.2817 00,0201 6.70 9.00
0,0177 5,90 9.10
+
av, = 9,04 - 0,06
Cellulose Hydrate I (Expt, 368)
Bottom 0.0627 22,3 0.13656 0. 6000 0.,0367 8.35 14.9
0. 0400 9.11 14.6
Migdle 0.03568 22,3 0.0780 0.3576 0,0242 5.28 14,8
0.0332 7.24 14,9
Top 0.0536 22.3 0.1167 0, 5222 0.0314 7.01 14.6

0.0318 7.10 14.5

av, = 14,7 ¥ 0.2

LU B N B N )

*G6




TABLE XXVIII (Cont'd)

THALLATION-METHYLATION OF VARIOUS CELLULOSE MODIFICATIONS

Sample Sample for OCHg
in Benzene Caloed,.
dry After Celly- e
Weight Weight(a) T10Et-MeI  Weight lose?b) Ocﬂs( )
Cup (g.) °C, (g.) (ge) (ge) (mg. ) (%)
Bottom 0,0815 22.7 0.1119 0. 5561 0.0265 5.33 17.6
0.0265 5,33 17.7
Middle 0.0388 22.4 0.0843 0.3981 0.0195 4,13 17.1
0.0212 4,48 16,9
Top 0.0282 22,3 0.0613 0.2968 0, 0232 4,79 16.3
0.0208 4,29 17.1

av. = 17.1 ¥ 0.8

(a) Calculated using the density of benzene at temperature of weighing,
the respective cellulose density: 400 - 1,562; 368 - 1,621; 354 =
1.623 and data in Column 2,

(b) Calculated from Columns 5 and 6.

(¢) Thiosulphate in final titration was 0,03356 N.
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THALLATION-METHYLATION OF VARIOUS CELLULOSE MODIFICATIONS

TABLE XXIX

Sample
in Benzene Calcd,
dry After
Weight Weight(a) T1OEt-MeI
C'LIE (g.) °Ce S&) (g.)
Cellulose Hydrate IT (Expt. 380
Bottom 0.0324 22,3 0.07086 0.3588
Middle 0.,0390 22,3 0., 0849 0, 4286
Top 0.,0473 22.2 0.1030 0.5314
Cellulose Hydrate ITI (Expt. 410
Bottom 0.,0554 21,2 0.1227 0.5199
Middle 0.0687 21.2 0.1256 0.5162
Top 0.0665 21.0 0.1473 0. 5978

Sample for OCHj3

Weight
L8 )

0.,0269
0. 0327
0.0332
0.0318
0.0313
0.0188

0,0350
0.03356
0, 0447
0.0325
0.,0509
0. 0501

Cellu-~
lose(Db)

gmg. 2

5,28
642
6. 58
6.30
6.07
3.64

av.

8.26

7.90
10,9

7.90
12,5
12.3

ocH,(¢)
05!

17.5
17,3
17.9
17.6
17.6
17.7

17.86

16.9
17.2
16.5
16.4
16.2
1643

063

av. = 16,6 £ 0.6

LIPS
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TABLE XXIX

(Cont'd)

THALLATTION-METHYLATION OF VARIOUS CELLULOSE MODIFICATIONS

in Benzene Calcd.
dry After Celly-
Weight Weight(a) T10Et-Mel Weight 1osel(lb ) ocHg(e)
Cup (g.) _°c, (8e) (&) () _(mg.) (%)

Cellulose Hydrate II (Expt. 430

Bottom 0.0328 22,2 0. 0697 0.2860 0.0152 3.71 12,1

0.0182 4.44 11.8

Middle 0,0467 22.2 0.0992 0.4177 0.0231 5.49 13,0

0.0227 5.39 11.2

Top 0.,0512 22,2 0.1088 0,5122 0.0196 4.186 14,2

0. 0209 4,44 14,3

ave = 12,8 F < l.6

(a) Calculated using the density of benzene at temperature of weighing,
the respective cellulose density, 380 - 1.,622; 410 - 1,600; 430 -
1.656 and data in Column 2,

(b) Calculated from Columns S5 and 6.

(¢c) Thiosulphate in final titration was 0,03356 N,

896
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were then cooled and 3 ml., (0,035 mole) of methyl chloride
added. The bomb was then made gas-tight and submerged in a
water bath at 70° for 24 hours. After removal from the bath
the bomb was cooled to room temperature and the dome screw
cautiously loosened to allow methyl chloride to escape, When
opened, the bomb contained approximately 40 ml. of 0,520 N
thallous ethylate (0.0208 mole) plus & voluminous deposit of
thallous chloride,
Hydrolysis of Methylated Cellulose
in the Presence of Thallous Iodide

A water-soluble methylated cellulose was hydrolysed
with sulphuric acid by the Monier-Williams procedure (115) in
the presence of thallous iodide, The iodide was prepared by
dissolving 5 g. of thallous sulphate in 10 ml. of 10% sulphuric
acid and adding excess of 20% potassium iodide solution. The
dense orange precipitate was recovered, washed and dried.
A 1.,2534 g, sample was added to 00,5430 g. thallium-free,
methylated cellulose (MeO, 10.57%) dissolved in 5 ml. of 72%
sulphuric acid. After 3 days at room temperature the solution
was dlluted at 475 ml., and heated under reflux for 48 hours,
The solution was then neutralized with barium carbonate and
filtereds A 5 ml. 2liquot showed the solution to have a
Shaffer-Somogyl alkaline copper reducing power equivalent to
0.,1062 g of glucose, From the remaining 510 ml. of solution,
004588 g. of clear syrup (MeO, 8.07, 8.04%) was obtained by
evaporation and dryinge This syrup was equivalent to a recovery
of 85;4% on a weight basis but to only 65% on a methoxyl basis,
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Large-Scale Thallation
and Methylation (Fig, 21)

The 250 ml., separatory funnel and the 725 ml, reaction
chamber of the apparatus (Fig. 18) used in these experiments
were covered with black tape to exclude light during the thalla=
tion. 1Into the reaction vessel, which would hold approximately
20 g. of swollen cellulose without packing, was introduced
10.8 g. (0.067 mole) of cellulose hydrate II (Expt. 460) in
benzene, After the filter stick had been worked gently to
the bottom of the flask and the separatory funnel was clamped
in position, the benzene was expelled through stopcock D by
passing in dry nitrogen under pressure through stopcock C with
B closed. Stopcock D was then closed, A and B were opened and
475 ml, of 0,55 N (0.26 mole) crystal clear thallous ethylate
was drawn into the reaction chamber by application of mild suc-
tion at Cs After standing in the dark for 24 hours at room
temperature in the closed system, two 5 ml, aliquots of the
depleted liquor were withdrawn from the central reglon of the
fibrous mass and titrated. The residual normality of 0.25
indicated the reaction of 0.14 mole of thallous ethylate with
the cellulose, The partially exhausted solution was expressed
under dry nitrogen and replaced with 450 mls of 0.45 N (0.20
mole) eoncentration., After a further 10 hours at room tempera=
ture, the titration of aliquots showed the solution to be 0.41 N,
The maximum consumption of thallous ethylate was therefore 0.16
mole, The s8lightly yellow flbers, now occupying approximately
two-thirds of thelr original volume, were washed with four

450 ml, volumes of anhydrous benzene at 30 minute intervals,
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The more concentrated ligquors were stored in the eold in taped

bottles for further use,

Redistilled dimethyl sulphate, (32 ml, or 0.34 mole)
in 450 ml. of anhydrous benzene was then added to the benzene
wet fibers, The filter stick assembly was replaced with a-
standard taper condenser whieh had a calcium chloride tube
protecting the top opening, The mixture was heated at reflux
on a water bath for 90 minutes, cooled to room temperature and
the benzeﬁn, containing the excess dimethyl sulphate, was then
sucked into a large filter flask., The partially methylated
cellulose was now impregnated with white thallium salts, the
space occcupled had decreased eonsiderably but much of the fi-
brous character was retained, These white solids were washed
with four 450 ml. portions of anhydrous benzene and dried in
vacuo overnight over phosphorus pentoxide and paraffin chips

at room temperature. The dry welght was 47,0 g.

In an almost identical experiment 18.3 g. (0.113 mole)
of cellulose hydrate II (Expt. 470) having an accessibility of
1,81l used a maximum of 0.15 mole thallous ethylate over two
24 hour contact periods with about 0.5 N solution. The benzene
washed thallium cellulosate was heated under reflux with 53

ml. (0.50 mole) of dimethylsulphate in 450 ml. anhydrous benzene

for 90 minutes, After removel of the benzene solubles, 70,7 g. of

vacuum dried degraded white powder was obtained,

In the subsequent processing of the contaminated methyl

cellulose fractions from these two separate reactions (460 and
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470), the former will be used as an example for experimental

details, Essential data for 470 will appear in brackets,

Benzene Soluble Fraction To the 2.5 liters of somewhat
brown benzene solution was added a slurry of 6 g. of barium

carbonate in 200 ml., of distilled water. After removal of the

benzene by distillation at 40°C. under vacuum, the aqueous con-
centrate was heated under reflux for 2 hours in the presence of !
execess barium carbonate., The s8olids were then removed by fil-
tration and discarded. The filtrate was extracted with six

100 ml., volumes of redistilled chloroform but with considerable
difficulty since mixing of the phases produced a rather stable
milky emulsion that was not broken by heat, cold, electrolytes
or by the addition of some other solvents., The emulsion when-
centrifuged, however, at 3000 r.p.m., divided into three layers.
The clear, chloroform layer was pipetted off and retained and
the operation repeated 4 times. Cautious vacuum distillation
of the middle jelly-like layer and the top aqueous layer was
accompanied by excessive foaming but led to the isolation of
32,9 g (Expt. 470, 37.2 g.) of barium methyl sulphate contain-
ing a 1ittle thallium methylsulphate.

The chloroform soluble material was recovered after
distillation of the solvent, as & honey-colored syrup weighing
0.1811 g., having a methoxyl content 36.4, 36.6% and containing
some thallium. This syrup was united with a similar fraction
(MeO, 36.3, 35.9%) from Expt. 470 weighing 0.4386 g., and the

aqueous solution was cleared of lnorganic salts by passage through

P
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Amberlite lon exchange resins IR 120 and IRA 410, The neutral
effluent was evaporated in a tared 100 ml. round bottom flask

and dried to constant weight at 60° under 2 mm, The yield of
0.5715 ge of clear, friable thallium-free solid (Me0O 37.10, 37.10)
was distributed in the proportion of the original material

(Expt. 460, 0.168 g.; Expt. 470, 0.404 g.).

Benzene Insoluble Material The 47.0 g of benzene extracted,
dried solids (Expt. 470, 70.7 g.) were re-extracted with anhy-
drous methanol in a 250 ml, Soxhlet extractor. The readily
soluble acidic extractives were neutralized at once by 5 g, of
solid barium carbonate which was present in the distilling flask.
Since the heavy precipltate caused severe bumping, the contents
of the flask were replaced with fresh anhydrous methanol after
one hour. After 24 hours! extraction, the contents of the ex-
.traction thimble were dried in vacuo at room temperature to a
constant weight of 8,31 g. (Expt. 470, 16.98 g.). The methoxyl
content of the white mixture of fibers and powder was 17.2,

18.7% (Expt. 470, 9.12, 8.95%).

Methanol Soluble Fractions After the addition of a slurry of

6 g+ of barium carbonate in 200 ml, of distilled water, the
methanol extract (550 ml.), was evaporated to 200 ml, at atmos-
pheric pressure., The solids were removed on a filter, washed
carefully with water and discardeds The neutral filtrate was
then extracted with six 100 ml, volumes of chloroform but with
considerable difficulty, On agitation an emulsion was formed,

that was completely stable for 48 hours and was not broken by
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heat or cold or by addition of solvents or electrolytes. This
emulsion was partially broken by centrifuging at 3000 r.p.m., and
the clear chloroform layer was withdrawn by pipette and counter
extracted with water. The chloroform soluble materials, re-
covered as a white flecked syrup by evaporation were then dried
to constant weight at 60° in vacuo. This syrup (0.1378 g.)
contained much thallium and was united with similar extracts

from Expte 470 (04336 g )o

The residual contents of the centrifuge tubes and the
aqueous washings of the chloroform extract were united and freed
of chloroform by heating on a steam bath, the evaporation being
hastened by jets of compressed air playing on the liquid sur-
face. The concentrate (200 ml.) was then extracted continuously
with butanol at approximately 62° in a 250 ml. liquid-liquid
extractor operating under water pump vacuum. After 36 hours,
the extraction was stopped and the butanol extract, containing
a conslderable amount of white solids, was dried to constant
weight in vacuo at 60° after vacuum distillation of the butanol,
The 5.32 g. of amorphous residue (Expt. 470, 6.78 g.) consisted
of white crystals in a matrix of yellow syrup and contained ap-
preciable quantities of thallium,

The chloroform and butanol extracts of the methanol
soluble material were united and the aqueous solution was passed
through the IR-120 and IRA-410 ion-exchange columns until neutral
and free from thallium. After evaporation of the water and dry-

ing of the residue to constant weight at 60° in vacuo, 1l.2568 g.
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of methylated cellulose was obtained as a water white, easily
crushed solid having a methoxyl content of 33.07, 33.16%. This
product was divided in proportion between Expt. 460, 0.5519 and
Expt. 470, 0,706 g, and was termed the "Methanol Soluble Ex-

tractable Fraction®.

The Methanol Soluble Non-extractable Fraction was re-
covered from the butanol-water phases remaining in the body of
the continuous extractor. The mixture was evaporated to dry-
ness under an air jet and the solid, heavy residue brought to
constant weight (27.43 g.) in vacuo at 62° (In Expt. 470, the

material charred and frothed on drying in the vacuum oven and

the remains weighed 39,62 g )e

When the thallium-containing solids had been dissolved
in water, freed of inorganic salts by ion-exchange, the organie
matter was isolated and dried to a colorless, transparent, tough

film (2.3015 g.) having a methoxyl content of 29,43, 29.41%.

Methanol Tnsoluble Material A weighed amount of the white

semi-fibrous powder (8.31 g.) was plaeced in a 16 inch length

of cellophane dialysis tubing, having a surface area of 2 1/2 sq.
inch per inch. A one-holed rubber stopper was inserted in the
open end and the membrane bound tightly to it., The sac was then
suspended 1n 4 liters of distilled water and water added to the
dialysis sac to the desired level. Penetration of water into the
powder was rather slow and was accompanied by swelling of the

fibers, the final product being a heterogeneous cloudy colloidal

suspension. Tests were made for thallium in the dialysate when
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thls was replaced with fresh distilled water at the end of each
12 hour period. After 84 hours of dialysis, no positive test for
thallium was obtained on aliquots both from the dialysate and
from the solution within the sac¢. After a further 24 hours of
dlalysis, the contents of the sac were filtered through a tared
sintered glass funnel with little difficulty. The insoluble
portion was washed well with water and dried at 105° and 2 mm,
pressure to constant weight, The product (7.58 g.) was a
translucent, fibrous almost unbreakable disk which had a methoxyl

content of 16.38, 16.40% and gave no test for thallium.

The water soluble material from the sac had marked
foaming properties and was evaporated at 60° in a tared round
bottom 100 ml. flask with the aid of a gentle jet of compressed
alr. After drying to constant weight at 60° under high vacuum,
a tough, transparent thallium-free film (O0.5444 g.), having a
methoxyl content of 26.18, 26.60% was obtained,

The highly colloidal matepial remaining in the sae
after the dialysis in Expt. 470 (16.98 g.) was extremely diffi-
cult to filter but was divided into 1l.4692 g. of water soluble
friable fibers containing 15.74, 15.77% methoxyl, and a water
insoluble fraction weighing 9.42 g. (methoxyl 12,30, 12.32%)

which could be crushed in a mortar.

The combined dialysate (32 liters) was evaporated
quickly over a Meeker burner with the help of alr jets. The

incrustation of white thallium salts was washed before trans-
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ferring the concentrate to a tared 100 ml, flask for further
concentration at 60° The product remaining after drying in
vacuo at 60° was a moist colorless gel, welghing 0.5621g.,
which contained thallium, Thls fraction, united with a similar
fraction from Expt. 470, weighing 0,9559 g., was dissolved in
water and the solution de-ionized with the resins IR 120 and
IRA 410, The resulting neutral product was concentrated in

e tared flask and dried at 60° in vacuo to a tenaclous gel
weighing 1.3217 g, and with a methoxyl content of 23.80, 24.78%.
This was distributed between Expt. 460, 0.4900 g., and Expt. 470,
08317 g

Methanolysis of Partly Methylated Celluloses

The water insoluble methyl cellulose fractions from
Expts. 460 and 470 were subjected to methanolysis by the method
of Irvine and Hirst (116). Small samples (l.2 g.) were sealed
in Pyrex tubes each containing 25 ml. of 1.37% hydrogen chloride
in anhydrous methanol. The tubes were inserted in small steel
bombs'with a cushion of methanol and were rotated for 7 days at
128° in a special constant temperature bath (117)s The undis-
solved material remaining after this ﬁreatment was recovered
and washed with methanol in tared sintered glass filter cups.
The dry mass consisted of undegraded fibers mixed with an appre-
ciable amount of brown thallium salts. (Methoxyl content, Expt.,
460, 5.32, 5.34%; Expt. 470, 4.56, 4.37%).
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The brown methanol filtrate was passed through ion

exchange columns of IR-120 and TRA-410 until neutral and

thalliwm free. When concentrated and dried at room temperature

in vacuo over phosphorus pentoxide & colorless syrup was ob-

tained, Methoxyl content: Expt. 460 - 34.51, 34.54%; Expt.

470 - 34.40, 34.20%.

TABLE XXX

METHANOLYSIS OF PARTIALLY METHYLATED CELLULOSES

Methanolysis product: 1insoluble
soluble

Total recovery
Methyl cellulose sample

Methanolysis product: insoluble
soluble

Total recovery

Methyl cellulose sample

Expt. 460
Weight Methoxyl Methoxyl
(8e) (%) (o)
0.8602 5.33 0.046
1.4069 34,52 0, 485
2.2671 0,531
2.3836 16.39 0.391

Expt. 470
Weight  Methoxyl  Methoxyl
(8e) (%) (g)
1,7418 4,46 0.078
1.3914 34,30 0.478
3.1332 0.556
3.7022 12,31 0.456
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Tosylation of Methylated Celluloses

The tosylation of the partially methylated cellulose
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